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TITLE: METATHESIS CATALYST SYSTEM FOR POLYMERIZING
CYCLOOLEFINS

INVENTORS: Lubin Luo, Edward J. Blok, Alan A. Galuska, Anupriya Jain, Alexander V.
Zabula, Yen-Hao Lin

CROSS REFERENCE TO RELATED APPLICATION
[0001] This application claims priority to Provisional Application No. 62/733,989, filed
September 20, 2018, the disclosure of which is incorporated herein by reference.
[0002] This application is related to concurrently filed USSN 62/733,993 entitled
Metathesis Catalyst System for Polymerizing Cycloolefins.
BACKGROUND
[0003] The active species of Ziegler-Natta (“ZN") type metathesis polymerization catalyst
for cycloolefin polymerization (Natta, G., et al. (1964) Angew. Chem. Int. Ed. Engl., v.3(11),
1964, pp. 723-729) have been formed in-situ by adding in sequence a metal compound such as
WCls, an alkoxide regulation ligand precursor such as a substituted aromatic alcohol, and an
activator such as AlEt;. These catalysts may have an undefined structure, resulting in
uncontrollable, non-reproducible processes and polymers having undesirable molecular weight
distributions, stereo-selectivity (trans:cis ratio), and the like. Polymerization activity can be
low due to dilution, an inefficient environment for catalyst activation, and/or generation of
catalyst poisons such as HCI or Clz, which are also hazardous.
[0004] Commercial scaling of cycloolefin polymerization is very challenging.
Homogeneous ZN processes require the addition of a diluent quench, often ethanol, to stop
polymerization, precipitate the product, and separate it from catalyst residue, which can result
in an unusable, discolored product. Recovery and recycle of monomer and catalyst are
difficult.
[0005] US 3,607,853 discloses a three-component catalyst system, WCls, t-BuOCI, and
AliBus, sequentially added to cyclopentene benzene solution that generates Cla:

WCls + t-BuOCl — WCls(Ot-Bu) + Clz
and forms undefined tungsten carbene compounds.
[0006] GB 1,389,979 discloses another three-component catalyst system, WCls,
2-iPrPhOH or 2,6-diiPrPhOH, and AlMeCl::

WCls + 4 ArOH — W(OAr)4Cl2 + 4 HCI
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This catalyst is prepared in a separate container followed by heating 100°C to remove HCI, and
then added to the cyclopentene nearly neat with the activator AIEtCl2 in a small amount of
chlorobenzene solvent, presumably following the reaction below:

W(OAr)sClz + (2+x) AIEtCl: — W(OAr)s(=CH-Me) + Ethane + 2 AICl; + x AIEtCl:
where ArOH is 2-iPrPhOH or 2,6-diiPrPhOH and x =0 - 5.5.
[0007] An example of the quench that these homogenous systems require to avoid Mw
changes and discoloration during product isolation is disclosed in US 3,607,853, where roughly
9 kg benzene were used for reaction, another 1 kg benzene with ethanol used for quenching,
and 24 kg ethanol used to isolate 1.4 kg product. Such processes are laborious, non-
reproducible, and generally not cost effective.
SUMMARY
[0008] This summary is provided to introduce a selection of concepts that are further
described below in the detailed description. This summary is not intended to identify key or
essential features of the claimed subject matter, nor is it intended to be used as an aid in limiting
the scope of the claimed subject matter.
[0009] Disclosed herein is a catalyst system comprising an isolated single-site like catalyst
compound which can be prepared in advance of cycloolefin polymerization and may allow for
control of activity, stereo-selectivity, and Mw/PDI of the polymer. Catalysts disclosed herein
include catalysts constructed on silica or other supported materials containing surface OH
groups. Further disclosed herein are methods to form the catalyst without producing catalytic
poisons or other hazardous materials, and methods for cycloolefin polymerization using these
catalysts which do not require a quench/isolation step, produce polymer product free of catalyst
residue, and allow recycle of monomer, catalyst, and/or solvent to the polymerization step.
[0010] In embodiments according to the instant invention a supported ZN catalyst
comprises a transition metal carbene comprising the moiety M!=C(R*)2, typically M!'=CHR*,
wherein M! is a transition metal and R* is hydrogen or a C1-Cs hydrocarbyl. Also, a cyclic
olefin polymerization process comprises contacting the supported ZN catalyst with a C4-Cazo
cyclic olefin monomer in a polymerization reactor under conditions sufficient to form a
reaction product mixture comprising a polymer, monomer, supported ZN catalyst, and
optionally a solvent; recovering the polymer, the supported ZN catalyst, and optionally the
solvent from the reaction product mixture; and recycling at least a portion of the recovered

catalyst, monomer, and optionally the solvent to the polymerization reactor.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011]  FIG. 1 is an exemplary *C NMR spectrum showing the chemical shift assignments
of an exemplary cyclopentene polymer; and

[0012] FIG. 2 is the structure of a catalyst ligand precursor according to an embodiment,
determined using X-ray single-crystal diffraction.

DETAILED DESCRIPTION

[0013] The term “alkyl” or “alkyl group™ interchangeably refers to a saturated hydrocarbyl
group consisting of carbon and hydrogen atoms. An alkyl group can be linear, branched, cyclic,
or substituted cyclic.

[0014] The term “cycloalkyl” or “cycloalkyl group™ interchangeably refers to a saturated
hydrocarbyl group wherein the carbon atoms form one or more ring structures.

[0015] The term “aryl” or “aryl group” interchangeably refers to a hydrocarbyl group
comprising an aromatic ring structure therein.

[0016] For the purposes of this disclosure and the claims thereto, the new numbering
scheme for the Periodic Table Groups is used as in Chem. Eng. News, (1985), v.63, pg. 27.
Therefore, a “Group 4 metal” is an element from Group 4 of the Periodic Table.

[0017] Unless otherwise indicated, a substituted group means such a group in which at least
one atom is replaced by a different atom or a group. Thus, a substituted alkyl group can be an
alkyl group in which at least one hydrogen atom is replaced by a hydrocarbyl group, a halogen,
any other non-hydrogen group, and/or a least one carbon atom and hydrogen atoms bonded
thereto is replaced by a different group. Preferably, a substituted group is a radical in which at
least one hydrogen atom has been substituted with a heteroatom or heteroatom containing
group, preferably with at least one functional group, such as halogen (Cl, Br, I, F), NR*z2, OR*,
SeR*, TeR*, PR*>, AsR*2, SbR*2, SR* BR*2, SiR*3, GeR*3, SnR*3, PbR*3, and the like or
where at least one heteroatom has been inserted within the hydrocarbyl radical, such as halogen
(CL, Br, I, F), O, S, Se, Te, NR*, PR*, AsR*, SbR*, BR*, SiR*»>, GeR*», SnR*», PbR*», and
the like, where R* is, independently, hydrogen or a hydrocarbyl.

[0018] For purposes herein, “heteroatom™ refers to non-metal or metalloid atoms from
Groups 13, 14, 15 and 16 of the periodic table, typically which supplant a carbon atom. For
example, pyridine is a heteroatom containing form of benzene. Halogen refers to atoms from
group 17 of the periodic table.

[0019] The terms “hydrocarbyl radical,” “hydrocarbyl group,” or “hydrocarbyl”

interchangeably refer to a group consisting of hydrogen and carbon atoms only. A hydrocarbyl
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group can be saturated or unsaturated, linear, branched, cyclic or acyclic, aromatic or non-
aromatic.

[0020] Substituted hydrocarbyl radicals are radicals in which at least one hydrogen atom
has been substituted with a heteroatom or heteroatom containing group, preferably with at least
one functional group, such as halogen (Cl, Br, I, F), NR*2, OR*, SeR*, TeR*, PR*2, AsR*2,
SbR*2, SR* BR*»2, SiR*3, GeR*3, SnR*3, PbR*3, and the like or where at least one heteroatom
has been inserted within the hydrocarbyl radical, such as halogen (Cl, Br, I, F), O, S, Se, Te,
NR*, PR* AsR* SbR* BR* SiR*;, GeR*2, SnR*2, PbR*2, and the like, where R* is,
independently, hydrogen or a hydrocarbyl.

[0021] In some embodiments, the hydrocarbyl radical is independently selected from
methyl, ethyl, ethenyl and isomers of propyl, butyl, pentyl, hexyl, heptyl, octyl, nonyl, decyl,
undecyl, dodecyl, tridecyl, tetradecyl, pentadecyl, hexadecyl, heptadecyl, octadecyl,
nonadecyl, eicosyl, heneicosyl, docosyl, tricosyl, tetracosyl, pentacosyl, hexacosyl, heptacosyl,
octacosyl, nonacosyl, triacontyl, propenyl, butenyl, pentenyl, hexenyl, heptenyl, octenyl,
nonenyl, decenyl, undecenyl, dodecenyl, tridecenyl, tetradecenyl, pentadecenyl, hexadecenyl,
heptadecenyl, octadecenyl, nonadecenyl, eicosenyl, heneicosenyl, docosenyl, tricosenyl,
tetracosenyl, pentacosenyl, hexacosenyl, heptacosenyl, octacosenyl, nonacosenyl, triacontenyl,
propynyl, butynyl, pentynyl, hexynyl, heptynyl, octynyl, nonynyl, decynyl, undecynyl,
dodecynyl, tridecynyl, tetradecynyl, pentadecynyl, hexadecynyl, heptadecynyl, octadecynyl,
nonadecynyl, eicosynyl, heneicosynyl, docosynyl, tricosynyl, tetracosynyl, pentacosynyl,
hexacosynyl, heptacosynyl, octacosynyl, nonacosynyl, and triacontynyl. Also included are
isomers of saturated, partially unsaturated and aromatic cyclic structures wherein the radical
may additionally be subjected to the types of substitutions described above. Examples include
phenyl, methylphenyl, benzyl, methylbenzyl, naphthyl, cyclohexyl, cyclohexenyl,
methylcyclohexyl, and the like. For this disclosure, when a radical is listed, it indicates that
radical type and all other radicals formed when that radical type is subjected to the substitutions
defined above. Alkyl, alkenyl, and alkynyl radicals listed include all isomers including where
appropriate cyclic isomers, for example, butyl includes #n-butyl, 2-methylpropyl,
1-methylpropyl, fert-butyl, and cyclobutyl (and analogous substituted cyclopropyls); pentyl
includes n-pentyl, cyclopentyl, 1-methylbutyl, 2-methylbutyl, 3-methylbutyl, 1-ethylpropyl,
and neopentyl (and analogous substituted cyclobutyls and cyclopropyls); butenyl includes E
and Z forms of 1-butenyl, 2-butenyl, 3-butenyl, 1-methyl-1-propenyl, 1-methyl-2-propenyl,
2-methyl-1-propenyl, and 2-methyl-2-propenyl (and cyclobutenyls and cyclopropenyls).

Cyclic compound having substitutions include all isomer forms, for example, methylphenyl
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would include ortho-methylphenyl, meta-methylphenyl and para-methylphenyl;
dimethylphenyl would include 2,3-dimethylphenyl, 2,4-dimethylphenyl, 2,5-dimethylphenyl,
2,6-diphenylmethyl, 3,4-dimethylphenyl, and 3,5-dimethylphenyl.

[0022] The term “Cyn” group or compound refers to a group or a compound comprising
carbon atoms at total number thereof of n. Thus, a “Cm-Cy” group or compound refers to a
group or compound comprising carbon atoms at a total number thereof in the range from m to
n. Thus, a C1-Cso alkyl group refers to an alkyl group comprising carbon atoms at a total
number thereof in the range from 1 to 50.

[0023] The term “olefin,” alternatively termed “alkene,” refers to an unsaturated
hydrocarbon compound having a hydrocarbon chain containing at least one carbon-to-carbon
double bond in the structure thereof, wherein the carbon-to-carbon double bond does not
constitute a part of an aromatic ring. The olefin may be linear, branched, or cyclic.

[0024] For purposes of this specification and the claims appended thereto, when a polymer
or copolymer is referred to as comprising an olefin, including, but not limited to ethylene,
propylene, and butene, the olefin present in such polymer or copolymer is the polymerized
form of the olefin. For example, when a copolymer is said to have an “ethylene” content of 35
wt% to 55 wt%, it is understood that the mer unit in the copolymer is derived from ethylene in
the polymerization reaction and said derived units are present at 35 wt% to 55 wt%, based upon
the weight of the copolymer. A “polymer” has two or more of the same or different mer units.
A “homopolymer™ is a polymer having mer units that are the same. A “copolymer” is a
polymer having two or more mer units that are different from each other. A “terpolymer™ is a
polymer having three mer units that are different from each other. “Different” as used to refer
to mer units indicates that the mer units differ from each other by at least one atom or are
different isomerically. Thus, an “olefin™ is intended to embrace all structural isomeric forms
of olefins, unless it is specified to mean a single isomer or the context clearly indicates
otherwise. An oligomer is a polymer having a low molecular weight, such as an Mn of 21,000
g/mol or less (preferably 10,000 g/mol or less), and/or a low number of mer units, such as 100
mer units or less (preferably 75 mer units or less).

[0025] The term "cyclic olefin" refers to any cyclic species comprising at least one
ethylenic double bond in a ring. The atoms of the ring may be optionally substituted. The ring
may comprise any number of carbon atoms and/or heteroatoms. In some cases, the cyclic
olefin may comprise more than one ring. A ring may comprise at least 3, at least 4, at least 5,
at least 6, at least 7, at least 8, or more, atoms. Non-limiting examples of cyclic olefins include

cyclopentene, cyclohexene, norbornene, dicyclopentadiene, bicyclo compounds, oxabicyclo
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compounds, and the like, all optionally substituted. "Bicyclo compounds" are a class of
compounds consisting of two rings only, having two or more atoms in common.

[0026] Unless specified otherwise, the term “substantially all” with respect to a molecule
refers to at least 90 mol% (such as at least 95 mol%, at least 98 mol%, at least 99 mol%, or
even 100 mol%).

[0027] Unless specified otherwise, the term “substantially free of” with respect to a
particular component means the concentration of that component in the relevant composition
is no greater than 10 mol% (such as no greater than 5 mol%, no greater than 3 mol%, no greater
than 1 mol%, or about 0%, within the bounds of the relevant measurement framework), based
on the total quantity of the relevant composition.

[0028] The terms “catalyst” and “catalyst compound”™ are defined to mean a compound
capable of initiating catalysis and/or of facilitating a chemical reaction with little or no
poisoning/consumption. In the description herein, the catalyst may be described as a catalyst
precursor, a pre-catalyst compound, or a transition metal compound, and these terms are used
interchangeably. A catalyst compound may be used by itself to initiate catalysis or may be
used in combination with an activator to initiate catalysis. When the catalyst compound is
combined with an activator to initiate catalysis, the catalyst compound is often referred to as a
pre-catalyst or catalyst precursor. A “catalyst system” is combination of at least one catalyst
compound, at least one activator, an optional co-activator, and an optional support material,
where the system can polymerize monomers to form polymer.

[0029] All numerical values within the detailed description and the claims herein are
modified by “about” or “approximately” the indicated value, and take into account
experimental error and variations that would be expected by a person having ordinary skill
in the art.

[0030] In the present disclosure, unless specified otherwise, percent refers to percent by
weight, expressed as “wt%.”

[0031] In the present disclosure, all molecular weight data are in the unit of g-mol™!. Unless
indicated otherwise, molecular weight of oligomer or polymer materials and distribution
thereof in the present disclosure are determined using gel permeation chromatography
employing a Tosoh EcoSEC High Temperature GPC system (GPC-Tosoh EcoSEC; Tosoh
Bioscience LLC). GPC was used to determine the polypentenamer Mw, Mn and Mw/Mn using
the high temperature gel permeation chromatograph equipped with a differential refractive
index detector (DRI). Three high temperature TSK gel column (Tosoh GMHHR-H(20)HT?2)

were used. The nominal flow rate was 1.0 mL/min, and the nominal injection volume was 300
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pL.  The various transfer lines, columns, and dual flow differential refractometer were
contained in an oven maintained at 160°C. The mobile phase Solvent for the experiment is
prepared by dissolving 1.2 grams of butylated hydroxytoluene as an antioxidant in 4 liters of
Aldrich reagent grade 1,2,4 trichlorobenzene (TCB). The TCB mixture was then filtered
through a 0.1 pm teflon filter. The TCB was then degassed with an online degasser before
entering the GPC instrument.

[0032] The polydispersity index (PDI), also referred to as the molecular weight distribution
(MWD), of the material is then the ratio of Mw/Mn.

[0033]  For purposes herein, the polymer frans:cis ratio was measured with a standard *C
NMR techniques according to methods known in the art. Samples were prepared with 66.67
mg/ml of CDCls (deuterated chloroform) in a 10mm tube. The C NMR spectra were
measured on a Bruker 600MHz cryoprobe with inverse gated decoupling, 20s delay, 90° pulse,
and 512 transients. Assignments were based on assignments from O. Dereli et al. (2006)
European Polymer Journal, v.42, pp. 368-374. Three different positions were used for

calculation of the trans/cis composition:

A B A
1. vinyl peaks with trans at 130.3ppm and cis at 129.8ppm;
2. alpha position trans/cis (tc) at 32.2ppm, trans/trans (tt) at 32.07ppm, cis/cis (cc)
at 26.9ppm and cis/trans (ct) at 26.74ppm,;
3. beta position cis/cis (cc) at 29.86ppm, cis/trans (trans/cis) (ct+tc) at 29.7ppm
and trans/trans (tt) at 29.54ppm;
4, Trans= tt +.5*(ct+tc); and
5. Cis=cc+.5%(ct+tc).
The calculation for each of groups 1-3 above (i.e., vinyl, alpha, and beta) were averaged to get
an average trans and cis composition. An exemplary *C NMR spectra is shown in FIG. 1.
[0034] For purposes herein, small scale polymerization conversion rates were monitored
and estimated with '"H NMR method using a Bruker 400 MHz instrument, as indicated. Pulse
program zgcw30 was used with D1 = 60s and ns = 2 or 4. CDCls was the lock solvent. The
chemical shift of cyclopentene monomer double bond protons was measured to be about 5.75
ppm and the chemical shift of polypentenamer double bond protons was experimentally
determined to be about 5.53ppm. Integral from 5.45 to 6.00ppm (Im+p) Was used to cover the

two chemical shifts, which was then set to 100% to represent total cyclopeneten. The integral
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from 4.55 to 5.60ppm (Ip+rs) is assigned the polypentenamer overlap with the right 13C satellite
chemical shift of cyclopentene. To substrate the 1*C satellite contribution from the overlapped
integral, the similar intensity left 1*C satellite of cyclopentene was integrated from 5.93 to
5.97ppm (ILs) and the conversion C calculated as follows:

C = (Ip+rs — ILs)/Im+p.
[0035] Appropriate 1*C decoupling program was identified when the ILs was found to be
ZEr0.
[0036] The following abbreviations may be used through this specification: Bu is butyl,
nBuis normal butyl, iBu is isobutyl, tBu s tertiary butyl, ptBu is para-tertiary butyl, Et is ethyl,
Me is methyl, pMe is para-methyl, PDI is polydispersity index (Mw/Mn) Ph is phenyl, Pr is
propyl, iPr is isopropyl, n-Pr is normal propyl, RT is room temperature (i.e., approximately
23°C), THF is tetrahydrofuran, and tol is toluene.
[0037] In embodiments according to the instant invention, a cyclic olefin polymerization
process comprises contacting a supported ZN catalyst with a C4-Cao cyclic olefin monomer in
a polymerization reactor under conditions sufficient to form a reaction product mixture
comprising a polymer, monomer, catalyst, and optionally a solvent; recovering the polymer,
the supported ZN catalyst, and optionally the solvent from the reaction product mixture; and
recycling at least a portion of the recovered catalyst, unreacted cyclic olefin monomer, and
optionally the solvent to the polymerization reactor, the supported catalyst comprising a
transition metal carbene comprising the moiety M'=CHR*, wherein M'is a transition metal,
preferably a Group 5 or Group 6 metal of the periodic table, and R* is hydrogen or a C1-Cs
hydrocarbyl.
[0038] In embodiments the process further comprises contacting a supported ZN catalyst
precursor with an alkyl aluminum activator having the general formula AIR*(Y)s.r wherein R*
is a C1-Cs alkyl, each Y is hydrogen, halogen, or -OR?, wherein each R is independently a Ci-
C20 hydrocarbyl radical, optionally when present, two or more of R’ join to form a ring having
40 or less atoms from Groups 14, 15, and/or 16 of the periodic table; and r is 1 to 3, to form
the supported ZN catalyst comprising the carbene moiety M'=CHR*  wherein M! is the
transition metal, preferably a Group 5 or Group 6 metal of the periodic table, and R* is
hydrogen or a C1-Cs hydrocarbyl prior to, or in-situ with, the C4-C20 cyclic olefin monomer in
a polymerization reactor under conditions sufficient to form a reaction product mixture
comprising the polymer, monomer, catalyst, and optionally a solvent.
[0039] The supported catalyst may be any of the supported catalysts described herein.

Preferably, the polymerization comprises ring opening metathesis polymerization and the
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polymer comprises polyalkenamer such as polypentenamer. The polymer may also comprise
a cyclic olefin copolymer and/or a cyclic olefin polymer.
[0040] In one or more embodiments of the invention, the supported ZN catalyst comprises
moieties having the general formulae (F5), (F6), or a combination thereof:

CR),

1\|/[|1 oY)y

/\O

0
| ,
ol

M? M
NA”
lof, 0 (F5);
CR"),
1\|/[|l/(Yv)v-3
/

MO (F6);

where M! is a Group 5 or a Group 6 metal of the periodic table of valence v;

each R* is independently hydrogen or a C1 to Cs alkyl radical;

each Y is hydrogen, halogen or -OR’, wherein each R is independently a Ci1-C2o
hydrocarbyl radical, optionally when present, two or more of R’ join to form a ring having 40
or less atoms from Groups 14, 15, and/or 16 of the periodic table; and

M?0Ox is a metal oxide support selected from silica, zeolite, alumina, titania, zirconia,
clay, magnesium oxy compounds, or a combination thereof.
[0041] In one or more embodiments of the invention, the active sites of the supported ZN
catalyst preferably consist of, or consist essentially of, moieties having the general formulae
(F5).
[0042] In one or more embodiments of the invention, the active sites of the supported ZN
catalyst preferably consist of, or consist essentially of, moieties having the general formulae
(F6).
[0043] In one or more embodiments of the invention, the process may preferably further
comprise contacting a supported ZN precatalyst slurried in the C4-Cao cyclic olefin monomer

with an alkyl aluminum activator to form a reaction product mixture comprising the activated
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ZN catalyst from the slurry, wherein the supported precatalyst comprises the general formulae

(F3), (F4), or a combination thereof’
X
X \1&1 Y
Y

M> M?
~N L
0
(O); \(O)X (F3);

X

X\br (s
T/

MO, (F4);

5  where M!is a Group 5 or a Group 6 metal of the periodic table of valence v; each X is halogen;
each Y is hydrogen, halogen or -OR?, wherein each R® is independently a C1-C2o hydrocarbyl
radical, optionally when present, two or more of R¥join to form a ring having 40 or less atoms
from Groups 14, 15, and/or 16 of the periodic table; and M?Ox is a metal oxide support selected
from silica, alumina, titania, or a combination thereof; the alkyl aluminum activator having the

10 general formula AIR(Y)sr wherein R is a C1-Cs alkyl, each Y is hydrogen, halogen, or -OR?,
wherein each R’ is independently a C1-C2o hydrocarbyl radical, optionally when present, two
or more of R%join to form a ring having 40 or less atoms from Groups 14, 15, and/or 16 of the
periodic table; and ris 1 to 3.

[0044] In one or more embodiments of the invention, M?Ox is preferably silica or zeolite,

15 and the process may further comprise:

1) heat treating the silica support at a temperature below about 500°C (preferably from
100°C to 500°C) to form chelating hydroxyl groups on a surface of the silica support
comprising moieties having the general formula (Ia):

H.

T
lo/ Sll \O/Sll \O\_
% A (1a);
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preferably to eliminate catalyst poisoning, equipment erosive, and non-environmentally
friendly byproducts, e.g., HCI and/or Clz, contacting the heat-treated silica with M'R*,
MUR*Z or MMR*Z’>, where M is a Group 1 metal, preferably Li, Na, or K; M" is a
Group 2 metal, preferably Mg or Ca; and M™ is Group 13 metal, preferably Al or Ga;
each R* is independently H or a Ci-Cs alkyl and each Z’ is independently hydrogen,
halogen, or C1-Cs alkyl radical, to form a first intermediate comprising moieties having

the general formula (Ial), (Ia2), or (Ia3).

M., M
T
Si Si
1 /|\O/|\O-—
—4—0 o———
(Ial),
Z. 7
MH/ \MH/ M
PN o~ o
N
Si Si
H /ll\o/ |l\0._ | /l\O/l\O__
19 4 o—1»>1 o o—14—

(Ia2); and/or (Ia3);
wherein each Z is independently halogen or Ci-Cs alkyl radical;

contacting Ia and/or at least one of the first intermediates Ial, Ia2, or Ia3 with
M!X:2Y -2y to form a second intermediate comprising moieties having the general

formula (IIa):
X

X\b[IX,Y) v-4

— |
TO Oﬁ (I1a);
where M! is a Group 5 or a Group 6 metal of the periodic table having valance v;
each X is a halogen;
each Y is independently hydrogen, a halogen, or -OR?, wherein R is independently a
C1-C20 hydrocarbyl radical, optionally when present, two or more of R? join together to

form aring having 40 or less atoms from Groups 14, 15, and/or 16 of the periodic table;

-11-



10

15

20

WO 2020/061271 PCT/US2019/051863

and

v)

[0045]

contacting the second intermediate with the alkyl aluminum activator to form the
corresponding activated carbene containing supported ZN catalyst, the alkyl aluminum
activator having the general formula AIR{Y)s;r wherein R is a C1-Cs alkyl, each Y is
hydrogen, halogen, or -OR®, wherein each R’ is independently a C1-C2o hydrocarbyl
radical, optionally when present, two or more of R*join to form a ring having 40 or less
atoms from Groups 14, 15, and/or 16 of the periodic table; and r is 1 to 3, to form the
reaction product mixture from the slurry.

In other embodiments of the invention, wherein M?Ox is preferably silica, the

process may preferably comprise:

)

heat treating the silica support at a temperature greater than or equal to about 600°C
(preferably from 600°C to 1,200°C) to form isolated hydroxyl groups as the dominate
hydroxyl species (i.e., greater than 50% of the available species present on a surface of

the silica support) comprising moieties having the general formula Ib:

H

O/

|
Si
d (|)\o
(Ib)

preferably to eliminate the production of catalyst poisoning, equipment erosive, and
non-environmentally friendly byproducts, e.g., HCI and/or Cl2 contacting the heat-
treated silica with M'R*, M'R*Z’, or M"'R*Z’>, where M! is a Group 1 metal,
preferably Li, Na, or K; M" is Group 2 metal, preferably Mg or Ca; and M is Group
13 metal, preferably Al or Ga; each R* is independently hydrogen or a C1-Cs alkyl and
each Z’ is hydrogen, halogen, or Ci1-Cs alkyl radical, to form a first intermediate

comprising moieties having the general formula (Ib1, Ib2, or Ib3):

Z
M 1\|/[II
il 7
S1 Si
~N
o/(l) i -7 So—
O——
X (Ib1); X (Ib2); and/or
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iii)

v)

[0046]

M
(|)/ \Z
Si
N
| o1
O__
X (Ib3);

where each Z is halogen or C1-Cs alkyl radical;
contacting Ib and/or at least one of the first intermediate Ib1, Ib2, and/or Ib3 with
M!'X>Yv2 to form a second intermediate comprising moieties having the general

formula (IIb):

X
X\ls/[l/éY) v-3
(l)/
Si
& (|)\o
X (IIb);
where M! is a Group 5 or a Group 6 metal of the periodic table having valance v;
each X is a halogen;
each Y is independently hydrogen, a halogen, or -OR?, wherein R? is independently a
C1-C2ohydrocarbyl radical, optionally when present, two or more of R join together to
form aring having 40 or less atoms from Groups 14, 15, and/or 16 of the periodic table;
and
contacting the second intermediate with the alkyl aluminum activator to form the
reaction product mixture from the slurry.

In embodiments, in which heat treating the silica support is calcined at a

temperature greater than or equal to about 600°C (preferably from 600°C to 1,200°C) to form

isolated hydroxyl groups dominate species on a surface of the silica support comprising

moieties having the general formula:

-13-
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H

O/

Si
~
o | o
O <
the silica supported catalyst may be prepared by one or more methods according to the

following reaction schemes:

B C
Routel O Cl 0 Cl
4 0 _ cl Y
WClg O_/Sl O\\L/ 2 AI-CH,R O /Sl O\\l/':CH
O—/Si—O\ T» O C1/|\Cl ; 0] Cl/l \R
o} H 2 AlCl
Cl Cl
HCI
Silica (600°C)
2 ArOH or ArOM (M =Li, Na, or K) G
Route II 2 HCYI 0
F A
orMcl X OAr oo QA
VESL o—/s1—o\\L _Cl 2 ALCH,R HO/I S
wel ° o’ > a’| R
AIC, O ar 2 Al-Cl OAr
(X=CI)
Y
wCl
D g E ° X AlC
0—Si—0Q
2 ArOH
d AI—x Q
X 2HR O30
(X=R) ¢] Al\—-OAr
OAr

[0047] For example, Route I involves intermediates A — B — C. Route II begins with A

then forms intermediates D E F and G. As the diagram shows, there are also combinations of

pathways to produce supported catalysts according to embodiments of the invention.

[0048] Likewise, in embodiments in which heat treating the silica support is at a
10 temperature below about S00°C (preferably from 100°C to 500°C) to form chelating hydroxyl

groups dominate species on a surface of the silica support comprising moieties having the

general formula:
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H.

| |
o/ S|1\O/S|1\O
0 0 -

the silica supported catalyst may be prepared by one or more methods according to the

following reaction schemes:

o\ Bl Cl
0 0 0
N
/Sl\o 0 6 Cl o\\s. Cl
\ Route TA Si N | /Cl 1\ |
Al § q W. ] [ “w=—cH
0N 5 o g a ~ =N | R
£\ N o—xi” ¢ ] o—si ¢
o} H ; 2 Al-Cl ,
HC1 0 0O
Silica (200°C)
2 ArOH or ArOM (M =Li, Na, or K)
Route ITA 2 HCl o) o O\ OAr Gl
or MClg \ OAr \Si |
] XAR \51’0\ | _a 2 AI-CH,R T ™W—cn
HR / W\ 0} T R
o 4| Y 2aka N/
' =Ch O—\Si/ OAr 0
/ o}
DI wCl v,
o 0\ Q " ° AICL,
0
N
Si—O ArOH \Si—O
o/ Al—X \ Al—OAr
\. / HR O
0—Si—0 X=R) 0—S§i—0
/ / El
o} o}

5  [0049] Route TA involves converting silica Al into intermediate B1, and then into the
active catalyst C1. Route ITA begins with silica Al then forms intermediates D1, E1, and F1,
to produce active catalyst G1. As the diagram shows, there are also combinations of pathways
to produce supported catalysts according to embodiments of the invention.

[0050] In embodiments of the invention, the supported ZN catalyst comprises a random
10 polymeric concatenation of polyvalent moieties selected from two or more of B”, C*, D’, E’,
F’, G, and I’ terminated by monovalent moieties A’ and/or H* according to the empirical
formula (F1):
A’BbC D dE F1G g nl i (F1)
wherein A’ is mono-valent moiety represented by the structure:
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ok

>

B’ is a divalent moiety represented by the structure:
—fr—o

C’ is a divalent moiety represented by the structure:

b .
C(R*),
R2—0—M!—O0

(Y)V-4

D’ is a trivalent moiety represented by the structure:
[ o)

oL

>

E’ is a trivalent moiety represented by the structure:

ﬁ(R*)z
R*—0—M'!—O0
(Y)ya
0

F’ is a trivalent moiety represented by the structure:
C(R*),

|
0—M'—o0
R3/ CHR\*(Y)V-4
\0—1\|/1|1—
AN o

0]
(¥),

G’ is a divalent moiety represented by the structure:
fAla;
Z g
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H’ is a monovalent moiety represented by the structure:

Al(Z), or Al(Z)(OR?)
h h. and

I’ is represented by the structure:

C(R*)z
R} —O—M l—o
\ / \(Y)v 5

5 wherein R!, R?, and R?® are independently Ci-C2o hydrocarbyl radicals comprising
carbon and one or more of hydrogen, halogen, O, S, N, and P;
each R* is independently hydrogen or a C1 to Cs alkyl radical;
each Y is independently hydrogen, halogen, or -OR®, wherein each R3 is C1 to Cio alkyl
radical;
10 each Z is independently halogen or Ci to Cs alkyl radical;
M! is a Group 5 or Group 6 metal of the periodic table;
a,b,c d, e, £ g handiare greater than or equal to 0;
a + h is greater than or equal to 2; and
b+c+d+e+f+g+iis greater than or equal to 2; and
15 ¢ +e+ f+1i1is greater than or equal to 1.

[0051] In embodiments of the invention R> may have the general formula:
10

wherein R is a divalent radical comprising from 1 to 10 atoms selected from Groups
14, 15, and 16 of the periodic table;
20 in alternative embodiments, the two rings may be directly joined according to the

following general formula:

-17-
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each of R® through R' are independently hydrogen, monovalent radicals comprising
from 1 to 20 atoms selected from Groups 14, 15, 16, and halogen, optionally two or more of
R through R join together to form a ring having 40 or less atoms from Groups 14, 15, and/or
5 16 of the periodic table; and/or

R? may have the general formula:

wherein R is a divalent radical comprising from 1 to 10 atoms selected from Groups
14, 15, and 16 of the periodic table;
10 each of R'3 through R?® are independently hydrogen, monovalent radicals comprising

from 1 to 20 atoms selected from Groups 14, 15, 16, and halogen, optionally two or more of
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R through R?® join together to form a ring having 40 or less atoms from Groups 14, 15, and/or

16 of the periodic table; and/or

R! may preferably have the formula:

R31 R30

wherein R3? through R3* are independently monovalent radicals comprising hydrogen,

or from 1 to 20 atoms selected from Groups 14, 15, 16, or halogen, or optionally two or more

of R* through R** join together to form a ring having 40 or less atoms from Groups 14, 15,

and/or 16 of the periodic table.

[0052]

In one or more embodiments of the invention, preparation of the supported ZN

catalyst may preferably comprise:

)

contacting a dihydroxyl compound R*(OH)2 and/or a tri-hydroxyl compound R*(OH)s3,
and optionally a monohydroxyl compound R!(OH), with an alkyl aluminum compound
having the general formula AIR2Z’ where each R is independently a C1-Cs alkyl and Z°
is hydrogen, halogen, or Ci-Cs alkyl, to form an aluminum centered polymeric
intermediate comprising a random polymeric concatenation of divalent moieties B’, tri-
valent moieties D°, or a combination thereof, bonded together through the aluminum
atoms of G’ and optionally terminated by monovalent moieties A’, H” or a combination
thereof, according to empirical formula:
A’aB D’ 4G gH'n

wherein a+h is greater than or equal to 2; and
b + d + g is greater than or equal to 2;
contacting the aluminum centered polymeric intermediate with M'Yy where M! is a
Group 5 or Group 6 transition metal of the periodic table of valence v, to form a second
intermediate according to empirical formula:

A’aB D 4G H nJ" i K kL 1Q7¢

wherein J’ is a divalent moiety represented by the structure:
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(Vv \
RZ_O )\ _O/

K’ is a trivalent moiety represented by the structure:

R} —O—M —
(Y)V 2

L’ is a trivalent moiety represented by the structure:

O—M —O
(Y)V 2
\ M —O

5 (Y)V 2 ; and

Q’ is a divalent moiety represented by the structure:

{\ / o

where a+h is greater than or equal to 2; and

b+d+g+j+k+1+ qis greater than or equal to 2; and
10 i) contacting the second intermediate with an alkyl aluminum activator to form the
corresponding activated carbene containing cyclic olefin polymerization catalyst, the
alkyl aluminum activator having the general formula AIR«(Y)sr wherein R is a C1-Cs
alkyl, each Y is hydrogen, halogen, or -OR5, wherein each R® is independently a C1-C2o
hydrocarbyl radical, optionally when present, two or more of R’ join to form a ring
15 having 40 or less atoms from Groups 14, 15, and/or 16 of the periodic table; and ris 1
to 3.
[0053] In one or more embodiments of the invention, the preparation of the supported ZN

catalyst may preferably comprise setting or selecting a relative molar ratio of R?(OH)2 and
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R3(OH); and/or the alkyl aluminum compound AIR**2Z” to control a pore size and/or a particle
size of the supported ZN catalyst.

[0054] In one or more embodiments of the invention, the transition metal M! is preferably
present in the supported catalyst at from 0.1 wt% to 30 wt%, based on the total amount of
supported catalyst present. In embodiments, a molar ratio of transition metal M! to aluminum
(M!:Al) in the supported catalyst is preferably from 1:1000 to 4:10, based on the total number
of moles of M! and aluminum present.

[0055] In embodiments, the content of the catalyst metal, e.g., the loading of the tungsten
in the above reaction, may be controlled to prevent too high a loading. In embodiments, the
transition metal loading may be controlled to achieve a desired activities by employing a metal
alkyl such as MgR2 or AIR2X (X =R or halide; R = C} to C2o alkyl) to replace a portion of the

catalyst metal, e.g., AIR2X according to the following reaction scheme:

O O ; X/AIO

2nHR R

and/or (X=Ror hallde)

A1xc1;/ <n)
HOHOH
O O >|( B Tl cl >|(
B Va:
x—ai}o” Yo—a0" No—wido” No—al—r
R/ a c1/ | blm
Cl

(a+b+l)m=n B=

and/or

[0056] In any embodiment of the invention, the process may preferably further comprise
separating the monomer from the reaction product mixture and recycling the monomer to the
polymerization reactor; contacting the separated supported ZN catalyst with additional alkyl
aluminum activator prior to recycling the supported ZN catalyst to the polymerization reactor;
or a combination thereof In one or more embodiments of the invention, the process is
preferably continuous. In one or more embodiments of the invention, the process may
preferably further comprise supplying a cyclic diolefin as a comonomer to the polymerization
reactor. In embodiments the comonomer comprises norbomene, ethylidene norbomene,

dicyclopentadiene, or a combination thereof.
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[0057] In one or more embodiments of the invention, the polymer is preferably a

polyalkenamer and the process may preferably further comprise:

D controlling the Mw and/or the trans:cis ratio of the polymer by a) controlling a reactor
temperature from -35°C to 100°C; b) controlling the amount of monomer recycled to
the reactor; ¢) using the monomer as a reaction solvent; or a combination thereof, and/or

(I)  forming the active catalyst species at temperature less than or equal to about 5°C,
followed by increasing the reaction temperature to a temperature less than 100°C;
and/or

(IIl)  incorporating an amount of an alpha olefin, preferably an alpha-olefin comprising at
least one hetero-atom containing functional group into the cyclic olefin monomer to
reduce the molecular weight of the polymer. In embodiments, the alpha olefins have
the general formula:

CH>=CH-(CH>).-CH3;
CH>=CH-(CH2)s-OSiR"3; and/or
CH>=CH-(CH2)a-NR*>, where n = 1-20; R* is a C1 —C1o alkyl radical; and/or

(IV) employing two or more supported ZN catalysts in the same or different reactors to
produce a reaction product mixture comprising a polymer comprising i) a multi-modal
Mw profile; 1) a frans: cis molar ratio greater than 1, based on the total number of moles
of chiral monomeric units incorporated into the polymer; ii1) a frans: cis molar ratio less
than 1, based on the total number of moles of chiral monomeric units incorporated into
the polymer; and/or

(V) employing multiple reactors connected in a sequence to produce heterophasic
copolymers.

[0058] In embodiments, the catalyst system according to the instant disclosure are prepared

as an isolated single-site like catalyst compound before adding the catalyst to the reactor.

Embodiments of the catalyst are prepared using components and reaction schemes which

eliminate hazardous by-products. Accordingly, embodiments of the instant disclosure allow

for increased activity, stereo-selectivity, Mw/PDI, and/or the like to be better controlled and
reproduced. In embodiments of the instant disclosure, the carbene containing catalysts can be
synthesized through more economical and environmentally friendly routes involving formation
of catalyst precursors through reactions involving various aluminum alkyls, referred to herein
as aluminum centered intermediates and/or aluminum compounds according to pathways

disclosed herein. These pathways often involve clean one-pot reactions.
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[0059] In embodiments of the process, supported catalysts are employed. In some
embodiments, self-supported catalysts are employed. In other embodiments, the Ziegler -Natta
catalysts are supported on metal oxides such as silica, titania, alumina, or various combinations
thereof, so long as the support comprises surface OH groups. The use of supported
heterogeneous catalysts allows for continuous processes where products are pushed out of the
support by the monomer flow, with or without an optional solvent, allowing for subsequent
isolation of the product without requiring the alcohol precipitation isolation step known in the
art to remove the products from the homogeneous catalyst. Accordingly, embodiments of the
instant disclosure render the quench step unnecessary while the product contaminated with
catalyst residue is greatly limited or eliminated. Embodiments according to the instant
disclosure achieve product isolation through precipitation which requires significant less
alcoholic solvent than known processes, and which further allow for facile recycle of both
monomer, any solvent, regenerated catalyst, and/or additional catalyst activator back into the
process.
[0060] In embodiments, the catalysts may be prepared using synthetic pathways which
prevent formation of harmful byproducts, including those known to cause reaction poisoning,
equipment erosion, environmental hazards, and the like. In embodiments of the invention,
these byproducts are eliminated during the formation of the catalyst by converting the hydroxyl
group to alkali salt, e.g., sodium or potassium salt according to the following process:
1) ROH + NaH — RONa + Hz
1) 4 RONa+ WCl6 -WCI2(OR)s + 4 NaCl
1)  WCI2(OR)s + m AIR 0 X531 = W(OAr)4=CHR” +R’H +2/3 AICl3 + (m-2/3) AIR 1 X3

wheren=1, 2, 3;

m X n is greater than or equal to 2

Ar is a substituted phenols, e.g., 4-MePhOH, 2-iPrPhOH, and the like;

X is a halide, preferably I, Br, or Cl;

the alkoxide -OR is a C3-Czo hydrocarbyl, typically a hydrocarbon including aliphatic

and aromatic groups;

R”=H or alkane, and R’ is H forming the corresponding alkane.
[0061] In embodiments, an improvement is obtained using an aluminum alkyl to react with
the alcoholic compound, which is then reacted with the metal chloride to directly form the
carbene containing compound in-situ. In other embodiments, the catalyst is pre-formed in one-
pot reaction without the generation of any harmful gas according to the general process:

2 ROH + AIR’; — 2 AI(OR)2R” + 2 HR’ (having a non-harmful alkane as the byproduct);
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followed by:
2 AI(OR)2R’ + WCl6¢ — W(OR)s=CHR” + R’H + 2 AICI;
[0062] In embodiments in which the catalytically active carbene W=CHR is unstable, the
more stable precursor W(OR)4+X> can be made in large quantity for storage and used later with
5 an activator aluminum alkyl, e.g., AliBus according to the process:
1)) 2 ROH + AIR2X — 2 AI(OR)2X + 2 HR’ (non-harmful alkane)
1) 2 AI(OR)2X + WX6 — W(OR)4xX2 + 2 AlX;
) W(OR):Xz + Ali-Bus = W(OR)s=CHR” + AliBuX>
wherein X is halogen, preferably chlorine. In embodiments, the product of step II may be
10  formed and stored and then activated according to step III as needed. Examples of such

embodiments include:

/ ‘ ’ wal o

/ \ / 6 / \ /
ml“e“e Cold orR \ / N o \
/@ CP (isobutane) (isobutane)

TIBAL

Step I Step 11 Activation Step III.
15 [0063] Another example according to an embodiment of the invention utilizes a process in

which a dichloro tungsten tetrakis alkoxide is first formed, following by activation with the

aluminum alkyl at low temperature according to the following reaction scheme:
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Y R Qg

\ /
\ / \ WClg 0 al c
4 RT toluene O/ \ 4 +4CHf —— o d—ci + \ \AI/
W Al

Al'Bu,
cold

[¢] R

N/ + AlBuCl,

[0064] In embodiments, two or more phenoxy moieties can be present on the same

molecule, consistent with the following reaction pathway:
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?I
/AI\
(0] R 0]
Ry Ro 2 Me,AlCI !
2 N R,
4 methane

R3 R3

OH R OH

[\S]
Py
X

R R3

2 AIC,

WCl,

R, R4 isobutane

Ra

(e.g., R1=H, R2 =Bu, R; = Me)
where a chelating ligand intermediate is formed followed by the dichloro metal compound prior
to activation.
[0065] In related embodiments, the active catalyst may preferably be formed directly

according to the reaction pathway shown in the following example:
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Rs
OH R, OH A|I N
1
R.
Re Rz 2 AILt / \ wCl 2 o
3 3 S~ e—
Ro Rz o
4 ethane ethane Ry R,
R3 R3 O O
Rs R3

[0066] In other embodiments, mixed ligands such as a combination of chelating ligands
and substituted phenols, may preferably be employed to form the catalyst according to the

reaction pathway shown in the following example:

OH
Pr Pr
(@]

Al

EtAl / \
0 o)

+
OH OH T’
t t
B t Bu Bu
UBU o
Me Me Me Me

AICI,
MoClg

N o

Mo

au
- \O * - \

i = g
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[0067] In such embodiments, suitable chelating ligands preferably include 2,2-biphenol,
substituted 2,2’-biphenols, and the like.

[0068] In any embodiment of the invention, supported catalysts may be self-supported
wherein the ligands of the transition metal render the catalyst insoluble in the reaction medium.
In embodiments, the multivalent ligands can be divalent linking moieties, trivalent linking
moieties, or higher. The linking moieties serve as linear or framework structures to construct
self-supported version with two dimensional linear structures, three dimensional tertiary
structures, or both. The self-supported catalysts are terminated with mono-valent ligands,
which may be utilized during formation of the catalysts to control the particle size and/or pore
size of the self-supported catalyst.

[0069] In embodiments, the linking moieties may be based on bisphenol A, 4,4’-biphenol,

and the like as divalent linear linker moieties according to the following example:

HO OH
n O O + n AIRX

X = halide

n RH

SolventlJ
e} e}
\All
X
\ m A, WCl,

Cl Cl
: \\/< N
O O O o
OR m.

A =halide or

[0070] In embodiments, the tertiary structure of the self-supported catalyst may be formed

using trivalent or other multivalent linking molecules as shown by the following example:

28-



WO 2020/061271 PCT/US2019/051863

OH O\AI7
4Ok
R X
HO. 3n/2 A1R2X ‘
n
Solvent
R
l R R

OH
X\AI/ =Bw/on
m AICLL,X
m A,WCly
Cl
Y
O\W ﬁ\
/ \ n/m-1

R A A

(6]
X~

[0071] In embodiments the multivalent linking monomers and the monovalent monomers

may be contacted under reaction conditions to produce the aluminum centered polymeric

support as follows:
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wherein the trivalent linking moieties are represented as ¢ "
the divalent linking moieties are represented as " ; and

[0072] In one particular embodiment, the aluminum centered catalyst precursor may

the monovalent chain termination moieties are represented as

5 include monovalent moieties, divalent moieties, and trivalent moieties according to the

following:
®
3 o
[s & \_T[ ,.‘»‘1\‘ -M\§r<‘/
1} r 1
— s =
i1 RN SN SN SN \ T
& o S
: T 1 TT —_ 1 017 L]
AP R g N T S 1 'y R S X et TR %
S Py
¥ 3
5 ¢
I
o Ry ~
I8 I R
."&

wherein X is halogen and R is C1-Cs hydrocarbyl.

[0073] In embodiments, the divalent and trivalent ligand ratio may be selected to control
10 the pore size, and/or the relative ratios of monovalent, divalent and trivalent ligands may be

selected to control the particle size of the self-supported catalyst.

[0074] In alternative embodiments. The monovalent chain termination moieties may be

provided by reacting the divalent and trivalent moieties in an excess of AIR2X and/or AIRX>

wherein X is halogen and R is Ci-Cs alkyl such that the chains are terminated using the alkyl
15  aluminum moiety, which may be used to control the cluster like molecule size (particle size)

as shown in the following exemplary structure:

\ &
4 ’\'\'-\ﬁ:
- )

e 3
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[0075] As is known in the art, the intermediate aluminum compounds of Ziegler-Natta
compounds containing mixed ligands may exist as multiple species, e.g., AIAB: formed in a
non-polar solvent can show a distribution of AlA2B (minor), AIAB2 (major), and AlBs3 in a
polar solvent, due to the fast ligand exchanging between two neighbor Al atoms. For example,
(4-MePhO):AlCl is difficult to crystallize in non-polar solvent such as toluene because multiple
species exist in an equilibrium:
2 (4-MePhO)2AICI < (4-MePhO)AICI: + (4-MePhO)s AL

[0076] This phenomena renders (4-MePhO);Al difficult to crystallize. However, it has
been discovered that crystallization of such aluminum intermediates may be accomplished by
addition of a donor group, typically an ether and/or at tertiary amine. For example, using THF
as a donor compound, (4-MePhO)s;Al may be readily crystallized as a dimeric five coordinated

Al species with one THF for each Al according to the following formula:

e

[0077] Applicant has discovered that such THF and other adduct form highly active

wherein Ar is 4-Mephenyl.

catalysts when used to construct the active catalyst with WCls. Although many W compounds
can polymerize THF to block or destroy the carbene formation, the molecular level THF
present may only alter the metathesis polymerization behavior and yield different polymer
structures (different Mw, trans:cis ratio, etc.) with the same ligand structure except with or
without the coordinated THF. Other donor can be used as the donor, e.g., Et20, MeO'Bu,
NMes.

[0078] In embodiments of the invention, polymerization processes conditions and reactants
may be selected to control the Mw and/or the trans:cis ratio of the polymers produced. In
embodiments, the supported catalyst according to one or more embodiments is employed in a
reactor comprising a filtration element that retains the supported catalyst but which allows the
solution of product polymer, e.g., polyalkenamer such as polypentenamer, to pass through such
that the polymer is effectively separated from the supported catalyst as part of a continuous

process.
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[0079] In embodiments, the temperature of the process is selected within a range from
about -35 to 100°C, depending on the monomers used and the desired properties of the polymer.
In other embodiments, the monomer is separated from the polymer and then recycled, e.g., to
the polymerization reactor. Applicant has discovered that by controlling the amount of
monomer recycle, the deep color of the final product caused by retention of the catalyst in the
product can be avoided, along with the massive amounts of solvent typically required for
residue removal. In embodiments, the monomer is used as the reaction solvent thus eliminating
the quenching step due to the separation of product from the catalyst.

[0080] In embodiments, the invention may further include selecting the temperature at
which the active catalyst species is formed. In embodiments, the active catalyst is formed at a
temperature of less than 5°C, preferably less than 0°C, preferably less than -5°C, preferably
less than -10°C, preferably less than -20°C, preferably less than or equal to -35°C. Applicant
has discovered that by forming the catalyst at such low temperatures, followed by increasing
the temperature of the polymerization reaction to a temperature of about 100°C or less,
preferably from about 0 to 40°C. The Group 5 or Group 6 transition metals used to form the
active catalyst species, i.e., the carbene species, for cyclic olefin polymerization have been
discovered to be more stable at these lower temperature compared to room temperature or
higher. Applicant discovered that when the process includes forming the catalyst prior to
contacting the monomer, the preferred formation temperature is less than or equal to about 0°C,
more preferably less than about — 20°C or less than -35°C. If the active catalyst is generated
in-situ, applicant has discovered a corresponding benefit by selecting a polymerization reaction
temperature which is lower at the beginning, e.g., -5 to -35°C, for a period of time sufficient to
form the active catalyst, followed by increasing the temperature, e.g., 0 to 40°C, for a batch
polymerization process. In continuous embodiments, the reaction temperature may be set
below about 5°C to obtain a similar benefit.

[0081] In embodiments, the Mw and other properties of the polymer e.g., formation of
functionalized end groups, multi-modal Mw control, and the like, by incorporation of one or
more comonomers into the process.

[0082] In embodiments, a linear olefin, e.g., 1-hexene, may be included in the cyclic olefin
monomer to reduce the polymer molecular weight. Applicant has discovered that increasing
the ratio of linear olefin to cyclic olefin results in a lower molecular weight product.

[0083] In embodiments, the straight olefin can bear functional groups such as siloxane,

amine groups, and the like. Suitable examples include CH>=CH-(CH2)x-OSiMes (n = 1-20);
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CH>=CH-(CH2)ni-NMe2 (n = 1-20), or combinations thereof. In other embodiments, multi-
modal Mw polymers may be produced by selecting the ligands used to form the catalyst
according to the present invention. Accordingly, in embodiments the polycycloolefins
produced according to the instant disclosure may further comprise chain-end functionality. In
embodiments, the olefin chain termination agent CH>=CH-R comprises an R group comprising
one or more functional groups. Accordingly, in embodiments the polymer chains with the
functionalized termination groups will have functionality at the chain ends. Both the
concentration of the functionalized termination groups, and the selection of the functional
groups allow for control over the physical properties of the resulting polymers. Applicant has
further discovered that control may be achieved by selecting the relative bulkiness of the ligand
used to form multiple ligand environments with the same metal centers or by employing ligands
having the same relative size (i.e., ligand bulkiness) with different metal centers, or a
combination thereof.

[0084] In embodiments, the cis: frans ratio of the polymer has been discovered to result in
different physical properties. This phenomenon is thought to be due to the faster crystallization
of trans conformation relative to the amorphous cis conformation. In embodiments, the
cis:trans ratios of the polymers can be controlled by selecting the ligands used to form the
catalysts, the metal used to form the catalysts, or a combination thereof.

[0085] In embodiments, the invention may further include copolymerization systems,
wherein one or more different cyclic olefins serve as the comonomer to form the product
copolymers. Examples include the establishment of routes to long chain branching by the
incorporation of side chain unsaturation, e.g., through vinyl norbornene, ethylidene
norbornene, and/or the like in the backbone of the polymer. In embodiments, the comonomers
may then act as initiation points for ROMP or cross metathesis reactions. In alternative
embodiments, DCPD may be used as a comonomer to form polymers in which both rings of
the monomer have been opened to produce a four armed star.

[0086] In alternative embodiments, properties of the product polymers may be controlled
by employing polymerization systems comprising two or more reactors connected in a
sequence. Embodiments may further include producing heterophasic copolymers.
EXAMPLES

[0087] The present disclosure can be further illustrated by the following non-limiting
examples.

[0088] Catalyst formation comprises reacting a catalyst precursor with an activator to form

an active catalyst, also referred to herein as comprising a carbene functional group. The
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catalyst precursor comprises a Group 5 or Group 6 metal, preferably tungsten, tantalum,
niobium, and/or molybdenum. The activator is an alkyl aluminum and/or an alkyl aluminum

halide compound.

CH3 CH3 x

cl | o / cl
| ! CHz _CH;=CHs CH,
CI—/W—CI + 9273 Al —» | c—w—cH, ﬁ» CI—/W=CH
a” | CL N\ vl \ o’ | \
cl S a3 Ac cl CH, CHy-CH, cl CH,
CHj
Catalyst precursor Activator Short life species Active catalyst

[0089] For purposes herein, WCle and MoCls are used as the catalyst precursor, or in
forming the catalyst precursor, also referred to as a transition metal compound. Other
compounds which could be used include TaCls and/or NbCls. The activator comprises moieties
having the general formula AIRmZ*.m, where each Z* is H, C1 — C7 alkyl, alkoxy, or halogen.
Examples include AlMes, AlMexCl, AIMeClz, AlEt:Cl, AIEtClz, AIEt2(OR), AIEt(OR)2, and
the like, wherein OR is an alkoxy radical and R can be any Ci to Cao, preferably Ci to Cio
aliphatic or aromatic radical with or without substituents.

[0090] Polymerization reactions include cyclo-olefin ring opening metathesis
polymerization (ROMP) consistent with the following reaction, wherein the active catalyst is

according to any embodiment or combination of embodiments disclosed herein:

Active catalyst
[0091] In the examples, the cyclic olefin monomers include cyclopentene, denoted as
“cC5=", however, other 6 to 10 membered ring containing cyclo-olefins, e.g., cyclohexene,
cyclooctene, cyclodecene, and the like may be used.

[0092] In the following examples, WCls and MoCls, aromatic alcoholic compounds (2-
isopropylphenol, 2.6-diisopropylphenol, 4-methylphenol), tertiary butyl hypochloride,
aluminum alkyls (e.g., triethylaluminum (AlEt; or TEAL), triisobutylaluminum (Al'Bus or
TIBAL), diethylaluminum chloride (Et2AICI or DEAC), Ethylaluminum dichloride (EtAICI:
or EADC)), NaH, cyclopentene, 1-hexene, and solvents (benzene, toluene, isohexane, ethanol),
and antioxidant Irgonox 1076 were purchased from Sigma-Aldrich and used without further
purification unless explicitly stated otherwise. Silica ES70X was obtained from PQ

Corporation (Malvern, PA, USA) and was calcined at about 200°C for 3-4 hours to form the
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“low-temperature” silica support, or at about 600°C for 3-4 hours to form the “high
temperature” silica support, prior to use. All solvents were anhydrous grade and were further
treated with activated 3A molecular sieves by storing the solvent in a container with 5-10 wt%
molecular sieves for at least 24 hours prior to use.

[0093] Cyclopentene was treated with 3A molecular sieves the same way and was passed
through an activated basic alumina column before use. All deuterated solvents (CDCls, CsDs,
CD:Cl, d8-THF, and the like) were obtained from Cambridge Isotopes (Cambridge, MA) and
dried over 3A molecular sieves before use. Other chemicals such as the aromatic alcohols,
aluminum alkyls were used as received. All reactions were performed under an anhydrous
inert nitrogen atmosphere using standard laboratory techniques unless otherwise stated.
[0094] A gel permeation chromatography method, Tosoh EcoSEC High Temperature GPC
system (GPC-Tosoh EcoSEC), was used to determine the polypentenamer Mw, Mn and
Mw/Mn using the high temperature gel permeation chromatography instrument (Tosoh
Bioscience LLC), equipped with a differential refractive index detector (DRI). Three high
temperature TSK gel column (Tosoh GMHHR-H(20)HT?2) were used. The nominal flow rate
was 1.0 mL/min, and the nominal injection volume was 300 pL. The various transfer lines,
columns, and dual flow differential refractometer (the DRI detector) were contained in an oven
maintained at 160°C. Solvent for the experiment is prepared by dissolving 1.2 grams of
butylated hydroxytoluene as an antioxidant in 4 liters of Aldrich reagent grade 1,2.4
trichlorobenzene (TCB). The TCB mixture was then filtered through a 0.1 um teflon filter.
The TCB was then degassed with an online degasser before entering the GPC instrument.
[0095] Polymer solutions were prepared by placing dry polymer with about 10~15 wt%
anti-oxidants of Irganox 1076 and Irgafos 168 in glass vials, adding the desired amount of
TCB, then heating the mixture at 160°C with continuous shaking for about 2 hours. All
quantities were measured gravimetrically. The injection concentration was from 0.5 to 1.0
mg/mL, with lower concentrations being used for higher molecular weight samples. Flow rates
in the apparatus was then increased to 1.0 mL/minute, and the DRI was allowed to stabilize for
2 hours before injecting the first sample. The molecular weight was determined relatively to
polystyrene molecular weight standards in which the instrument was calibrated with a series of
monodispersed polystyrene standards. All molecular weights are reported in g/mol unless
otherwise noted.

[0096] A standard polycycloolefin sample, commercial neodymium butadiene rubber
CB24 (ExxonMobil, Houston, TX) with known molecular weight Mw about 300k was used to
verify that the GPC method, and to confirm that the 160°C temperature does NOT cause
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significant polymer cross-linking resulting in artificially high molecular weight determinations.
The experimentally obtained result of a 339k molecular weight for the commercial neody mium
butadiene rubber CB24 indicates a non-significant cross-linking under the measurement
conditions.

[0097]  The polymer trans:cis ratio was measured with a standard *C NMR instrument
according to methods known in the art. Samples were prepared with 66.67 mg/ml of CDCl3
(deuterated chloroform) in a 10mm tube. The C NMR spectra were measured on a Bruker
600MHz cryoprobe with inverse gated decoupling, 20s delay, 90° pulse, and 512 transients.
[0098] Assignments were based on assignments from O. Dereli et al. (2006) European
Polymer Journal, v.42, pp. 368-374. Three different positions were used for calculation of the

trans/cis composition:

A B A
1. vinyl peaks with trans at 130.3ppm and cis at 129.8ppm;
2. alpha position trans/cis (tc) at 32.2ppm, trans/trans (tt) at 32.07ppm, cis/cis (cc)
at 26.9ppm and cis/trans (ct) at 26.74ppm,;
3. beta position cis/cis (cc) at 29.86ppm, cis/trans (trans/cis) (ct+tc) at 29.7ppm
and trans/trans (tt) at 29.54ppm;

4, Trans= tt +.5*(ct+tc); and

5. Cis=cc+.5%(ct+tc).
The calculation for each of groups 1-3 above (i.e., vinyl, alpha, and beta) were averaged to get
an average frans and cis composition. An exemplary 3C NMR spectra is shown in FIG. 1.
[0099] As indicated, some small scale polymerization conversion rates were monitored and
estimated with 'H NMR method using a Bruker 400 MHz instrument. Pulse program zgcw30
was used with D1 = 60s and ns = 2 or 4. CDCIls was the lock solvent. The chemical shift of
cyclopentene monomer double bond protons was measured to be about 5.75 ppm and the
chemical shift of polypentenamer double bond protons was experimentally determined to be
about 5.53 ppm. Integral from 5.45 to 6.00 ppm (Im+p) was used to cover the two chemical
shifts, which was then set to 100% to represent total cyclopentene. The integral from 4.55 to
5.60 ppm (Ip+rs) is the polypentenamer overlapped with the right '*C satellite chemical shift of
cyclopentene. To substrate the *C satellite contribution from the overlapped integral, the
similar intensity left ’C satellite of cyclopentene was integrated from 5.93 to 5.97ppm (ILs)

and the conversion C calculated as follows:
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C = (Iprs — ILs)/Im+p
Appropriate *C decoupling programs produced an ILs equal to zero.
Polymerization of Cyclopentene with RO-X (X =H or Cl) + WCI6 (or MoCl5) + AI-R
containing activator.

Comparative Examples 1-1 to 1-5 and 1-7

[0100] Comparative example Cex1-1 and examples 1-2 is based on procedures known in
the art, scaled to a 4L jacketed filter reactor (Ace Glass Inc.) with a Lauda chiller capable of
cooling to -35°C.

[0101] Examples 1-1 through 1-7 were prepared according to the following general
procedure: in the 4L Jacketed reactor, cyclopentene (cC5=) and optional solvent
(toluene/benzene/hexane) was added. The reactor was then cooled to the desired temperature
as noted. In around bottom flask, transition metal basic catalyst WCls or MoCls and a solvent
were added and mixed well with a magnet stirrer. Another round bottom flask was charged
with the alkoxide precursor compound RO-X and a solvent. The RO-X solution was then
slowly added to the solution WCls or MoCls. The mixture was stirred for 1 hour. When
required, N2 was blown on top of the reaction mixture to remove harmful gas such as HCI or
Clz formed during the reaction process. Then prepared catalyst precursor was added to the
cyclopentene solution in the 4L jacketed filter reactor. The activator-aluminum-alkyl
compound AlRmZi3-m was added to induce the polymerization and the reactor mixture was
stirred and the temperature maintained for the desired reaction time.

[0102] A third flask was charged with Irgonox 1076 (BBHT), ethanol, solvent and
NaHCOs. This reaction mixture was added to the stirring reactor to stop polymerization. The
quenched reaction was then stirred for an additional 60 minutes.

[0103] The quenched reaction mixture (the polymer solution) was then added to 10 to 12L
of ethanol in a 5 gallon bucket and stirred to precipitate the resultant polymer from the reaction
mixture and the polymer removed by filtration. Irgonox solution in toluene was then added on
top of the polymer, and the resulting slurry was dried under vacuum in a vacuum oven at 50°C
for 24 hours. The catalyst preparation, polymerization conditions, and polymerization quench
procedures for Examples 1 through 6 are summarized in Table 1. Yield, conversion, Mw,
trans:cis ratio data are shown in Table 4.

Example 1-6

[0104] In example 1-6, the procedure further included addition of a straight chain alpha
olefin in the reaction mixture to control molecular weight of the polymer. 0.5 g of 1-hexene

(Ceé=) was added to form a (cCs=) : (Ce=) wt/wt ratio of 2000:1. As the example confirms, the
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chain length of the resulting polymer, i.e., the Mw, may be controlled by including an amount
of an olefin chain termination agent CH>=CH-R, preferably a normal or straight-olefin chain
termination agent, where R is a C1 to Czo hydrocarbon radical, preferably a straight-chain

hydrocarbon radical.

R Polymer Polymer
Polymer Cl
Cl _/— I T|
| .\ — Cl—W—, - e o—w
cl—w SN W\ \

o = 71N
C|/c|;I cl ‘_\ cl (|;| CH,
R Regenerated cat for R
new chain growth

|

[0105] The ratio of straight chain olefin CH>=CH-R (e.g., 1-hexene) to cC5 determines the
chain length and therefore the molecular weight of the polycycloolefins produced according to
embodiments disclosed herein.

[0106] Example 1-6 suggests that inclusion in the reaction mixture of an alpha olefin
bearing a functional group, e.g., a siloxy or amine group, can introduce the functionality to the

polymer chain ends.

Table 1. Experiment Summary for Examples 1-1 to 1-7

Monomer/conditions Catalyst Activator RXN Quench
RunID | cCs= Solvent T WCls RO-X AlRwXgem) Time | ppHT | BOH | Solvent
(MoCls*)

g Name G °C g Formula g Name g min g ml ml
. Bezene

CEx1-1 | 1150 | Benzene | 1600 | RT 3.0 BuOCI | 082 | AliBws | 263 | 240 3 25 00
CEx1-2 | 960 | Benzene | 3000 | 0 3.0 BuOCl 082 | AliBus | 262 | 180 5 25 Befozgne
CEx1-3 | 848 | Benzene | 3200 | 30 1.0 BuOCl 027 | AliBus 1 300 5 25 Befozgne
CEx1-4 | 1080 | Hexane | 2060 | 0 1.4 CICsOH | 182 | AliBus | 043 | 240 3 15 Hg’;%“e
- Toluene

CEx1-5 | 1434 | Toluene | 2000 | 5 32 Pnon | 615 | AEt | 251 | 90 3 45 550
1000 + 2 6- Toluene

Ex 16 0.5 Toluene | 1000 | 5 L16 | yeopnom | 144 | AIE(CE | 15.08 | 150 3 45 550

hexene

CEx17 | 470 Non 25 9.0% Non AlEt; | 859 | 180 3 20 Hg’;%“e

*0.5g of 1-hexene (C6=) was added, cC5=: C6= wt/wt ratio of 2000:1.

Improved Catalvst Formation and Polymerization

[0107] The following examples were generated using synthetic pathways which eliminate
the generation of harmful gas, improve activities, and provide different frans:cis ratio and
molecular weight controls according to embodiments disclosed herein.

[0108] Polymerization of cyclopentene with (RO):AICI + WCls + activator (Al-R
containing compound).

Example 2-1-1 (RO = 2-1PrPhO. polvmerization at 0°C)
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[0109] (2-iPrPhO)2AICI Preparation - (2-iPrPhO)2AICI was prepared from the reaction of
R2AICI, e.g., Me2AICI or Et2AICI (Aldrich product), with 2-iPrPhOH in hydrocarbon solvent
(toluene and/or isohexane) by slow addition of 2eq of neat or dilute 2-iPrPhOH to the aluminum
alkyl solution at ambient temperature (i.e., 25°C). The resultant solution was then used and/or
the resultant oil obtained after solvent removal.

[0110] Catalyst Preparation - Neat (2-iPrPhO)2AICI (504 mg, 1.518 mmol) was added to a
solution of WCls (300 mg, 0.757 mmol) in toluene (10 mL). The resulting mixture was stirred
for 2.5 hours at room temperature.

[0111] Polymerization - The solution of cC5= (100 g, 130 mL, purified by passing through
alumina column) in toluene (300 mL) was added to a 2-necked round bottom Schlenk flask
(2L) containing a mechanical stirrer. Neat triethylaluminum (Et;Al, 173 mg, 1.517 mmol) was
then added. Vigorous agitation was applied and the resulting solution was cooled down to 0°C.
The solution of premade catalyst (A) was then injected into the reaction mixture. The reaction
mixture became viscous after about 40 minutes of reaction time. After 3 hours at 0°C
(conversion:64%), the solution of BHT (338 mg, 1.513 mmol) in EtOH(50 mL)/toluene(100
mL) was added to quench the catalyst and the unreacted aluminum alkyls. The resulting
mixture was subsequently slowly poured into EtOH (1L) under intense mechanical mixing.
The formed polymer was then washed with EtOH (3x500 mL) and dried in vacuo at 50°C for
4 hours. Dried solid product was stored under nitrogen atmosphere. Alternatively, the solution
of antioxidant (BHT) in ethanol was sprayed above the polymer surface to prevent cross-
linking upon exposure to air. Isolated yield: 58.3 g, Cis/Trans ratio: 15/85%, Mw: 493k;
Mw/Mn: 2.00.

Example 2-1-2 (RO = 2-iPrPhO. polymerization at 0°C)

[0112] (2-iPrPhO)2AICI Preparation - (2-iPrPhO)2AlICI was prepared as described above.
[0113] Catalyst Preparation -the neat-oil (2-iPrPhO)2AICI 1.007g was added to the solution
of WCls 600 mg in 20 ml toluene and stirred for 1 hour at room temperature.

[0114] Polymerization - a solution of ¢cC5= (270 mL) in toluene (700 mL) was prepared to
which was added neat AlEts, which was then cooled to 0°C; and then added the catalyst mixture
to the cC5=solution under vigorous stirring; the mixture became viscous after about 40 minutes
reaction time. After 3 hours at 0°C, the solution of BHT in EtOH (50 mL)/toluene (150 mL)
was added to the reaction mixture. The resulting mixture was added to EtOH (1 L) under
intense mechanical mixing. The formed polymer was washed with EtOH (3x0.5 L) and dried
in vacuo at 50°C for 4 hours; isolated yield:160g (77%); Cis/Trans ratio: 14/86; Mw: 218 k;
Mw/Mn: 1.78.
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[0115] The two examples above show that (2-iPrPhO)2AICI as the ligand precursor for the
modification of the basic catalyst WCle displays markedly improved activities
(conversion/hour) than comparative example AA2066 where 2-iPrPhOH is used as the ligand
precursor. In addition, these examples confirm that different Mw and different frans: cis ratios
may be produced.

[0116] Example 2-1-1 and 2-1-2 under the very close conditions that show significant
different molecular weights are likely due to the scale difference where agitation for the larger
scale was not as efficient as the smaller scale and the local heat was higher (especially when
the conversion rate was higher). The examples further confirm substantial improvement of the
catalyst may be obtained by selecting appropriate ligands according to electronic and/or steric
modification of the catalyst active site. In embodiments, one of the halogens, e.g., a Cl atom
on the catalyst precursor WCls (or MCls, M = Mo, Ta, Nb) is replaced by an alkoxy group

bearing different group(s) to effect a change in the ligand electronic and/or steric effects.

R R
o O/ /
cl ¢l R cl R R cl ¥ R cl
C roH RQ ol RoH R | ROH R _|_ ROH R _|/_
CI—/W—CI T> O—/V|V—CI T’ O_/W—O\ T’ o V|V O\ ~ 0 VIV O\
Cl Cl
cl el a” HCl g R Hcl Cl R Hel 0 R
cl R
|-substituted 2-substituted 3-substituted 4-substituted
precursor precursor precursor precursor

[0117] Such catalyst modifications result in improvement in catalyst activity, allow for
control over the trans:cis ratio of the resulting polymer, and/or allow for control over the
molecular weight of the polymer. However, it has been discovered that in embodiments, at
least two halogen groups are retained on the transition metal compound to allow an activator
(e.g., aluminum alkyl) to convert the two halo groups into the active carbene species.
Accordingly, the maximum number of alkoxylated ligands on WCle and other hexavalent
transition metals is limited to 4, and for MoCls, TaCls, and NbCls and other pentavalent
transition metals the maximum number of alkoxylated ligands is limited to 3. The alkoxy
groups (RO-) may comprises Ci1 to Czo hydrocarbon oxy group including aliphatic oxy or
aromatic oxy group. In embodiments, the oxygen atom is directly connected to an aromatic
ring.

Example 2-1-3 (RO = 2-iPrPhO. polymerization at 21-25°C)

[0118] (2-iPrPhO)2 AICI preparation - (2-iPrPhO)2AlICI was prepared as described above.
[0119] Catalyst preparation - neat (2-iPrPhO)2AICI (25 mg, 0.075 mmol) was added to the
solution of WCls (15 mg, 0.038 mmol) in toluene (2 mL). The resulting mixture was stirred

for 1.5 hours at room temperature then cooled down to -35°C.
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[0120] Polymerization - neat EtsAl (9 mg, 0.13 mmol) was added to the solution of
cyclopentene (5 g, 73 mmol) in toluene (15 mL). The mixture was cooled down to 0°C before
the catalyst solution was added under intense stirring. The reaction temperature was allowed
to rise up to 25°C; the mixture became viscous after about 10 minutes reaction time. After
stirring 3 hours at 25°C (conversion: 91% by NMR), the solution of BHT (9 mg, 0.04 mmol)
in EtOH(1mL)/toluene(S5mL) was added. The resulting mixture was subsequently poured into
EtOH (200 mL) under intense mechanical mixing. The precipitated polymer was washed with
EtOH (2x200 mL) and dried in vacuo at 50°C for 4 hours to give 3.81 g of a white polymer.
The yield of this example is artificially low due to product precipitation and transfer issues.
The following properties were determined: Mw: 193 k; Mw/Mn 1.99; Trans/cis 84/16.

[0121] This experiment shows that polymerization temperature has tremendous influence
over the Mw, i.e., the higher the reaction temperature, the lower the molecular weight.
However, the above example suggests that the frans:cis ratio is not significantly changed by
the reaction temperature.

Example 2-2 (RO = 4-MePhOQ. Polvmerization at 0°C)

[0122] (4-MePhO)2AICI preparation - 4-MePhOH and the dimethylaluminum chloride in
2:1 molar ratio, e.g., 3.55g (33mol) and 1.52g (16mmol), were dissolved in separate vessels in
toluene, e.g., 30g in each vessel. The p-cresol solution was then slowly added to the stirring
solution of MezAICI. The solution stayed clear, but a vapor formed above the stirring reaction
mixture. The reaction was allowed to stir overnight. The toluene was removed to give a
viscous colorless residue. The residue was dissolved in pentane and the pentane was removed
to give a fine white powder that contains 7wt% toluene determined by NMR. (18-AD1410).
[0123] Catalyst preparation - the solid (4-MePhO)2AICI (1.17g) was added to a solution of
WCls (0.75g) in toluene (20 mL) and stirred for 1.0 hour at room temperature

[0124] Polymerization - a solution of ¢cC5= (336 mL) in toluene (900 mL) was prepared
and neat AIEt3 (0.432g) was added to the cC5=toluene solution. The solution was then cooled
down to 0°C and the catalyst solution was added under stirring; the mixture became viscous
after about 10 minute reaction time. No stirring was possible after 40 minutes due to the high
viscosity of the reaction mixture. After 3 hours at 0°C, the solution of BHT in EtOH(20
mL)/toluene(100 mL) was added to the viscous mixture. The resulting mixture was added to
EtOH (1.5 L) under intense mechanical mixing. The formed polymer was washed with EtOH
(3x500 mL) and dried in vacuo at 50°C for 4 hours. Yield: 228g (91%); cis:trans ratio:
17/83 %; Mw: 315k; Mw/Mn: 1.80.
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[0125] Polymerization of cyclopentene with [(RO)sAI(THF)]2 + WCle + activator (Al-R
containing compound).

Example 2-3-1 (RO = 4-MePhQ. Polvmerization at 0°C)

[0126] [(4-MePhO); AI(THF)]2 preparation - the compound was prepared by reacting AIR;3
(e.g., TEAL) toluene solution with 3 eq. 4-MePhOH in toluene solution, drying out solvent to
obtained solid compound mixture, and following a 105°C treatment in THF in a closed reactor
to obtain the product. Typical procedure: A solution of 50g 4-MePhOH (0.462mol) in 100m
toluene was added dropwise to a solution of 11.13g TMA (0.154mol) in 300mL toluene under
intense stirring at ambient temperature and pressure. The addition was done in a controlled
fashion to prevent an extensive gas formation and overheating of the reaction mixture. The
mixture was stirred at 80°C for 2 hours after which the solvent was boiled off to give a white
product. This product was washed several times with hexane (3 x 100 mL) and dried in vacuo
to yield 56 g. 'H NMR shows the presence of another product in the mixture. The obtained
white solid was dissolved at 105°C in THF (500 mL) in a closed high-pressure vessel and the
resulting solution was allowed to cool down to RT. Precipitated white crystalline solid was
washed several times with hexane (3 x 50 mL) and dried at 85°C for 4 hours. 52g of the
targeted product were isolated. A small amount of the crystalline material was analyzed with
X-ray single-crystal diffraction and the structure is shown in FIG. 2.

[0127] Catalyst Preparation - solid (4-MePhO);Al(THF) (424 mg, 1.00 mmol) was added
to the solution of WCI6 (300 mg, 0.757 mmol) in toluene (10 mL). The resulting mixture was
stirred for 2.5 hours at room temperature.

[0128] Polymerization - the polymerization protocol is identical to that described above.
c¢C5= 130mL (100g) in 300mL toluene. Reaction temperature: 0°C. Reaction time: 3 hours
(viscous after 40 minutes). Conversion: 44 %. Cis/Trans ratio: 25/75%, Mw: 601 k, Mw/Mn:
2.08. Example 2-3-2 (RO = 4-MePhO. Polymerization at 21-25°C)

[0129] [(4-MePhO); AI(THF)]2 preparation - (4-MePhO);AI(THF) prepared as for

Example 2-3-1.

[0130] Catalyst Preparation - solid (4-MePhO); AI(THF) (16mg, 38umol) was added to the
solution of WCls (15mg, 38umol) in toluene (2 mL) cooled at -35°C in the freezer in the
drybox.

[0131] Polymerization - in a vessel cC5= 6.5mL (5g) and 10mL toluene were charged and
placed in the freezer of drybox at -35°C. The cold cC5= solution was added ~1mg neat Et;Al.
The cold catalyst solution was then added to the cC5= solution. The reaction temperature was

increased from -35°C to room temperature (~21°C). After 1hr, the NMR showed the
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conversion was 56%. The mixture was allowed to stir overnight. Standard quenching
procedure was applied. 1.83g polymer was isolated. Cis/Trans ratio: 22/78%, Mw: 445k,
Mw/Mn: 2.22.

[0132] Examples 2-3-1 and 2-3-2 confirm that aluminum intermediates may be isolated by
addition of a donor group, in this case THF. The (4-MePhO)sAl may be readily crystallized as
a dimeric five coordinated Al species with one THF for each Al according to the following

formula:

S O

[0133] As the Examples confirm, the THF adducts form highly active catalysts when used

wherein Ar is 4-Mephenyl.

to construct the active catalyst with WCls. Although many W compounds can polymerize THF
to block or destroy the carbene formation, the molecular level THF present may only alter the
metathesis polymerization behavior and yield different polymer structures (different Mw,
trans:cis ratio, etc.) with the same ligand structure except with or without the coordinated THF.
These examples suggest that other donors may include Et20, MeO'Bu, NMes, and the like.
Polymerization of cyclopentene with (RO):AIR (as 2-in-1 ligand precursor and activator)
+ WCle.

Example 2-4-1 (RO = 4-MePhO. polymerization at 21-25°C)

[0134] (4-MePhO)2AliBu preparation - a solution of 0.216g 4-MePhOH in 2g toluene was
added slowly to a solution of 0.20g TIBAL in 2g toluene. Shaken it for 15 minutes at room
temperature.

[0135] Catalyst preparation - the product was added to WCls solution (0.20g in 2g toluene)
and shaken for 15 minutes.

[0136] Polymerization - after 24 hours the mixture was added to 50g cyclopentene, which
was purified by passing through a basic alumina column, and stirred for 24 hours. The
conversion rate was monitor by NMR, which showed only 8%. The reaction did not proceed
well, possibly due to being kept overnight at room temp which might have caused degradation
of the active carbene species. The polymer was isolated using standard quenching procedure.

Cis:trans = 42:58; Mw = 670k; and Mw/Mn (or PDI) =2.3.
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Example 2-4-2 (RO = 4-MePhO. polymerization at 21-25°C)
[0137] Repeated Example 2-4-2, but added a drop of TIBAL to reactivate the proposed

decomposed catalyst. The activity shows a marked improvement. The polymer was isolated
using standard quenching procedure. Conversion: 19% in 1 hour; Cis:trans = 40:60; Mw =
671k; and Mw/Mn (or PDI)=1.9.

[0138] Example 2-4-1 and Example 2-4-2 show that at room temperature polymerization
condition high Mw polymer can be obtained and the cis:trans ratio can be controlled.

[0139] Polymerization of cyclopentene with chelating-A(RO):AICI + WCls + Al-R
containing activator.

Example 2-5 (A(RO); = BBHT without active protons. polymerization at 21°C to 25°C

OH OH

BBHT =
[0140] (BBHT)AICI preparation - in a drybox, a 20mL vial was charged 0.340g BBHT
(Aldrich, > 98.5%, 1.0mmol) and 2g toluene. The solution was added slowly to another 20mL

vial containing 0.095g MezAICI (1.0mmol) and 2g toluene and shaken well.

[0141] Catalyst preparation - the BBHT solution was added to a WCle solution (0.198g
(0.5mmol) in 2g toluene) and shaken for 15 minutes.

[0142] Polymerization - the catalyst solution was added to 50g cyclopentene, which was
purified by passing through a basic alumina column, and stirred for 3 hours. The conversion
rate was monitor by NMR, which showed only 3%. The reaction did not proceed well, possibly
due to steric hindrance of the active site by the relatively large size of the two BBHT ligands.
The polymer was isolated using standard quenching procedure. Cis:trans = 18:82; Mw = 623k;
and Mw/Mn (or PDI) =2.21.

[0143] Polymerization of cyclopentene with A(RO):AI(OR) + MoCls + Al-R containing
activator.

Example 2-6 (AI(RO), is BBHT and OR is 2-iPrPhQ. Polymerization at -35°C)

[0144] (2-iPrPhO)AI(BBHT) preparation - in the drybox, a 20mL vial was charged 0.340g
BBHT (Aldrich, > 98.5%, 1.0mmol) and 0.136g 2-iPrPhOH (1.0mmol) in 2g toluene. The

solution was added slowly to another 20mL vial containing 0.114g Et: Al (1.0mmol) and 2g
toluene and shaken well.
[0145] Catalyst preparation - the above solution was added to MoCls solution (0.273g

(1.0mmol) in 2g toluene) and shaken for 15 minutes.
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[0146] Polymerization - the catalyst solution was added to 50g cyclopentene, which was
purified by passing through a basic alumina column and cooled to -35°C, and stirred for 3
hours. The conversion rate was monitor by NMR, which showed about 1%. The reaction did
not proceed well, which is consistent with the possible steric hindrance observed in Example
2-5. These results further suggest that the Mo species is much less active than W. The polymer
was isolated using standard quenching procedure. No characterization was done due to an
insufficient amount of the polymer product.

[0147] As examples 2-5 and 2-6 show, in embodiments a chelating ligand may be
employed to force the ligand framework to form a “cis-structure according to the following
reaction scheme:

CI Cl
Mg | /CI

I—W—CI Cl—W—0
MgR2 (R =alkyl, e.g., Et) CI/I
#\* N

"cis-structure"”

[0148] This is compared to the formation of a non-chelating ligand have the more abundant

[0149] As these examples show, such embodiments allow for control over catalyst activity,

“trans-structure”

the frans:cis ratio of the resulting poly-cyclo-olefins, and/or the resulting polymer molecular
weight.

[0150] In embodiments, the chelating ligands may be directly reacted with the catalyst
precursor, e.g., WCls, to form the same cis-structure end product without first reacting with the
metal alkyl (or hydride) compound. However, such embodiments will result in the formation
of harmful HCI gas.

[0151] Polymerization of cyclopentene with AI(OR)3 + WCles + Al-R containing activator.
Example 2-7-1 (RO = 2-iPrPhO. polymerization at 0°C)

[0152] Al(2-1PrPhO); preparation - the solution of 2-iPrPhOH (4.0g, 29.4mmol) in toluene
(10 mL) was added dropwise to the solution of Me3Al (0.539g, 7.5mmol) in toluene (SmL) at
room temperature. The formation of a white precipitate was observed during the reaction. The

suspension was stirred overnight. Formation of a precipitate was not observed. The mixture
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was stirred for additional 1 hour at 80°C. Volatiles were then removed in vacuo to give a white
crystalline solid which was washed with hexane and dried in vacuo. Yield 2.78 g.

[0153] Catalyst preparation - solid Al(2-iPrPhO); 0.436g was added to a solution of WCls
(0.300g) in toluene (10 mL); stirred for 2.5 hours at room temperature.

[0154] Polymerization — To the solution of ¢cC5= (130 mL) in toluene (300 mL); was added
neat AlEt; 0.173g and cooled to 0°C; this mixture was added to the cC5= solution under
stirring; the mixture became viscous after about 40 minutes reaction time. After 3 hours at 0°C,
the reaction mixture was allowed to warm up to room temperature. After 14 hours at room
temperature  (conversion. 82% by NMR), the solution of BBHT in
EtOH(10mL)/toluene(50mL) was added. The resulting mixture was added to EtOH (1L) under
intense mechanical mixing. The formed polymer was washed with EtOH (2x500 mL) and
dried in vacuo at 50°C for 4 hours. Isolated yield: 87 g; Cis/Trans ratio: 12/88%; Mw: 389k;
Mw/Mn: 2.07.

Example 2-7-2 (RO = 2-iPrPhO. polymerization at -35°C to RT)

[0155] This examples represents a scaled down repeat experiment of Example 2-6-1 at a
reaction temperature of -35°C. No solvent was used for polymerization. 5g cC5= was found
to have 88% conversion after less than 1 hour polymerization at -35°C (freezer cooling then
placing outside freezer, i.e., room temperature). It was likely that the vigorous polymerization
caused too fast an increase in the temperature to room temperature, the resultant polymer had
a lower Mw of 238k; Mw/Mn = 1.93; cis:trans = 26:74.

[0156] Polymerization of cyclopentene with (RO)Na + WCls + Al-R containing activator.
Example 2-8 (RO = 2.6-iPr2PhQ. polymerization at RT)

[0157] (2.6-1Pr2PhO)Na preparation - NaH was dissolved into 10g toluene and 2,6-
diisopropylphenol was added into 10g toluene. NaH solution was added to 2.,6-
diisopropylphenol solution slowly and stirred at room temperature for 15 minutes. The
resultant reaction product was filtered to obtain the solid sodium alkoxide. The solid was
washed with hexane and dried under vacuum. Yield: 1.42g.

[0158] Catalyst preparation - 1.0g of the solid sodium alkoxide was added slowly to the
solution of WCls 0.413g in 10g toluene and heated to 80°C for 60 minutes.

[0159] Polymerization — a round bottom flask was charged with 50g of cyclopentene and
0.198g of TIBAL (WCls: TIBAL= 1:1) as the activator. The WCls reaction mixture was added
to the flask slowly and the mixture stirred at room temperature for 1 hour. Standard workup

procedures gave ayield of 2g (4% in 60min), trans: cis ratio is 73:27.
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[0160] As these examples confirm, the active catalyst may be produced without the
formation of harmful byproducts, which include HCI and other materials detrimental to the
process and potentially detrimental to the environment. In the examples, an alcohol used to
form a ligand of the transition metal compound is first converted into a metal alkoxide (R-OH
to a R-O-M species wherein M is a group 1, 2, or 13 metal, e.g., Na, Mg, or Al) In such
embodiments the formation of harmful byproducts is eliminated, such as the elimination of

HCI or Clz in the following equation:

Cl
CI—W—CI Vas
Cl—wW—-cClI
o’
+ NaR (R =Horalkyl, e.g., Me) —T> 0
NaCl Q

[0161] In addition, these examples suggest a Grignard intermediate may be used, e.g.,

RMgX, wherein X= halide and R = Ci-C2 alkyl. For example, Grignard agent RMgClI,

OH

R = C1-C20 alkyl may be used to convert the alcohol into an intermediate, which is then reacted

with the transition metal compound according to the following reaction scheme:

| 0
cl—w—cl |/
. il CI—/Vlv—CI
2 + MgR, (R=alkyl, e.g., Et) T» T} Cl >
2HR MgCl,

[0162] As the examples further confirm, an alkyl aluminum compound may be used (e.g.,
AlR2X or AIRX>, wherein X is halide and R is C1-C20 alkyl) to convert the alcohol into an
intermediate, which is then reacted with the transition metal compound according to the

following reaction scheme:
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Al cl
OH O% |~ O oH
cl—w—cl | /

cl—w—0~0

a” |
3 + ARy (R =alkyl E c Cl
3 (R =alkyl, eg., EY) T’ T’ 0
3HR AICI, Q

Silica Supported Catalyst Formation and Polymerization.
[0163] Example 3-1-1 demonstrates the route to form the silica supported W=CHR active

carbene species from high temperature prepared silica as shown below.

B C
Route T 0 Cl Q cl
A , cl ] e
O WCl O_SI_O\VlV/ 2 Al CH2R (o) /S| O\ I
. W—CH
0—si—Q of 710N ¢ s N
P N N cl | o AI;CI cl | R
o Ho e cl " o
Silica (600°C)

[0164] A suspension of silica PQ ES70 (0.5 g, calcinated at 600°C, about 0.6 mmol OH/g)
in DCM (10 mL) was reacted with WCle (0.2 g) at room temperature for 2 hours. Supported
silica was collected by filtration and washed in DCM (5 x 10 mL), then dried in vacuo to obtain
the solid powder of supported catalyst. 0.1g supported catalyst was mixed with 5g cC5= at
room temperature in a 20mL vial. A drop of TEAL was added to the mixture and shaken well
on a shaker. The mixture became viscous after 1 hour. The mixture was filtered through a
glass frit and the solid was washed with DCM. The filtrate was dried in vacuo to obtain 0.2g
polymer (conversion 4%). The polymerization was repeated by mixing the solid with 5g cC5=
in another 20mL vial, which was shaken for 2 hours. The mixture was filter through a similar
glass frit and the solid was washed with DCM. The filtrate was dried in vacuo to obtain 0.2g
polymer (conversion 4%).

[0165] Example 3-1-2 demonstrates the alternative route to form the silica supported
W=CHR active carbene species from high temperature prepared silica shown below.
Quantitative Test based on Route 14 -D - E-F -G

A-D-E Formation.
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o) D
XAIR \ 2 ArOH 5 \S_ .
—Si— 0—Si—0 T’ —si—
° N ; 7\ d A E
A O H ¢ AI\—-—X 2HR A
. X =R) ArO OAr
Silica (600°C) HR X
WClg
AlCI,
0
OA
o 2 A-CH,R r

OAr —Gj— | Cl
O—Si—0O_ | _~

\
. ‘T / W
O0—Si—0
/ \Vl\/=CH © CI/ | \CI

© c” | R 2 AICI OAr F
G OAr

[0166] A suspension of silica (2g, calcinated at 600°C, ~0.6 mmol OH/g) in toluene (20
mL) reacted with TEAL (AIRX: = AlEts) at room temperature for 1 hour. Solid 4-MePhOH
(Ar =4-MePh-) was then added and the mixture was stirred for 40 minutes at 70°C. The treated
silica was filtered and washed with hexane. Yield: 2.23 g. (AC6654)

[0167] Catalyst preparation - the treated silica 64 mg was added to a solution of WCls
(0.154g) in toluene (2mL); stirred for 1.5 hours at room temperature then cool down to -35°C.
[0168] Polymerization - a solution of ¢C5= (5g) in toluene (25 mL) was cooled to the
temperature of -35°C; neat TEAL (17mg) was added to the mixture. The cooled treated silica
suspension was added to the mixture under vigorous stirring. The temperature was allowed to
rise up to room temperature; the reaction mixture was filtered after 40 minutes reaction time
and the cyclopentene was removed under a stream of N2 to isolate 0.37 g polymer (contains
small amount of toluene): cis: trans ratio 17:83; Mw 309k; PDI 2.39.

[0169] The remaining catalyst removed by filtration was washed 4 times with toluene (5
mL each) and added to a new portion of cyclopentene (5 mL). After stirring for 3 hours at
room temperature the conversion was measured at 4%, insufficient product prevented further
characterization.

[0170] In these two examples a “high temperature™ calcined silica is employed wherein the
silica or other support is calcined at temperatures greater than about 600°C. These examples
further demonstrate synthetic pathways which eliminate the formation of HCl by first
converting the Si-OH groups into the metalated support Si-O-M, wherein M is a Group 1, 2, or
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13 element. In these examples, the aluminum analog is formed as shown above. The metalated
support is then contacted with the catalyst precursor, e.g., WCls, to form the supported catalyst.
[0171] The two examples above further demonstrate that polypentenamer product can be
separated from the supported catalyst and the quenching and product precipitation to isolating
catalyst steps can be eliminated. The samples further confirm that the catalyst can be used in
a continuous process wherein the catalyst is recycled and optionally reactivated along with any
unreacted monomer. The examples further confirm that the monomer may be used as the
solvent.

[0172] Self-Supported Catalyst Formation and Polymerization.

Example 4-1 (Al -X-bridging bisphenol A polvmer as self-supported W catalyst)

[0173] The self-supported catalyst example was prepared according to the following

reaction scheme:

X
n+l A|I
JOACELATNPOA O
X—AI~|~O o—A|~|—R
HO OH R/ n

2n HR
(X =Rorhalide )
‘/l mWCl; (m <mn)
AIXCl,
X Cl X
cl

B I B avs |
x—mﬂ»o/ \o—AI~|—o/ \o—v:v 4 \o——AHR
R a cl m

Cl b

(a+b+l)m=n B=

[0174] 0.72g (9.9mmol) TMA (=R:2AlX, R=X = Me) and 5g toluene were charged into a
40mL vial; 2.20g (9.6mmol). 10 g of bisphenol A in toluene (not totally dissolved) was charged
in to a 20mL vial. The bisphenol A slurry was added slowly to the TMA solution. Because
the reaction was slow, the bisphenol A could be added as solid. After all the bisphenol A was
added, the resulting mixture was heated at 90°C, the slurry became viscous and then solidified
as a foam and the volume noticeably increased. Approximately 1/10 of the wet solid was mixed
with ~0.05g WCls and 5g ¢C5= without additional Al-R activator and the mixture was shaken
at RT. An apparent viscosity increase was observed after 15 minute reaction time. After 24
hours, the entire reaction mixture had solidified.

[0175] The example confirms that a self-supported catalyst according to embodiments

disclosed herein can be formed. In this example, non-chelating organic multi-alcoholic
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compounds are reacted with catalyst precursors to form a solid self-supported catalyst. The
non-chelating dihydroxy compound (bis-phenol A) used to form the polymeric support has a
low in solubility in non-polar organic solvents, which is required for ROMP polymerization.
In this example, the 4,4° bis-phenol compound (bis-phenol A) was employed since the
placement of the two hydroxyls render the compound unsuitable for forming chelates of the
transition metal:

Cl
Cl

. C'—/V:V—C' O .
n Cl
: O O ol o " o
T’ Cl—W--0 o—W Cl
HO OH CI/I CI/|
Cl c /,

2n HCI

[0176] The example suggests non-chelating organic multi-alcoholic compounds which
may be suitable for use include, but are not limited to, other bi-alcoholic, and/or tri-alcoholic

or poly-alcoholic compounds, and/or mixtures of these compounds. Examples include:

"

and/or

R

OH

R R

OH (R =Cito Cq alkyl), and the like.
[0177] In embodiments, mono-alcoholic ligand, e.g., 4-MePhOH, may be used with the bi-
and/or tri- alcoholic compounds, as support termination agents. These mono-hydroxyl
compounds are employed to control the molecular weight of the self-support polymeric
compound, i.e., used as a polymer end-point to regulate the support chain length.
[0178] This example serves as an evidence that polymeric non-chelating multi-alcoholic

compound can form with aluminum alkyl served as bridging groups. The W active species can
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form on the support that serves also as the ligand precursor (Bisphenol A) and activator

(aluminum alkyl bridge).

[0179]

All polymerization results are summarized in Table 2.

Table 2. Cyclopentene Polymerization Results

1 . .. .
Monom:rr/Po ym Reaction Conditions Polymer Properties Catalyst
Run ID " Mw Trans:.C
Charge | Y| T . k) | PDI is
. MCl, RO-X AIX
ield (2 | &) | ey | ™| Solvent | oo Gpe | e 0 g
C NMR
CEx 1-1 1150/580 50 30 240 | Benzene | 412 | 2.16 83/17 WCls Me;COCI Al'Bus
CEx 1-2 960/770 80 0 180 | Benzene | 594 | 2.24 81/19 WClg Me;COCI Al'Bus
CEx 1-3 848/170 20 30 300 | Benzene | 220 | 4.29 80/20 WClg Me;COCI AlBus
CEx 14 1000/510 51 0 240 | Hexane | 331 | 2.47 80/20 WClg Cl;CsOH AIE(CI
2
CEx 1-5 1080/800 | 74 5 90 Toluene | 661 | 2.38 74/26 WClg 2-PrPhOH AlEt;
Ex 1-6 10331200 50 | 5 | 90 | Toluene | 337 | 2.11 | 89/11 | WCls | 2,6-Me;PhOH | AlEts
CEx 1-7 350/28 8 -30 180 Non 339 | 9.6 <1/>99 | MoCls Non AlEt;
Ex 2-1-1 91/58.3 64 0 180 | Toluene | 493 | 2.00 85/15 WCls (2- IZPCI}Oh AlEt;
Ex 2-1-2 208/160 77 0 180 | Toluene | 218 | 1.78 86/14 WCls (2- IZPCI}Oh AlEt;
Ex 2-1-3 4.18/3.81 91 21 180 | Toluene | 193 | 1.99 84/16 WCls (2- I;IIPCI}Oh AlEt;
Ex2-2 252/227 | 90 | 0 | 180 | Toluene | 315 | 175 | 84/16 | WCls (4'1\1‘;13110)2 AlEts
Ex 2-3-1 97.5/429 | 44 0 180 | Toluene | 601 | 2.08 75125 WCls (4_M21;;11?)3A1‘ AlEt;
56 - (4-MePhO); Al
Ex 2-3-2 5/1.8 " 35121 60 Toluene | 445 | 2.22 78722 WCls THF AlEt;
Ex 2-4-1 50/4.0 8 21 |24h| Non |670| 23 | 5842 | WCls (4'Mfgﬂo)2Al Non
Ex 2-4-2 5095 | 19 | 21 | 60 Non | 671 | 1.9 | 6040 | WCls (4'M‘3;]1;1310)2A1 Al'Bus
Ex2-5 50/6 3 21 180 Non 623 | 2.21 82/18 WClg (BBHT)AICI Al'Bu;
<1 - 24h 2-PrPhOAI
Ex2-6 5/<1 " 35121 c Non - - - MoCls BBHT AlEt;
Ex 2-7-1 106/87 82 0 180 | Toluene | 389 | 2.07 88/12 WClg (2-P1PhO);Al AlEt;
Ex 2-7-2 5/4.4 8*8 3 5;2 1 <1 Non 238 | 1.93 74:26 WClg (2-PrPhO);Al AlEt;
Ex2-8 50/2 21 60 Non - - 73127 WCls | 2,6-Pr,PhONa | AlBu;
Ex 3-1-1 5/0.2 21 60 Non - - - WCls Silica-OH AlEt;
Ex 3-1-2 5/0.37 7 35;21 40 Non 309 | 2.39 83:17 WCls Silica-OH AlEt;
> -
Ex 4-1 sea | 200 o1 | 2an| Nom | - | - - | wcl | Bisphenota | ATMe

* - Conversion determined by NMR for the reaction mixture;
** _ estimated based on viscosity;
*#% - Moiety on AlMe3/Bisphenol A derived polymer;
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##%%* - 1-hexene (C6=) added: cC5=:C6=1is 2000:1

[0180] Although only a few example embodiments have been described in detail above,
those skilled in the art will readily appreciate that many modifications are possible in the
example embodiments without materially departing from this invention. Accordingly, all such
modifications are intended to be included within the scope of this disclosure as defined in the
following claims. In the claims, means-plus-function clauses are intended to cover the
structures described herein as performing the recited function and not only structural
equivalents, but also equivalent structures. Thus, although a nail and a screw may not be
structural equivalents in that a nail employs a cylindrical surface to secure wooden parts
together, whereas a screw employs a helical surface, in the environment of fastening wooden
parts, anail and a screw may be equivalent structures. Itis the express intention of the applicant
not to invoke 35 U.S.C. § 112, paragraph 6 for any limitations of any of the claims herein,
except for those in which the claim expressly uses the words ‘means for’ together with an

associated function.
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CLAIMS
We claim:
1. A supported Ziegler Natta (ZN) catalyst composition comprising a transition metal
carbene comprising the moiety M'=C(R")2, wherein M! is a transition Group 5 or Group 6
5  metal of the periodic table and R” is hydrogen or a C1-Cs hydrocarby].
2. The supported ZN catalyst composition of claim 1 wherein the support comprises a
zeolite, a metal oxide, or a combination thereof.
3. A supported catalyst composition according to claim 1 or claim 2, comprising moieties
having the general formulae (F5), (F6), or a combination thereof:
C(R¥),
1\|/I|1 _(Vya
7N

[
“to)

2
){M \O/M
10 (ol X (F5);
C(R*),
1\”1 s

O/

"

MO, (F6):
where M! is a Group 5 or a Group 6 metal of the periodic table of valence v;
each R* is independently hydrogen or a C1 to Cs alkyl radical;
each Y is hydrogen, halogen or OR3, wherein each R is independently a C1-C2o
15 hydrocarbyl radical, optionally when present, two or more of R’ join to form a ring
having 40 or less atoms from Groups 14, 15, and/or 16 of the periodic table; and
M?0Ox is a metal oxide support selected from silica, alumina, titania, or a
combination thereof.
4, The supported catalyst according to claim 3, comprising moieties having the general
20  formula (F6), wherein M?Ox comprises silica, wherein the silica has been heat treated at a
temperature greater than or equal to about 600°C to form isolated hydroxyl groups on a surface

such that the silica support further comprises moieties having the general formula:
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wherein x is greater than 1.
5. The supported catalyst according to claim 3, comprising moieties having the general
formulae (F5) wherein M? comprises a silicon atom in a silica support, wherein the silica has
5  been heat treated at a temperature below about 500°C to form chelating hydroxyl groups on a

surface such that the silica support further comprises moieties having the general formula:

o
o/ T\O/T\O
@) @) -

wherein the dotted line represents hydrogen bonding; and
x 1s greater than 1.
10 6. A supported catalyst precursor composition comprising a precursor to the supported
ZN catalyst composition of any of claims 1 to 5, the supported catalyst precursor composition

having the general formulae (F3), (F4), or a combination thereof:

X
X\\ 1/”)v-4
M

/\O

0
2
\to)x (F3);
X

| |
M> M
~N
( o’)/X 0~
X\I&I (s
/

)

|

MOy (F4):
15 where M! is a Group 5 or a Group 6 metal of the periodic table of valence v;

each X is halogen;
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each Y is hydrogen, halogen or OR’, wherein each R is independently a Ci-C2o
hydrocarbyl radical, optionally when present, two or more of R’ join to form a ring having 40
or less atoms from Groups 14, 15, and/or 16 of the periodic table; and
M?Qx is a metal oxide support selected from silica, alumina, titania, or a combination
5  thereof.
7. A supported catalyst precursor composition comprising a precursor to the supported
ZN catalyst composition of any of claims 1 to 4, comprising silica comprising moieties having

the general formulae (Ib1, Ib2, and/or Ib3):

7!
M 1\|/[II
O/ O/
| |
N S1
o] o _|-"| o
O O—|—
X (Ib1); X (Ib2); and/or
Zl.
M
(l)/ \Z'
S1
< | Sot—
O__
10 X (Ib3);

wherein M is a Group 1 metal, preferably Li, Na, or K;
M is Group 2 metal, preferably Mg or Ca;
M is Group 13 metal, preferably Al or Ga; and
each Z’ is independently hydrogen, halogen, or C1-Cs alkyl radical.
15 8. A supported catalyst precursor composition comprising a precursor to the supported
ZN catalyst composition of any of claims 1 to 4, comprising a silica comprising moieties having

the general formulae Ial, Ia2, or Ia3:
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X (1a1);

(Ia2);
and/or

M
O/ ~N

L]
—o/ Sli\o/s|1\0_

X

(Ia3);
wherein
M'is a Group 1 metal, preferably Li, Na, or K;

5 M" is Group 2 metal, preferably Mg or Ca;
M™ is Group 13 metal, preferably Al or Ga; and

each Z’ is independently hydrogen, halogen, or C1-Csg alkyl radical.

PCT/US2019/051863

9. A composition comprising a self-supported catalyst according to claim 1 comprising a

random polymeric concatenation of polyvalent moieties selected from two or more of B*, C’,

10 D’ E’, F° G, and I’, and terminated by monovalent moieties A’ and/or H” according to the

empirical formula (F1):
A’aB’bC D 4E’F’1G’gHnli  (F1)

wherein A’ is mono-valent moiety represented by the structure:

=

>

15 B’ is a divalent moiety represented by the structure:
—{r—0}—
b

C’ is a divalent moiety represented by the structure:
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C(R*),

SN
"\

(Y)V-4 c

D’ is a trivalent moiety represented by the structure:

R’*—0
L
d ;

E’ is a trivalent moiety represented by the structure:

C(R*)z \
R—O M1 0
W)V-4/
/ .

>

F’ is a trivalent moiety represented by the structure:
C(R*)z

O—M —O
CHR*( )V-4
O
f

(Y)V 4

G’ is a divalent moiety represented by the structure:

@i

H’ is a monovalent moiety represented by the structure:

%AI(Z)Z or %Al(Z)(ORS)
h h.

I is a divalent moiety represented by the structure:
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C(R*),

R—O0—M.—O0
\O/ \0{ )y-s

i.

>

wherein R!, R2, and R? are independently Ci-C20 hydrocarbyl radicals comprising

carbon and one or more of H, halogen, O, S, N, and P;

each R" is independently hydrogen or a C1 to Cs alkyl radical;
each Y is independently hydrogen, halogen, or a hydrocarbyl moiety represented by -

OR’, wherein each R% is a C1 to C2o alkyl radical;

10.

each Z is independently halide or a C: to Cs alkyl radical;
M! is a Group 5 or Group 6 metal of the periodic table;
a,b,c d, e f g handiare greater than or equal to 0;

a + h is greater than or equal to 2;

b+ c+d+e+f+g+iis greater than or equal to 2; and
¢ +e+ f+1i1is greater than or equal to 1.

A composition comprising a precursor to the self-supported ZN catalyst composition

of claim 9, comprising an aluminum centered composition comprising:

a random polymeric concatenation of divalent moieties B’ and G’, and trivalent

moieties D’, terminated by monovalent moieties A” and/or H™ according to the empirical

formula

A’aB’bD’ 4G’ ¢H'n
wherein A’ is mono-valent moiety represented by the structure:

ok

>

B’ is a divalent moiety represented by the structure:
—{R—o}—
b
D’ is a trivalent moiety represented by the structure:
[ o)

L

>

G’ is a divalent moiety represented by the structure:
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g:and

H’ is a monovalent moiety represented by the structure:

Al(Z), or Al(Z)(OR®)
h h.

>

wherein R!, R%, and R? are independently Ci-C20 hydrocarbyl radicals comprising
5 carbon and one or more of hydrogen, halogen, O, S, N, and P;
each Y is independently hydrogen, halogen, or -OR’, wherein each R’ is a C1 to C1o
alkyl radical;
each Z is independently halogen or Ci to Cs alkyl radical;
a, b, d, g, and h are greater than or equal to 0;
10 a + h is greater than or equal to 2;
b + d + g is greater than or equal to 2; and
g is greater than or equal tob + d +1.
11. A composition comprising a precursor to the self-supported ZN catalyst composition
of claim 9, comprising a transition metal composition comprising a random polymeric
15  concatenation of two or more polyvalent moieties selected from B’, D°, G°, J°, K’, L” and Q°,
terminated by monovalent moieties A” and/or H” according to the empirical formula:
A’aB D’ 4G H nJ" i K kL 1Qq

wherein A’ is mono-valent moiety represented by the structure:

ok

>

20 B’ is a divalent moiety represented by the structure:
_eRZ_O)_

b

D’ is a trivalent moiety represented by the structure:
R3\—O
0]

d

G’ is a divalent moiety represented by the structure:
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Al
z g:and

H’ is a monovalent moiety represented by the structure:

Al(Z), or Al(Z)(OR®)
h

J’ is a divalent moiety represented by the structure:

{ o \

K’ is a trivalent moiety represented by the structure:

~<R3—O—M1—O%

L’ is a trivalent moiety represented by the structure:

O—M —
(Y)V-2
O—M —
1

(Y)V 2

Q’ is a divalent moiety represented by the structure:
O—M —O
R3 (Y)v 3
\O
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wherein R!, R?, and R® are independently Cs-C20 hydrocarbyl radicals comprising
carbon and one or more of hydrogen, halogen, O, S, N, and P;

each Y is independently hydrogen, halogen, or -OR?, wherein each R is C1 to Cio alkyl
radical;

5 each Z is independently halogen or Ci to Cs alkyl radical;

M is a Group 5 or Group 6 transition metal of the periodic table of valance v;

a,b,d, g h j, k, I and q are greater than or equal to 0;

a + h is greater than or equal to 2; and

b+d+g+j+k+1+ qis greater than or equal to 2.

10 12 The composition according to any of claims 9 to 11, wherein R! has the formula:

wherein R3® through R3* are independently monovalent radicals comprising hydrogen,
or from 1 to 20 atoms selected from Groups 14, 15, 16, and halogen, optionally two or more of
R3? through R** join together to form a ring having 40 or less atoms from Groups 14, 15, and/or
15 16 of the periodic table;

R? has the general formula:

and/or

-62-



WO 2020/061271 PCT/US2019/051863

wherein R'* is a divalent radical comprising from 1 to 10 atoms selected from Groups
14, 15, and 16 of the periodic table;
each of R® through R are independently hydrogen, monovalent radicals comprising
5  from 1 to 20 atoms selected from Groups 14, 15, 16, and halogen, optionally two or more of
R¢ through R join together to form a ring having 40 or less atoms from Groups 14, 15, and/or
16 of the periodic table;

wherein R? has the general formula:

10 wherein R'* is a divalent radical comprising from 1 to 10 atoms selected from Groups

14, 15, and 16 of the periodic table;
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each of R through R? are independently hydrogen, monovalent radicals comprising
from 1 to 20 atoms selected from Groups 14, 15, 16, and halogen, optionally two or more of
R through R?® join together to form a ring having 40 or less atoms from Groups 14, 15, and/or
16 of the periodic table;

or a combination thereof.
13. The composition according to any of claims 9 to 12, wherein the transition metal M' is
present in the composition in an amount from 0.1 wt% to 30 wt%, based on the total amount
of the composition present.
14.  The composition of claim 13, wherein a molar ratio of transition metal M! to aluminum
(M!:Al) in the supported catalyst is from 1:1000 to 4:10, based on the total number of moles
of M! and Al in the supported catalyst.
15. A cyclic olefin polymerization process comprising:

contacting a supported ZN catalyst with a Cs-Co cyclic olefin monomer in a
polymerization reactor under conditions sufficient to form a reaction product mixture
comprising a polymer, unreacted monomer, catalyst, and optionally a solvent;

recovering the polymer, the supported ZN catalyst and optionally the solvent from the
reaction product mixture; and

recycling at least a portion of the recovered catalyst, unreacted monomer, and/or
optionally the solvent to the polymerization reactor;

the supported catalyst comprising a transition metal carbene comprising the moiety
M'=C(R")2, wherein M'is a transition Group 5 or Group 6 metal of the periodic table and R” is
hydrogen or a C1-Cg Mdrocarbyl
16. The process according to claim 15, wherein the supported ZN catalyst comprises the

general formulae (F5), (F6), or a combination thereof:

C(R"),

1\|/[|1 P (Y)v-4

7N,

0)

M> M?>
\
lof. o~ ol FS)

>

-64-



WO 2020/061271 PCT/US2019/051863

CR),
1\|/[|l / (Y)V-3
/

MO, (F6):
where M! is a Group 5 or a Group 6 metal of the periodic table of valence v;
each Y is hydrogen, halogen or -OR5, wherein each R® is independently a Ci-Cao
5  hydrocarbyl radical, optionally when present, two or more of R?join to form a ring having 40
or less atoms from Groups 14, 15, and/or 16 of the periodic table;
M?Qx is a metal oxide support preferably selected from silica, alumina, titania, or a
combination thereof; and

R* is hydrogen or Ci-Cs alkyl.

10 17 The process according to claim 15, further comprising contacting a supported ZN
precatalyst slurried in the Cs4-C2o cyclic olefin monomer with an alkyl aluminum activator to
form a reaction product mixture from the slurry, the supported precatalyst comprising zeolite

and/or silica having the general formulae (F3), (F4), or a combination thereof

X
X\\ I/W)V-4
N
¢

M? M2
(0, o7 \(o)
X (F3);
X
X\I&I (s
(|)/
15 MO, (F4);

where M! is a Group 5 or a Group 6 metal of the periodic table of valence v;

each X is halogen;

each Y is hydrogen, halogen or OR®, wherein each R’ is independently a Ci-Cao
hydrocarbyl radical, optionally when present, two or more of R’ join to form a ring having 40

20 orless atoms from Groups 14, 15, and/or 16 of the periodic table;
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M?QOx is a metal oxide support preferably selected from silica, alumina, titania, or a
combination thereof; and
the alkyl aluminum activator having the general formula AIR«(Y )3 wherein R is a Ci-
Cs alkyl, each Y is hydrogen, halogen, or -OR’, wherein each R® is independently a C1-C2o
5  hydrocarbyl radical, optionally when present, two or more of R’ join to form a ring having 40
or less atoms from Groups 14, 15, and/or 16 of the periodic table; and ris 1 to 3.
18.  The process according to claim 17, wherein M?Ox is silica, and further comprising:
1) heat treating the silica support at a temperature below about 500°C, preferably
from 100°C to 500°C, to form chelating hydroxyl groups on a surface of the

10 silica support comprising moieties having the general formula Ia:

H.
o/ ‘o/H

/ /l \ / | \ \_
v AN (Ta):

ii) preferably contacting the heat-treated silica (Ia) with M'R* M"R*Z’, or

MUR*Z’> where M is a Group 1 metal, preferably Li, Na, or K; M" is a Group
2 metal, preferably Mg or Ca; and M is Group 13 metal, preferably Al or Ga;
15 each R* is independently H or a Ci-Cs alkyl and each Z’ is independently
hydrogen, halogen, or Ci-Cs alkyl radical, to form a first intermediate

comprising moieties having the general formula (Ial, Ia2, or Ia3):

M. M
Y
Si Si
——o/|\0/|\0'_
—4—0 g Jm—
(Ial)
H/Z\‘ H/Z MY
O/M \\O/M O/ \O
| | or | |
Si\ /Si\ /Sl\ /Sl\
N[>0 | Sot— 7| 07| o=
——0 o—— ——O0 (0]
20 (Ia2); and/or (I1a3);

wherein each Z is independently halogen or C1-Cs alkyl radical;
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i) contacting the heat treated silica Ia from step i) and/or at least one of the first
intermediates Ial, Ia2, and/or I1a3 from step ii) with M'X2Y (-2 to form a second

intermediate comprising moieties having the general formula (Ila):

X
X\b/[IX,Y) v-4
AN

0) (0]
Si Si
—lo/ | S0 | \o\—
: ' X (ITa);
5 where M! is a Group 5 or a Group 6 metal of the periodic table having valance

v,

each X is a halogen;

each Y is independently hydrogen, a halogen, or -OR> wherein R is

independently a Ci1-Cao hydrocarbyl radical, optionally when present, two or
10 more of R join together to form a ring having 40 or less atoms from Groups 14,

15, and/or 16 of the periodic table; and

v) contacting the second intermediate with the alkyl aluminum activator to form

the corresponding activated carbene containing supported ZN catalyst, the alkyl

aluminum activator having the general formula AIR{Y)3.r wherein R is a C1-Cs
15 alkyl, each Y is hydrogen, halogen, or -OR?, wherein each R’ is independently

a C1-Caohydrocarbyl radical, optionally when present, two or more of R*join to

form a ring having 40 or less atoms from Groups 14, 15, and/or 16 of the

periodic table; and 1 is 1 to 3, to form the reaction product mixture from the

slurry.
20 19.  The process according to claim 17, wherein M?Ox is silica, and further comprising:
1) heat treating the silica support at a temperature greater than or equal to about

600°C to form isolated hydroxyl groups on a surface of the silica support

comprising moieties having the general formula Ib:

H
T/
Si

o/ | o
0] <

(Ib)
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preferably contacting the heat-treated silica (Ib) with M'R* M"R*Z’ or
MUR*Z> where M!is a Group 1 metal, preferably Li, Na, or K; M" is Group
2 metal, preferably Mg or Ca; and M is Group 13 metal, preferably Al or Ga;
each R* is independently hydrogen or a C1-Cs alkyl and each Z’ is hydrogen,
halogen, or C1-Cs alkyl radical, to form a first intermediate comprising moieties

having the general formula (Ib1, Ib2, or Ib3):

M
(|)/
Si
N
fvﬂ %
O
X (Ib);
|
M
T/
Si
N
| o
O
X (Ib2); and/or
V4
|1n
(l)/ \Z
il \O}_

O B
j X (Ib3);

where each Z is halogen or C1-Cs alkyl radical;
contacting the heat treated silica Ib from step i) and/or at least one of the first
intermediates Ib1, Ib2, and/or Ib3 from step ii) with M'X>Y+-2 to form a second

intermediate comprising moieties having the general formula (IIb):
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X
X\ls/[l/éY) v-3
(l)/
Si
o (l) o
X (1Ib);
where M! is a Group 5 or a Group 6 metal of the periodic table having valance v;
each X is a halogen;
each Y is independently hydrogen, a halogen, or -OR?, wherein R is independently a
C1-Caohydrocarbyl radical, optionally when present, two or more of R join together to
form aring having 40 or less atoms from Groups 14, 15, and/or 16 of the periodic table;
and
contacting the second intermediate with the alkyl aluminum activator to form the
reaction product mixture from the slurry.
20. The process according to claim 15, wherein the supported ZN catalyst comprises a
random polymeric concatenation of polyvalent moieties selected from two or more of B*, C’,
D’, E’, F" and G’, and I’ terminated by monovalent moieties A” and/or H” according to the
empirical formula (F1):
A’aBvC D WE’F'tG’H uli  (F1)

wherein A’ is mono-valent moiety represented by the structure:

ok

>

B’ is a divalent moiety represented by the structure:
_eRZ_O)_
b

C’ is a divalent moiety represented by the structure:

/ CHR* \

R’—O0 r«|1|1—o

\ b/
(Y)V-4 C.

>

D’ is a trivalent moiety represented by the structure:
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WA
\O -

E’ is a trivalent moiety represented by the structure:

™\
R*—0—M'—o0
\O \(Y)v-4 /
/ ..

>

F’ is a trivalent moiety represented by the structure:
CHR*

L\
0—M'!—o0
R} / CHR\*(Y)V-4
\o—l\ul—o
AN 3

(Y)V-4

G’ is a divalent moiety represented by the structure:

1598

H’ is a monovalent moiety represented by the structure:

%Al(Zb) or %AI(Z)(OR5)>
h h.

I’ is represented by the structure:

CHR*

R}—0—M'—0

AT
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21.

wherein R!, R?, and R® are independently Cs-C20 hydrocarbyl radicals comprising
carbon and one or more of H, halogen, O, S, N, and P;

each R* is independently hydrogen or a C: to Cs alkyl radical;

each Y is independently hydrogen, halogen, or -OR’, wherein each R’ is a C1 to Cio
alkyl radical;

each Z is independently halogen or Ci-Cs alkyl;

M' is a Group 5 or Group 6 metal of the periodic table;

a,b,c d, e f g handiare greater than or equal to 0;

a + h is greater than or equal to 2;

b+c+d+e+f+ g+iis greater than or equal to 2; and

¢ +e+ f+1iis greater than or equal to 1.

The process according to claim 20, further comprising:

contacting a dihydroxyl compound R*(OH)2 and/or a tri-hydroxyl compound R*(OH);,

and optionally a monohydroxyl compound R'(OH), with an alkyl aluminum compound having

the general formula AIR2Z” where each R is independently a C1-Cs alkyl and Z” is hydrogen,

halogen, or C1-Cs alkyl, to form an aluminum centered polymeric intermediate comprising a

random polymeric concatenation of divalent moieties B, divalent moieties Q, tri-valent

moieties D, or a combination thereof, bonded together through divalent moieties G and

optionally terminated by monovalent moieties A, H or a combination thereof, according to

empirical formula:

A’aB’ oD’ aG’gH'n
wherein a+h is greater than or equal to 2;
b + d is greater than or equal to 2; and
g is greater than or equal to b +d +1; and

contacting the aluminum centered polymeric intermediate with MY, where M'is a

Group 5 or Group 6 transition metal of the periodic table of valence v, to form a second

intermediate according to empirical formula;

A’aB’oD’aG’H 1J” K kL 1Qq

wherein J’ is a divalent moiety represented by the structure:

(Y)V-2

RZ—O0—M'—0
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K’ is a trivalent moiety represented by the structure:

R’ —O—M
(Y)V 2

L’ is a trivalent moiety represented by the structure:

0—M! —O
Rg/ N
\O

(Y)V 2

Q’ is a divalent moiety represented by the structure:

O—M —O

\/ ).

where a+h is greater than or equal to 2; and
b+d+g+j+k+1+ qis greater than or equal to 2; and
contacting the second intermediate with an alkyl aluminum activator to form the
reaction product mixture from the slurry, the alkyl aluminum activator having the
general formula AIR«(Y)3+ wherein R is a C1-Cs alkyl, each Y is hydrogen, halogen,
or -OR’, wherein each R’ is independently a C1-Cao hydrocarbyl radical, optionally
when present, two or more of R? join to form a ring having 40 or less atoms from Groups
14, 15, and/or 16 of the periodic table; and ris 1 to 3.
22. The process according to claim 21, further comprising setting relative proportions of
R!(OH), R?(OH)2, R*(OH); and AIR2Z’ to control a particle size and/or a pore size of the
supported ZN catalyst.

23.  The process according to any of claims 20 to 22, wherein R? has the general formula:
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wherein R'* is a divalent radical comprising from 1 to 10 atoms selected from Groups
14, 15, and 16 of the periodic table;

each of R® through R'* are independently hydrogen, monovalent radicals comprising
from 1 to 20 atoms selected from Groups 14, 15, 16, and halogen, optionally two or
more of R through R join together to form a ring having 40 or less atoms from Groups
14, 15, and/or 16 of the periodic table,

wherein R? has the general formula:
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wherein R'* is a divalent radical comprising from 1 to 10 atoms selected from Groups

14, 15, and 16 of the periodic table;

each of R'> through R?® are independently hydrogen, monovalent radicals comprising
5 from 1 to 20 atoms selected from Groups 14, 15, 16, and halogen, optionally two or

more of R through R?® join together to form a ring having 40 or less atoms from

Groups 14, 15, and/or 16 of the periodic table;

wherein R! has the general formula:

10 wherein R3° through R* are independently monovalent radicals comprising hydrogen,

or from 1 to 20 atoms selected from Groups 14, 15, 16, and halogen, optionally two or
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more of R¥ through R** join together to form a ring having 40 or less atoms from

Groups 14, 15, and/or 16 of the periodic table;

or a combination thereof.

24, The process according to any of claims 20 to 23, wherein the molar ratio of transition
metal M! to aluminum (M':Al) in the supported catalyst is from 1:1000 to 4:10, based on the
total number of moles of M! and Al present.

25. The process according to any of claims 15 to 24, wherein the transition metal M! is
present in the supported catalyst from 0.1 wt% to 30 wt%, based on the total amount of
supported catalyst present.

26. The process according to any of claims 1 to 25, further comprising;

1) separating the monomer from the reaction product mixture and recycling the
monomer to the polymerization reactor;

i1) contacting the recovered catalyst with alkyl aluminum activator prior to
recycling to the polymerization reactor;

or a combination thereof.

27.  The process according to any of claims 1 to 26 wherein the process is continuous.

28.  The process according to any of claims 1 to 27 wherein the polymerization comprises
ring opening metathesis polymerization and the polymer comprises polyalkenamer, preferably
polypentenamer, a cyclic olefin copolymer, and/or a cyclic olefin polymer.

29. The process according to any of claims 1 to 28 further comprising incorporating a cyclic
diolefin as a comonomer into the polymer, preferably wherein the comonomer comprises
norbornene, ethylidene norbornene, dicyclopentadiene, or a combination thereof.

30. The process according to any of claims 1 to 29 further comprising:

D controlling Mw and/or a trans:cis ratio of the polymer by controlling a reactor
temperature from -35°C to 100°C; controlling the amount of monomer recycled
to the reactor; using the monomer as a reaction solvent; or a combination
thereof,

(I)  forming active catalyst species at a temperature less than or equal to about 5°C,
followed by increasing the reaction temperature to a temperature less than
100°C,;

(Il)  incorporating an amount of an alpha olefin, preferably an alpha olefin
comprising at least one hetero atom containing functional group into the cyclic
olefin monomer to reduce the molecular weight of the polymer in the product

mixture;
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31.

(IV)  employing two or more supported ZN catalysts in the same or different reactors
to produce polymer exhibiting:
1) a multi-modal Mw profile;
i1) a trans:cis molar ratio greater than 1;
i) a trans:cis molar ratio less than 1; and/or
(V)  employing multiple reactors connected in a sequence to produce heterophasic
copolymers.
The process according to claim 30, wherein the alpha olefin has the general formula:
CH>=CH-(CH>).-CH3;
CH>=CH-(CH>):-OSiR"3; and/or
CH>=CH-(CH2)a-NR*, where n = 1-20; R* is a C1 —C1o alkyl radical.

-76-



PCT/US2019/051863

WO 2020/061271

112

g9 042

Ol

{usdd) 14

¢ec 00t S0¢ 01E

IRAT R A S A% 3

£ AT
L
i

{wddd} 1
UBZL BB L0EL €08l §0SL
ool o Lo b Lo e Lo o]

e

o
&2

i
2154

QT.X;\.;!\?

4
4 s>f

Q3.

8 3]

A

A AR

w
oS




PCT/US2019/051863

WO 2020/061271

212

X P as ™Y ek 3 IR ENG
B = &3ePad), Folvmerivgtion gt 8°G8

e
A

s - \X‘*M i} :}:.:fwi}-mm:wu

.fff%’*\\

Hydrogen Omitled for Clarity



ATIONAL SEARC (8) International application No.
INTERRATIONAL SEARCH REPORT PCT/US2019/051863

A. CLASSIFICATION OF SUBJECT MATTER

COSF 4/68(2006.01)i, COSF 4/69(2006.01)i, CO8F 4/14(2006.01)i, COSF 4/16(2006.01)i, CO8F 2/38(2006.01)i, COSF
6/10(2006.01)i, COSF 32/00(2006.01)i, CO8F 30/08(2006.01)i, COSF 26/02(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
CO8F 4/68, B01]J 31/34, C0O7C 6/00;, COTF 15/00; CO8F 22/10; COSF 4/44; CO8F 4/72; CO8F 4/69; CO8F 4/14; CO8F 4/16, CO8F 2/38,
CO8F 6/10; CO8F 32/00, CO8F 30/08; CO8F 26/02

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electromic data base consulted during the international search (name of data base and, where practicable, search terms used)
¢KOMPASS(KIPO internal), STN(Registry, Caplus) & Keywords: catalyst, metathesis, cycloolefins

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 4654462 A (BASSET, J. M. et al.) 31 March 1987 1,2
claim 1; columns 5, 11, 12; example 23
Y 15
A 3-5,9-12,16-23
Y US 2008-0234451 A1 (KENWRIGHT, A. M. et al.) 25 September 2008 15

claim 1; paragraph [0025]; figure 1-1

A US 2006-0287450 A1 (KOHLER, K. et al.) 21 December 2006 1-5,9-12,15-23
the whole document

A SAFRONOVA, A. V. et al., “Synthesis, structure, and catalytic properties of 1-5,9-12,15-23
heteroelement carbene tungsten complexes Ph3ECH=W(OBu-t)2(OPh)2

(E = Si, Ge)” , Russian Journal of General Chemistry, 2009, Vol. 79, No. 9,
pp. 1825-1830

the whole document

A BLANC, F. et al., “Dynamics of Silica—Supported Catalysts Determined by 1-5,9-12,15-23
Combining Solid-State NMR Spectroscopy and DFT Calculations” , Journal of
the American Chemical Society, 2008, Vol. 130, No. 18, pp. 5886-5900

the whole document

7 . . . . N7 :
Further documents are listed in the continuation of Box C. See patent family annex.
* Special categoties of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"D" document cited by the applicant in the international application "X" document of particular relevance; the claimed invention cannot be
"E" earlier application or patent but published on or after the international considered novel or cannot be considered to involve an inventive
filing date step when the document is taken alone
"L"  document which may throw doubts on priority claim(s) or which is "Y" documentof particular relevance; the claimed invention cannot be
cited to establish the publication date of another citation or other considered to involve an inventive step when the document is
special reason (as specified) combined with one or more other such documents, such combination
"0O" document referring to an oral disclosure, use, exhibition or other means being obvious to a person skilled in the art
"P" document published prior to the international filing date but later "&"  document member of the same patent family
than the priority date ¢claimed
Date of the actual completion of the international search Date of mailing of the international search report
03 January 2020 (03.01.2020) 03 January 2020 (03.01.2020)
Name and mailing address of the ISA/KR Authorized officer
International Application Division
Korean Intellectual Property Office KWON. YONGKYONG

189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578 Telephone No. +82-42-481-3371

Form PCT/ISA/210 (second sheet) (July 2019)



INTERNATIONAL SEARCH REPORT

International application No.

“Ethane hydrogenolysis on silica-supported
tantalum hydride. Quantum-chemical study” , Russian Chemical Bulletin,
International Edition, 2003, Vol. 52, No. 9, pp. 1928-1932

the whole document

PCT/US2019/051863
C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A MIKHAILOV, M. N. et al.,

1-5,9-12,15-23

Form PCT/ISA/210 (continuation of second sheet) (July 2019



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2019/051863

Box No.II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. Claims Nos.: 14,31
because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:
Claims 14 and 31 are regarded to be unclear because they refer to claims which do not comply PCT Rule 6.4(a).

3, Claims Nos.: 6-8,13,24-30
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. |:| As all required addtional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment
of any additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest [l The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.
The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.
|:| No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2019)



INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2019/051863
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 4654462 A 31/03/1987 CA 1255688 A 13/06/1989
EP 0191675 Al 20/08/1986
EP 0191675 Bl 14/12/1988
FR 2577216 Al 14/08/1986
FR 2577216 Bl 11/09/1987
JP 61-185337 A 19/08/1986
JP 6104675 B2 21/12/1994
US 2008-0234451 Al 25/09/2008 CN 101156849 A 02/04/2008
EP 1838751 Al 03/10/2007
JP 2008-525563 A 17/07/2008
KR 10-2007-0104537 A 26/10/2007
WO 2006-067370 Al 29/06/2006
US 2006-0287450 Al 21/12/2006 AR 045244 Al 19/10/2005
AT 344252 T 15/11/2006
AU 2004-265056 Al 24/02/2005
AU 2004-265056 B2 17/03/2011
BR PI10413484 A 17/10/2006
CA 2535412 Al 24/02/2005
CA 2536412 C 28/08/2012
CN 100537549 C 09/09/2009
CN 1832933 A 13/09/2006
DE 10336716 Al 10/03/2005
DK 1654240 T3 26/03/2007
EP 1654240 Al 10/05/2006
EP 1654240 B1 02/11/2006
ES 2275233 T3 01/06/2007
HK 1095145 Al 07/05/2010
JP 2007-501818 A 01/02/2007
JP 4668903 B2 13/04/2011
KR 10-1119940 Bl 19/03/2012
KR 10-2006-0066086 A 15/06/2006
MX PAO6001567 A 15/05/2006
PT 1654240 E 28/02/2007
RU 2006107291 A 20/09/2007
RU 2343149 C2 10/01/2009
US 2006-0217550 Al 28/09/2006
US 2010-0210864 Al 19/08/2010
US 7687624 B2 30/03/2010
WO 2005-016522 Al 24/02/2005
WO 2005-016899 Al 24/02/2005
ZA 200602068 B 30/05/2007

Form PCT/ISA/210 (patent family annex) (July 2019)



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - claims
	Page 57 - claims
	Page 58 - claims
	Page 59 - claims
	Page 60 - claims
	Page 61 - claims
	Page 62 - claims
	Page 63 - claims
	Page 64 - claims
	Page 65 - claims
	Page 66 - claims
	Page 67 - claims
	Page 68 - claims
	Page 69 - claims
	Page 70 - claims
	Page 71 - claims
	Page 72 - claims
	Page 73 - claims
	Page 74 - claims
	Page 75 - claims
	Page 76 - claims
	Page 77 - claims
	Page 78 - claims
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - wo-search-report
	Page 82 - wo-search-report
	Page 83 - wo-search-report
	Page 84 - wo-search-report

