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SYNTHESIS OF m-TERPHENYL PENDANT BIS-ETHER LlGANDS AND METAL

COMPLEX AND THEIR USE IN OLEFIN POLYMERIZATION

Cross Reference to Related Applications

[0001] This application claims priority to U.S. Provisional Application Serial No.

62/368,399, filed, July 29, 2016, which is hereby incorporated by reference in its entirety.

Technical Background

[0002] Embodiments of the present disclosure generally relate to the synthesis of m-

terphenyl pendant bis-ether ligands and transition metal complexes used in olefin

polymerization.

Background

[0003] Olefin based polymers are utilized in the manufacture of a variety of articles and

products, thus there is a high industrial demand for such polymers. Olefin based polymers,

such as polyethylene and/or polypropylene, are produced via various catalyst systems.

Selection of such catalyst systems used in the polymerization process is an important factor

contributing to the characteristics and properties of such olefin based polymers.

[0004] Some olefin polymerization catalysts based on group IV metals are known, but the

catalyst systems for producing polyethylene typically comprise a chromium based catalyst

system, a Ziegler Natta catalyst system, and a molecular (either metallocene or non-

metallocene) catalyst system. Most of these catalysts are expensive, not easily adaptable, or

ineffective on an industrial scale.

[0005] Despite the research efforts in developing catalyst systems suitable for polyolefin

polymerization, such as polyethylene, there is still a need for improved polymerization

catalysts to meet industrial demand for olefin based polymers.



Summary

[0006] Accordingly, the present embodiments are directed to catalyst systems, which

provide alternative synthetic schemes for meeting industrial demand of olefin based

polymers. Embodiments of the present disclosure are directed to new procatalysts and the

corresponding ligand frameworks that incorporate a tetradentate ligand, having dianionic

donor properties, with a triaryle backbone with a bridging component. The procatalyst and

the ligand framework have a high capacity for functional group variation, and an ease of

synthesis to facilitate scaling up to commercial scale production. In addition, the structure of

these molecules offers the ability to synthesize a structural motif similar to those found in the

highly active bisphenylphenol systems. One advantage of this synthetic scheme is that by

altering the starting materials the substituent groups on the aryl backbone, the coordinating

atoms in the ligand, and the bridge can be easily and systematically changed. This synthetic

scheme offers a wide array of variation within this system, and the ability to optimize the

catalytic properties. By utilizing simple starting materials and reagents already known, a

previously unknown procatalyst and ligand framework was surprisingly synthesized.

[0007] One embodiment of this disclosure is a metal complex comprising the following

structure:

(general metal complex 1)

wherein at least two of the following bonds X-M, X'-M, X"-M, and X"'-M are covalent and at

least one is dative. A covalent or dative bond between M and X' is optional. The Ar1, Ar2,

and Ar include the same or different aryl or heteroaryl moieties. B is an aliphatic moiety or

heteroaliphatic moiety linking X and X', and has from one to 50 atoms, not counting

hydrogen atoms. X is oxygen, sulfur, substituted nitrogen, substituted phosphorus, or



substituted carbon; X' is oxygen, sulfur, nitrogen, substituted nitrogen, substituted

phosphorus, or a substituted carbon group. X" and X'" include the same or different

functional groups selected from oxygen, sulfur, substituted nitrogen, or substituted

phosphorus. R1 is either: 1) an aliphatic moiety, a heteroaliphatic moiety, an aromatic moiety,

or a heteroaromatic moiety; or 2) part of an aliphatic carbocycle, an aromatic carbocycle, a

heterocyclic moiety, or a heteroaromatic moiety. M is one or more metals selected from

Groups 3-6 and lanthanide elements.

[0008] Another embodiment of the disclosure is directed to a terphenyl ligand comprising

the following structure

(general ligand 1)

wherein X, X', X", and X'" have the characteristics of enabling a covalent or dative bond to a

metal center. The Ar1, Ar , and Ar3 include the same or different aryl or heteroaryl moieties.

B is an aliphatic moiety or heteroaliphatic moiety linking X and X', and has from one to 50

atoms, not counting hydrogen atoms. X is oxygen, sulfur, substituted nitrogen, substituted

phosphorus, or substituted carbon; X' is oxygen, sulfur, substituted nitrogen, substituted

phosphorus, or a substituted carbon group. X" and X'" include the same or different

functional groups selected from oxygen, sulfur, substituted nitrogen, or substituted

phosphorus. R1 is either: 1) an aliphatic moiety, a heteroaliphatic moiety, an aromatic moiety,

or a heteroaromatic moiety; or 2) part of an aliphatic carbocycle, an aromatic carbocycle, a

heterocyclic moiety, or a heteroaromatic moiety.

Brief Description of the Drawings

[0009] FIG. 1A is a proton NMR (nuclear magnetic resonance) spectra of Hafnium

Complex 10 (LlO-Hf), a metal complex embodiment discussed further below.



[0010] FIG. IB is a carbon NMR spectra of LlO-Hf.

[0011] FIG. 2 is a segment of a proton NMR spectra depicting selected signals and their

corresponding protons in the Hafnium Complex 10.

[0012] FIG. 3 is a proton NMR spectra depicting a few proton NMR signals and their

corresponding protons in the metal complex LlO-Hf.

[0013] FIG. 4 is a graph of Gel Permeation Chromatography (GPC) results of a molecular

weight distribution overlay from single polymer synthesized using 2.0 micromoles (µιηοΐ ) of

catalyst system LlO-Hf.

[0014] FIG. 5A is an illustration of the crystal structure of the catalyst system LlO-Hf,

specifically showing the arrangement of the metal center in the metal complex.

[0015] FIG. 5B is an illustration of the crystal structure of the catalyst system LlO-Hf,

specifically showing the arrangement of the metal center in the metal complex.

Detailed Description

[0016] Specific embodiments of the present application will now be described. The

disclosure may, however, be embodied in different forms and should not be construed as

limited to the embodiments set forth in this disclosure. Rather, these embodiments are

provided so that this disclosure will be thorough and complete, and will fully convey the

scope of the subject matter to those skilled in the art.

[0017] The term "independently selected" is used herein to indicate that the R groups,

such as, R1, R2, R3, R4, and R5 can be identical or different (e.g. R1, R2, R3, R4, and R5 may all

be substituted alkyls or R1 and R may be a substituted alkyl and R3 may be an aryl, etc.). Use

of the singular includes use of the plural and vice versa (e.g., a hexane solvent, includes

hexanes). A named R group will generally have the structure that is recognized in the art as



corresponding to R groups having that name. These definitions are intended to supplement

and illustrate, not preclude, the definitions known to those of skill in the art.

[0018] The terms "moiety," "group," and "functional group" are generally used

interchangeably in this specification, but those of skill in the art may recognize certain parts

of a complex or compound as being a moiety rather than a functional group and vice versa.

Additionally, the term "complex" is when a metal and ligand coordinate to form a single

molecular compound. For the purposes of illustration, certain representative groups are

defined within this disclosure. These definitions are intended to supplement and illustrate,

not preclude, the definitions known to those of skill in the art.

[0019] The term "aromatic" is used in its usual sense. The term "aryl" as used herein, and

unless otherwise specified, refers to an aromatic substituent containing a single aromatic ring

or multiple aromatic rings that are fused together, linked covalently, or linked to a common

group such as a methylene or ethylene moiety. More specific aryl groups contain one

aromatic ring or two or three fused or linked aromatic rings, e.g., phenyl, naphthyl, biphenyl,

anthracenyl, phenanthrenyl, and the like. In particular embodiments, aryl substituent groups

have 1 to about 200 carbon atoms, typically 1 to about 50 carbon atoms, and specifically 1 to

about 20 carbon atoms. "Substituted aryl" refers to an aryl moiety substituted with one or

more substituent groups, (such as tolyl, mesityl and perfluorophenyl) and the terms

"heteroatom-containing aryl" and "heteroaryl" refer to aryl in which at least one carbon atom

is replaced with a heteroatom (rings such as, thiophene, pyridine, isoxazole, pyrazole,

pyrrole, furan or benzo-fused analogues of these rings are included in the term "heteroaryl").

In some embodiments herein, multi-ring moieties are substituent groups and in such an

embodiment the multi-ring moiety can be attached at an appropriate atom. For example,

"naphthyl" can be 1-naphthyl or 2-naphthyl; "anthracenyl" can be 1-anthracenyl, 2-

anthracenyl or 9-anthracenyl; and "phenanthrenyl" can be 1-phenanthrenyl, 2-phenanthrenyl,

3-phenanthrenyl, 4-phenanthrenyl or 9-phenanthrenyl.

[0020] The term "aliphatic" means a non-aromatic saturated or unsaturated straight or

branched hydrocarbon radical of from 1-40 carbon atoms or from 1 to 18 carbon atoms.



[0021] By "substituted" as in "substituted aliphatic moiety," "substituted aryl,"

"substituted alkyl," "substituted alkenyl" and the like, as alluded to in some of the

aforementioned definitions, is meant that in the hydrocarbyl, hydrocarbylene, alkyl, alkenyl,

aryl or other moiety, at least one hydrogen atom bound to a carbon atom is replaced with one

or more substituents that are functional groups such as hydroxyl, alkoxy, alkylthio, amino,

halo, silyl, and the like. When the term "substituted" appears prior to a list of possible

substituted groups, it is intended that the term apply to every member of that group. That is,

the phrase "substituted alkyl, alkenyl and alkynyl" is to be interpreted as "substituted alkyl,

substituted alkenyl and substituted alkynyl." Similarly, "optionally substituted alkyl, alkenyl

and alkynyl" is to be interpreted as "optionally substituted alkyl, optionally substituted

alkenyl and optionally substituted alkynyl." However, the terms "substituted nitrogen" and

"substituted phosphorous" include tertiary, secondary and primary nitrogen and phosphorous

moieties.

[0022] The term "saturated" means lacking carbon-carbon double bonds, carbon-carbon

triple bonds, and (in heteroatom-containing groups) carbon-nitrogen, carbon-phosphorous,

and carbon-silicon double bonds. Where a saturated chemical group is substituted by one or

more substituent groups, one or more double and/or triple bonds optionally may or may not

be present in substituent groups. The term "unsaturated" means containing one or more

carbon-carbon double bonds, carbon-carbon triple bonds, and (in heteroatom-containing

groups) carbon-nitrogen, carbon-phosphorous, and carbon-silicon double bonds, not

including any such double bonds that may be present in substituent groups, for example, R or

X, if any, or in (hetero)aromatic rings, if any.

[0023] When a variable group, such as Ar, R, X, is defined as an element, such as oxygen

or nitrogen, then that variable group is an atom that has at least as many bonds as designated

by the variable and the complex. Some atoms may form more bonds than designated by the

location of the variable within the complex. If this occurs, then the atom is bonded to a

hydrogen atom or is substituted with an alkyl group.

[0024] The terms "halogen" or "halogen atom" mean fluorine atom (F), chlorine atom

(CI), bromine atom (Br), or iodine atom (I). Each halogen atom independently is the Br, F, or



Cl radical. The terms "halide" or "halo" mean fluoride (F ), chloride (CI ), bromide (Br ), or

iodide (Γ ) anion.

[0025] The term "heteroatom," "heteroaromatic," "heteroaryl," "heterocyclic" or

"heteroaliphatic" refers to a molecule or molecular framework in which one or more carbon

atoms is replaced with an atom other than carbon or hydrogen, such as nitrogen, oxygen,

sulfur, phosphorus, boron or silicon. For example, a carbon in an aromatic ring is replaced by

a nitrogen atom to form an aromatic ring system called pyridine, which is heteroaromatic.

Other possible substitution for carbon atoms are oxygen, sulfur, phosphorus, boron or silica.

[0026] In one embodiment, a metal complex used in the catalyst systems of the present

disclosure comprises the following structure:

(general metal complex 1)

is synthesized from a terphenyl ligand comprising the following structure:

(general ligand 1)

[0027] In one embodiment of the general metal complex 1, at least two of the following

bonds X-M, X"-M, and X"'-M are covalent and at least one is dative. The X'-M bond is

covalent, dative, or does not exist. In another embodiment of general metal complex 1 and

general ligand 1, the Ar1, Ar , and Ar3 groups are independently selected from aryl or

heteroaryl moieties, in which the aryl groups or heteroaryl group may comprise two aryl or



heteroaryl rings fused together. However, Ar1 and Ar2 or Ar2 and Ar3 are not fused together

and are connected by a single covalent bond. In one embodiment, B is an aliphatic moiety or

heteroaliphatic moiety linking X and X', wherein B has from one to 50 atoms, not counting

H. X is oxygen, sulfur, substituted nitrogen, substituted phosphorus, or substituted carbon. X'

is oxygen, sulfur, substituted nitrogen, substituted phosphorus, or an unsaturated substituted

carbon group. X" and X'" include the same or different moieties selected from oxygen, sulfur,

substituted nitrogen, or substituted phosphorus. In one embodiment, R1 is an aliphatic

moiety, a heteroaliphatic moiety, an aromatic moiety, or a heteroaromatic moiety, and in

another embodiment is part of an aliphatic carbocycle, an aromatic carbocycle, a heterocyclic

moiety, or a heteroaromatic moiety. The M, in the general metal complex 1, comprises one

or more metals selected from Groups 3-10, actinides and lanthanide elements.

[0028] In some embodiments of the metal complex of the general metal complex 1, the

Ar1 and Ar3 are substituted with 1-4 hydrogens, 1-4 aromatic moieties, 1-4 aliphatic moieties,

1-4 substituted heteroatoms, or 1-4 halide moieties, and Ar is substituted with 1-3

hydrogens, 1-3 aromatic moieties, 1-3 aliphatic moieties, 1-3 substituted heteroatoms, or 1-3

halide moieties.

[0029] In some embodiments, Z of the general metal complex 1, includes 1-4

independently selected moieties that are either identical or different from one another, and the

Z moieties form covalent bonds, dative bonds, ionic bonds, or combinations thereof with M.

[0030] In more specific embodiments, the general metal complex 1 has the following

metal complex structure:

(metal complex 2)



which is synthesized from a terphenyl ligand comprising the following structure:

(ligand 2).

[0031] In metal complex 2 and ligand 2, the R2-R 12 are independently selected from

aromatic moieties, aliphatic moieties, heteroaromatic moieties, heteroaliphatic moieties,

heteroatoms, substituted heteroatoms, or halide moieties. In one embodiment, B has one to

15 atoms on shortest linkage path between X and X', not counting hydrogen atoms or side

groups.

[0032] In some embodiments of the general metal complex 1 and metal complex 2, the

metal complex has the following structure:

(Metal Complex 3)

which is synthesized from a terphenyl ligand comprising the following structure:



(ligand 3).

[0033] In further embodiments of the metal complex 3, the two O-M bonds are covalent;

the O'-M bond is dative and the X'-M bond is dative or does not exist. In some embodiments

of the metal complex 3 and the ligand 3, the R2-R 12 groups are independently selected from

the same or different aromatic moieties, aliphatic moieties, heteroaromatic moieties,

heteroaliphatic moieties, heteroatoms, substituted heteroatoms, or halide moieties. B has one

to 10 atoms on shortest linkage path between X and X', not counting H or side groups. In one

embodiment of the metal complex 3, the Z comprises 1-2 independent moieties that are

either identical or different from one another, and wherein the Z moieties form covalent

bonds, dative bonds, ionic bonds, or combinations thereof with M .

[0034] In some embodiments, X' in general metal complex 1, metal complex 2, or metal

complex 3 is part of an aliphatic carbocycle, an aromatic carbocycle, a heterocyclic moiety,

or a heteroaromatic moiety.

[0035] The M of general metal complex 1, metal complex 2, or metal complex 3 may

comprise transition metals, such as lanthanides, actinides, or Group 3 to Group 10 elements.

In other embodiments, the M comprises a Group 4 element. In one embodiment, M

comprises zirconium (Zr) or hafnium (Hf). The metal precursors may be monomeric, dimeric

or higher orders thereof. Specific examples of suitable hafnium and zirconium precursors

include, but are not limited to HfCl 4, Hf(CH 2Ph)4, Hf(CH 2CMe3)4, Hf(CH 2SiMe 3)4,

Hf(CH 2Ph)3Cl, Hf(CH 2CMe 3)3Cl, Hf(CH 2SiMe 3)3Cl, Hf(CH 2Ph)2C12, Hf(CH 2CMe 3)2Cl2,

Hf(CH 2SiMe 3)2Cl2, Hf(NMe 2)4, Hf(NEt 2)4, and Hf(N(SiMe 3)2)2Cl2; ZrCl 4, Zr(CH 2Ph)4,

Zr(CH 2CMe 3)4, Zr(CH 2SiMe 3)4, Zr(CH 2Ph)3Cl, Zr(CH 2CMe 3)3Cl, Zr(CH2SiMe 3)3Cl,

Zr(CH 2Ph)2Cl2, Zr(CH 2CMe 3)2Cl2, Zr(CH 2SiMe 3)2Cl2, Zr(NMe 2)4, Zr(NEt 2)4, Zr(NMe 2)2Cl2,



Zr(NEt2)2Cl2, and Zr(N(SiMe3) 2)2Cl2. In the previous list, the "Me" stands for methyl, "Et"

stands for ethyl, "Ph" stands for phenyl, and "THF" stands for tetrahydrofuran. Lewis base

adducts of these examples are also suitable as metal precursors, for example, ethers, amines,

thioethers, phosphines and the like are suitable as Lewis bases. Specific examples include

HfCl4(THF)2, HfCl4(SMe2)2 and Hf(CH2Ph)2Cl2(OEt2) . Activated metal precursors may be

ionic or zwitterionic compounds, such as (M(CH2Ph)3
+)(B(C6F5)4 ) or (M(CH2Ph)3

+)

(PhCH2B(C6F5)3
~) where M is defined above as comprising Hf or Zr.

[0036] In some embodiments, B in the metal complexes 1, 2 and 3 and the ligand 1, 2, and

3 is part of an aliphatic carbocycle, an aromatic carbocycle, or a heterocycle that connects

onto R1. The following ligand, ligand 4, shows the bridge, B, in bold and is not a simple

alkyl chain, but is a part of another moiety. As shown below R1, surrounded by a box, is a

fragment or part of the moiety containing B. X' is the nitrogen atom, also in that moiety.

Ligand 4 is one embodiment that depicts how one moiety may incorporate different groups -

X', R1
, and B - within that one group in the general ligand 1 structure.

(ligand 4)

[0037] Ligand 4 also depicts the different R2 to R12 as six hydrogen, two naphthalene

groups, two methyl groups, and a ieri-butyl group.

[0038] In some embodiments, the ligands may comprise the following structures:



(ligand 8)



(ligand 9)

[0039] The Ar1, Ar2, and Ar3 comprise a type of aryl or heteroaryl group. In order for a

group or molecule to be classified as "aromatic," it must: (1) have a planar cyclic structure;

(2) every atom in the ring structure have an occupied p orbital; and (3) have an odd number

of π-electron pairs represented by (4n + 2) where n is an integer including zero. For example,

the Ar group in ligand 9 is azulene, which has a fused aromatic 6 π-electron

cyclopentadienyl anion and aromatic 6 π-electron tropylium cation. In order to achieve the

stable aromatic sextet in both rings, one electron pair from the seven-membered ring is

transferred to the five-membered ring. Reactivity studies confirm that the seven-membered

ring is electrophilic and the five-membered ring is nucleophilic. Azulene has two rings fused

together, but only accounts for one Ar group in the general ligand complex, while Ar1 and Ar
3 are benzene rings that connect to the azulene group (Ar2) by a covalent bond. Azulene is

one of the many possible aromatic groups that could be used in general metal complex 1 or

general ligand 1.

[0040] Moreover, the X' in ligand 9 is a vinyl carbon substituent. In theory, and not

excluding alternative possibilities, the electrons in the p orbital of the carbon double bond can

coordinate with the metal to form a metal complex. This is comparable to how the lone pair

of electrons in an oxygen or nitrogen atom interacts with the metal species.

[0041] The general structure 1, metal complex 1, and metal complex 2 have a C3-

symmetrical meridional (mer) isomer. A plane of symmetry extends through the Ar2, X, M,

X , and the bridging component, B, thereby reflecting Ari and Ar3 into one another. Nuclear

Magnetic Resonance (NMR) studies provide evidence that some embodiments of the metal

complexes in this disclosure have a C3-symmetry. When a molecule has a diastereotopic

center, then the two protons on a secondary carbon would be in different chemical



environments. If there is no plane of symmetry, then splitting patterns in the proton NMR

(H-NMR) would be more complex than if a plane of symmetry bisected the secondary

carbon. For example, the NMR results of Hf-LlO in the Example 7 and FIG. 2 shows two

singlet signals, one for H2P and one for H2P 2; both signals have an integration of two,

which means both protons on the carbon atom are accounted for in one signal. This indicates

that the protons on these carbon atoms are related by the plane of symmetry. If there was not

a plane of symmetry, then the protons would be diastereotopic. On the NMR spectrum, there

might be two doublets each having an integration of one in the place of one singlet. This

effect results from the protons being in different chemical environments, which causes one

proton on the carbon atom to split the magnetic resonance of the other proton, thereby

creating separate and distinct proton signals.

[0042] Although, proton NMR (H-NMR) and carbon- 13 NMR (C-NMR) indicates that

there is a plane of symmetry as described in the preceding paragraph, NMR signals also

indicate that the complex has a pseudo C 3-symmetry. The bridging arm, B, can move or flip

outside of the plane of symmetry. The signals in the C-NMR and H-NMR indicate that the

bridging arm oscillates above and below the plane of symmetry, thereby breaking the plane

of symmetry. The break in the plane of symmetry causes the complex to have a pseudo

C 3-symmetry.

[0043] Regardless of the pseudo symmetry, the C 3-symmetrical catalysts produce

pseudo-tactic polymers, especially when propylene is the base monomer. Due to the

structure and symmetry of the complex or catalyst, there are two active sites in the complex.

The two active sites create polymers with low molecular weights, good adhesive properties,

and reasonable octene incorporation.

[0044] When there are two Z groups in a metal complex as in FIGS. 5A-B, the crystal

structure of the metal complex shows a distorted trigonal bipyramidal complex. The

structures in FIGS. 5A-B show two crystal structure, both structures depict the crystal

structure of LlO-Zr. Both structures are a crystal structure of a distorted trigonal bipyramidal

complex, and outlined on the second structure is the geometrical configuration. X is

represented by 03, Z 1 is represented by Bnl and Z 2 is represented by Bn2. These three



groups form the center triangle and X" represent by 0 1 and X'" represented by 0 3 are the

two apices. The distortion in the crystal structure results from the X' being detached from the

metal center. Theoretically, if the second oxygen were bound to the metal center, the

expected crystal structure would have an octahedral or distorted octahedral geometry.

[0045] Schemes 1 and 2, as follows, illustrate a possible synthetic scheme for achieving

one possible ligand as described in this disclosure. The ligands 5 and 10, depending on the R

group, are tertadentate terphenol ligands. Another advantage to the catalysts in this

disclosure is the ease of synthesis. As discussed in the following paragraphs, the starting

materials are commercially available, which decreases the number of synthetic steps.

Additional examples will be provided in the Example section to follow.

[0046] Scheme 1



[0047] Scheme 2

Ligand 5, R = Et
Ligand 0, R = Ph

[0048] In some embodiments, the ligand of general metal ligand complex (I), which can

be synthesized from Schemes 1 and 2, or another similar scheme, is any one of the following:
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[0049] The metal complexes, formed from the ligands, can have multiple reaction sites,

while some have single site reaction. Some of the catalyst complexes result in a bimodal

polymer. Additionally, the present catalyst complex may provide good secondary oc-olefins

(e.g. 1-octene) incorporation. For example and not by way of limitation, the catalyst may

yield a polymer which incorporates at least 20 weight percent (wt %) of the secondary alpha

olefin. From an application standpoint, these catalyst complexes may also yield polymers

with good adhesive properties. While some complexes yield only one or two of the three

aforementioned results. These ligands create versatile catalysts, but an added benefit is that

these catalysts are easily synthesized. Scheme 1 and Scheme 2 show that different functional

groups and bridge, B, can be interchanged by changing one reagent.

[0050] In FIG. 3, there are fragments of an H-NMR of bis-ether hafnium metal complex

synthesized from ligand 10. There are three proton signals that indicate that the metal

complex has an apparent C3-symmetry on the NMR timescale. The three signals designated

by three circles - white, gray and black - on the carbazole moiety show that the carbazole

moiety cannot freely spin. Otherwise, if the carbazole moiety is environmentally unrestricted

and is freely able to spin, then the signal marked by the white circle would be identical to the



signal marked by the gray circle. However, the gray circle and the white circle indicate

different signals, which show the protons are in different chemical environments.

[0051] The polymers synthesized with the catalytic complexes of the present disclosure

can be homopolymers of C2-C20 alpha-olefins, such as ethylene, propylene, or 4-methyl-l-

pentene, or they may be interpolymers of ethylene or propylene with at least one or more

alpha-olefins and/or C2-C20 acetylenically unsaturated monomers and/or C4-Ci diolefins.

They may also be interpolymers of ethylene with at least one of the above C3-C20 alpha-

olefins, diolefins and/or acetylenically unsaturated monomers in combination with other

unsaturated monomers. For example, in one embodiment ethylene or a mixture of ethylene

and from about 0.1 to about 20 wt , for example, from about 0.1 to about 15 wt , or in the

alternative, from about 0.1 to about 10 wt ; or in the alternative, from 0.1 to about 5 weight

percent of 1-hexene, 1-octene, or a similar higher a-olefin, based on total monomer in the

final copolymer, may be successfully polymerized using the disclosed catalyst composition.

[0052] In the polymerization process employing the aforementioned catalytic reaction

product, polymerization is effected by adding a catalytic amount of the disclosed catalyst

composition to a polymerization reactor containing the selected α-olefin monomer or

monomers, or vice versa. The polymerization reactor is maintained at temperatures in the

range from 150 degrees Celsius (°C) to 300 °C, or at solution polymerization temperatures,

such as from 150 °C to 250 °C, for a residence time, in certain non-limiting embodiments,

ranging from 5 minutes to 20 minutes. Longer or shorter residence times may alternatively be

employed. Generally, the polymerization reaction is carried out in the absence of moisture

and oxygen. The anaerobic atmosphere is maintained in the presence of a catalytic amount of

the catalytic reaction product that is typically within the range from 0.0001 to about 0.01

milligram-atoms metal catalyst per liter of diluent. However, catalyst concentration depends

upon polymerization conditions such as temperature, pressure, solvent and the presence of

catalyst poisons and that the foregoing range is given for illustrative purposes of one

particular but non-limiting embodiment only. For example, pressures may be relatively low,

such as from 150 to 3,000 psig (1.0 to 20.7 MPa), from 250 to 1,000 psig (1.7 to 6.9 MPa), or

from 450 to 800 psig (3.1 to 5.5 MPa). However, polymerization within the scope of the



invention can occur at pressures from atmospheric up to pressures determined by the

capabilities of the polymerization equipment.

[0053] Generally in the polymerization process, a carrier, which may be an inert organic

diluent or solvent or excess monomer, is employed and oversaturation of the solvent with

polymer is avoided. If such saturation occurs before the catalyst becomes depleted, the

catalyst may not reach its full efficiency. In particular embodiments, the amount of polymer

in the carrier does not exceed 30 percent, based on the total weight of the reaction mixture.

Stirring the polymerization components enhances the uniformity of the polymerization by

controlling and maintaining an invariable temperature throughout the polymerization zone.

For example, in the case of relatively more rapid reactions with relatively active catalysts,

means may be provided for refluxing monomer and diluent, if diluent is included, thereby

removing some of the heat of reaction. In any event, adequate means should be provided for

dissipating the exothermic heat of polymerization. Thus, polymerization may be effected in a

batch manner, or in a continuous manner, such as, for example, by passing the reaction

mixture through an elongated reaction tube which is contacted externally with suitable

cooling medium to maintain the desired reaction temperature, or by passing the reaction

mixture through an equilibrium overflow reactor or a series of the same.

[0054] In order to enhance catalyst efficiency in the polymerization of ethylene,

maintaining a certain ethylene concentration in the diluents ensures reactor stability and

optimizes catalyst efficiency. In some embodiments this may include a ratio of solvent to

ethylene ranging from 1:2 to 1:8 or 1:3 to 1:5. To achieve this ratio, when an excess of

ethylene is fed into the system, a portion of the ethylene can be vented.

[0055] Hydrogen is often employed in the practice of this polymerization system, for the

purpose of lowering the molecular weight of the resultant polymer, if a lower molecular

weight is desirable. It may be beneficial to employ hydrogen in the polymerization mixture in

concentrations ranging preferably from 0.001 to 1 mole per mole of monomer. The larger

amounts of hydrogen within this range generally produces lower molecular weight polymer.

Those skilled in the art known that hydrogen may be added to the polymerization vessel

either with a monomer stream, or separately, before, during or after addition of the monomer



to the polymerization vessel. However, hydrogen should be added either before or during

addition of the catalyst, in the range of from 200,000 to 3 million grams of polymer per gram

of metal in the catalyst.

[0056] The resulting polymer may be recovered from the polymerization mixture by

driving off unreacted monomer and diluent, where such is employed. No further removal of

impurities is required.

[0057] The procatalyst comprising the metal-ligand complex of general metal complex 1

is rendered catalytically active by contacting it to, or combining it with, the activating co-

catalyst or by using an activating technique such as those that are known in the art for use

with metal-based olefin polymerization reactions. Suitable activating co-catalysts for use

herein include alkyl aluminums; polymeric or oligomeric alumoxanes (also known as

aluminoxanes); neutral Lewis acids; and non-polymeric, non-coordinating, ion-forming

compounds (including the use of such compounds under oxidizing conditions). A suitable

activating technique is bulk electrolysis. Combinations of one or more of the foregoing

activating co-catalysts and techniques are also contemplated. The term "alkyl aluminum"

means a monoalkyl aluminum dihydride or monoalkylaluminum dihalide, a dialkyl aluminum

hydride or dialkyl aluminum halide, or a trialkylaluminum. Aluminoxanes and their

preparations are known at, for example, United States Patent Number (USPN) U.S. Pat. No.

6,103,657. Examples of preferred polymeric or oligomeric alumoxanes are methylalumoxane,

triisobutylaluminum-modified methylalumoxane, and isobutylalumoxane.

[0058] Exemplary Lewis acid activating co-catalysts are Group 13 metal compounds

containing from 1 to 3 hydrocarbyl substituents as described herein. In some embodiments,

exemplary Group 13 metal compounds are tri(hydrocarbyl)-substituted-aluminum or

tri(hydrocarbyl)-boron compounds. In some other embodiments, exemplary Group 13 metal

compounds are tri(hydrocarbyl)-substituted-aluminum or tri(hydrocarbyl)-boron compounds

are tri((C i -C io)alkyl)aluminum or tri((C 6-C i 8)aryl)boron compounds and halogenated

(including perhalogenated) derivatives thereof. In some other embodiments, exemplary

Group 13 metal compounds are tris(fluoro-substituted phenyl)boranes, in other embodiments,

tris(pentafluorophenyl)borane. In some embodiments, the activating co-catalyst is a tris((C i -



C 2o )hydrocarbyl) borate (e.g., trityl tetrafluoroborate) or a tri((C i -

C 2o )hydrocarbyl)ammonium tetra((C i -C 2o )hydrocarbyl)borane ( g

bis(octadecyl)methylammonium tetrakis(pentafluorophenyl)borane). As used herein, the term

"ammonium" means a nitrogen cation that is a ((C i -C 2o )hydrocarbyl) 4N + , a ((C i -

C 2o)hydrocarbyl) 3N(H) + , a ((C i -C 2o)hydrocarbyl) 2N(H) 2
+ , (C i -C 2o)hydrocarbylN(H) 3

+ ,

or N(H) 4
+ , wherein each (C i -C 2o )hydrocarbyl may be the same or different.

[0059] Exemplary combinations of neutral Lewis acid activating co-catalysts include

mixtures comprising a combination of a tri((Ci-C 4)alkyl)aluminum and a halogenated

tri((C 6-C i 8)aryl)boron compound, especially a tris(pentafluorophenyl)borane. Other

exemplary embodiments are combinations of such neutral Lewis acid mixtures with a

polymeric or oligomeric alumoxane, and combinations of a single neutral Lewis acid,

especially tris(pentafluorophenyl)borane with a polymeric or oligomeric alumoxane.

Exemplary embodiments ratios of numbers of moles of (metal-ligand

complex) :(tris(pentafluoro-phenylborane): (alumoxane) [e.g., (Group 4 metal-ligand

complex) :(tris(pentafluoro-phenylborane): (alumoxane)] are from 1:1:1 to 1:10:30, other

exemplary embodiments are from 1:1:1.5 to 1:5:10.

[0060] Many activating co-catalysts and activating techniques have been previously taught

with respect to different metal-ligand complexes in the following USPNs: U.S. Pat. No.

5,064,802; U.S. Pat. No. 5,153,157; U.S. Pat. No. 5,296,433; U.S. Pat. No. 5,321,106; U.S.

Pat. No. 5,350,723; U.S. Pat. No. 5,425,872; U.S. Pat. No. 5,625,087; U.S. Pat. No.

5,721,185; U.S. Pat. No. 5,783,512; U.S. Pat. No. 5,883,204; U.S. Pat. No. 5,919,983; U.S.

Pat. No. 6,696,379; and U.S. Pat. No. 7,163,907. Examples of suitable hydrocarbyloxides are

disclosed in U.S. Pat. No. 5,296,433. Examples of suitable Bronsted acid salts for addition

polymerization catalysts are disclosed in U.S. Pat. No. 5,064,802; U.S. Pat. No. 5,919,983;

U.S. Pat. No. 5,783,512. Examples of suitable salts of a cationic oxidizing agent and a non-

coordinating, compatible anion as activating co-catalysts for addition polymerization

catalysts are disclosed in U.S. Pat. No. 5,321,106. Examples of suitable carbenium salts as

activating co-catalysts for addition polymerization catalysts are disclosed in U.S. Pat. No.

5,350,723. Examples of suitable silylium salts as activating co-catalysts for addition

polymerization catalysts are disclosed in U.S. Pat. No. 5,625,087. Examples of suitable



complexes of alcohols, mercaptans, silanols, and oximes with tris(pentafluorophenyl)borane

are disclosed in U.S. Pat. No. 5,296,433. Some of these catalysts are also described in a

portion of U.S. Pat. No. 6,515,155 Bl beginning at column 50, at line 39, and going through

column 56, at line 55, only the portion of which is incorporated by reference herein.

[0061] In some embodiments, the procatalyst comprising the metal-ligand complex of

general metal complex 1 may be activated to form an active catalyst composition by

combination with one or more cocatalyst. A non-limiting list of possible cocatalysts include:

strong Lewis acids; compatible, noncoordinating, ion forming compounds, such as

bis(hydrogenated tallow alkyl)methyl ammonium and tetrakis(pentafluorophenyl)borate(l-)

amine; a cation forming cocatalyst; polymeric or oligomeric aluminoxanes, especially methyl

aluminoxane and modified methyl aluminoxane (MMAO); orgoaluminum compounds, such

as triethyl aluminum (TEA); and any combinations thereof.

[0062] In some embodiments, one or more of the foregoing activating co-catalysts are

used in combination with each other. An especially preferred combination is a mixture of a

tri((Ci-C 4)hydrocarbyl)aluminum, tri((Ci-C 4)hydrocarbyl)borane, or an ammonium borate

with an oligomeric or polymeric alumoxane compound.

[0063] The ratio of total number of moles of one or more metal-ligand complexes of

general metal complex 1 to total number of moles of one or more of the activating co-

catalysts is from 1:10,000 to 100:1. In some embodiments, the ratio is at least 1:5000, in

some other embodiments, at least 1:1000; and 10:1 or less, and in some other embodiments,

1:1 or less. When an alumoxane alone is used as the activating co-catalyst, preferably the

number of moles of the alumoxane that are employed is at least 100 times the number of

moles of the metal-ligand complex general metal complex 1. When

tris(pentafluorophenyl)borane alone is used as the activating co-catalyst, in some other

embodiments, the number of moles of the tris(pentafluorophenyl)borane that are employed to

the total number of moles of one or more metal-ligand complexes of general metal complex 1

form 0.5:1 to 10:1, in some other embodiments, from 1:1 to 6:1, in some other embodiments,

from 1:1 to 5:1. The remaining activating co-catalysts are generally employed in



approximately mole quantities equal to the total mole quantities of one or more metal-ligand

complexes of general metal complex 1.

[0064] One or more features of the present disclosure are illustrated in view of the

examples as follows:

[0065] Example 1

[0066] l,3-dibromo-2-(2-ethoxyethoxy)-5-methylbenzene

[0067] 2,6-Dibromo-4-methylphenol (5.0 grams (g), 0.019 millimoles (mmol)) and 2-

bromoethyl ethyl ether (2.9 g, 0.19 moles (mol)) were dissolved in 100 milliliters (mL)

acetone. Potassium carbonate (K2CO3) was added to the solution, which turned purple within

a minute. The mixture was stirred at reflux overnight. The mixture was cooled to room

temperature, filtered, and reduced to an orange oil on the rotary evaporator. 1H NMR

spectrometric analysis indicated that there was still some unreacted starting phenol and ether

present. The oil was taken up in 100 milliliter (mL) diethyl ether (Et20), and washed with 50

ml 1 molar (M) sodium hydroxide (NaOH) and 50 mL deionized water (H20). The ether

portion was then dried with MgS0 4, filtered and reduced to a light orange oil (5.3 g, 83%

yield). Both impurities were removed by the basic water workup.

[0068] 1H NMR (CDCI 3) : δ = 7.28 (s, 2 H, Ar), 4.13 (t, JH_H = 5.0 Hz, 2 H, OCH 2), 3.84 (t,

JH-H = 5.0 Hz, 2 H, OCH 2), 3.62 (q, JH_H = 7.0 Hz, OCH2CH3), 2.25 (s, 3 H, aryl Me), 1.23 (t,

JH-H = 7.0 Hz, OCH 2CH j). 1 C NMR (CDCI3): δ = 150.9, 136.5, 133.1, 117.7, 72.30, 69.4,

66.7, 20.2, 15.2.



[0069] Example 2

[0070] l,3-dibromo-5-methyl-2-(3-phenoxypropoxy)benzene

[0071] The phenol (5.0 g, 0.019 mol) and l-Br-3-phenoxypropane (4.0 g, 0.019 mol) were

dissolved in 100 mL acetone. K2CO3 was added to the solution, which turned purple within a

minute. The mixture was stirred at reflux overnight. The mixture was cooled to room

temperature, filtered, and reduced to an orange oil on the rotary evaporator. 1H NMR

spectrometric analysis indicated that there was still approximately 5% starting

phenoxypropane. The oil was taken up in 100 mL Et20 , and washed with 50 mL 1 M NaOH

and 50 mL deionized H20 . The ether portion was then dried with MgS0 4, filtered and

reduced to a light orange oil (7.1 g, 94% yield).

[0072] 1H NMR (CDCI3) : δ = 7.28 (s, 2 H, aryl), 7.24-7.27 (m, 3 H, aryl), 6.92 (m, 3 H,

aryl), 4.26 (t, JH_H = 6.2 Hz, 2 H, OCH2), 4.15 (t, JH_H = 5.9 Hz, OCH2), 2.30 (quint, JH_H = 6.0

Hz, 2 H, CH2CH2CH2), 2.25 (s, 3 H, aryl Me). 1 C NMR (CDCI3) : δ =159.2, 151.0, 136.8,

133.3, 129.7, 129.6, 120.8, 118.0, 114.8, 70.0, 64.5, 30.2, 20.5.

[0073] Example 3

[0074] 2',4',6'-triisopropyl-2-(methoxymethoxy)-5-methylbiphenyl-3-ylboronic acid



[0075] At 0 °C (degrees Celsius) and under nitrogen gas, 2,4,6-triisopropyl-2'-

(methoxymethoxy)-5'-methylbiphenyl (500 mg, 1.41 mmol) in tetrahydrofuran (THF) (5 mL)

was lithiated by adding butyllithium (n-BuLi) dropwise (2.5 molar (M) in hexanes, 728

microliter (µ ), 1.82 mmol, 1.3 equivalent (eq)) to the stirred solution over a period of 10-15

minutes (min). The reaction held at this temperature for 3 hours (h). Triisopropyl borate (420

µ , 1.82 mmol, 1.3 eq) was added and the reaction stirred for an additional 1 h . The solution

was warmed to room temperature and stirred overnight. The material was concentrated under

reduced pressure and dissolved in 7 mL ice cold water. The solution was acidified with 2

normal (N) hydrochloric acid (HCI) extracted with methylene chloride. The extract was

briefly dried over anhydrous sodium sulfate (Na2S0 4) and filtered. The solvent was removed

on the rotary evaporator. The crude product was obtained as a yellow oil and a quantitative

yield, which was used directly in the following reactions.

[0076] Example 4

[0077] Pendant arm Ligand 11



[0078] In the first step, the crude 2',4',6'-triisopropyl-2-(methoxymethoxy)-5-

methylbiphenyl-3-ylboronic acid (approximately 0.70 mmol) was taken up in 5 mL

dimethoxyethane (DME), which was distributed over two 10 mL reaction vials equipped with

stirbar. One vial was used for this reaction. Cesium carbonate (CS2CO3) (912 mg, 2.8 mmol, 4

eq), l,3-dibromo-2-(2-ethoxyethoxy)-5-methylbenzene (108 milligrams (mg), 0.320 mmol,

0.45 eq), and water (1000 mL) were added, and nitrogen was bubbled through the mixture for

5 min. Finally, [l,3-Bis(2,6-Diisopropylphenyl)imidazol-2-ylidene](3-

chloropyridyl)palladium(II) dichloride (PEPPSI™-iPr) (approximately 5 mg, approximately

7 µιηοΐ , 0.01 equivalents (eq)) was added to the mixture. The system was equipped with

septum and purged with nitrogen. The tube was stirred at 60-65 °C overnight. The reaction

was then concentrated under reduced pressure and extracted with 2 x 5 mL dichloromethane.

The organic phase was dried over Na2S0 4 and filtered. The solvent was removed on the

rotary evaporator. The residue was taken up in 1 mL hexane and the methoxymethyl (MOM)

protected reaction product purified by flash chromatography. A colorless oil was received in

a yield of 100 mg (0.113 mmol), a 35% yield of l,3-dibromo-2-(2-ethoxyethoxy)-5-

methylbenzene.

[0079] In the second step, the oil was taken up in 1 mL THF, 5 mL MeOH and 2-3 drops

of concentrated acetic acid added. The reaction was heated to reflux for 6 h, and left over

night at 50 °C. Several drops of water were added, upon which the reaction mixture became

hazy. The reaction was cooled to room temperature, upon which a precipitate formed, and left

over night in the freezer. The supernatant was decanted, the residue washed with cold

methanol and dried in the high vacuum. The pure product was received in form of a white

powder in a yield of 54 mg (0.067 mmol), 60% yield with respect to MOM-protected starting

material, and a 21% yield with respect to l,3-dibromo-2-(2-ethoxyethoxy)-5-methylbenzene.



[0080] 1H NMR (500 MHz, CDC13) : δ = 0.96 (t, = 6.99 Hz, 3H, CH2 ¾ ), 1.086 (d,

= 6.86 Hz, 6 H , 2 x CHC H ), 1.09 1 (d, = 6.86 Hz, 6 H , 2 x CHC H ), 1.30 (d, = 6.93 Hz,

6 H , 2 x CHC H ), 2.34 (s, 6 Η , 2 x ArCH ), 2.43 (s, 3 Η , ArCH ), 2.68 (hept, = 6.86 Hz, 4

H , 4 x CH CH3), 2.92 (hept, = 6.86 Hz, 2 H , 2 x HCH H3), 3 .14 (t, = 6.07 Hz, 2 H ,

CH2-CH 2), 3 .15 (q, = 6.99 Hz, 2 H , CH 2CH3), 3 .63 (t, = 6.07 Hz, 2 H , CH2-CH2), 5.65

(s, 2 Η , 2 x ΟΗ ), 6.88 (d, J = 2.09 Hz, 2 H , 2 x CHA ), 7.06 (s, 4 H , 4 x CHA ), 7 .15 (d, J =

2.09 Hz, 2 H , 2 x CHA ), 7.23 (s, 2 H , 2 x CHA ) ppm. 1 C NMR (126 MHz, CDC1 3) : δ = 14.9,

20.6, 20.9, 24.0, 24. 1, 24.5, 30.5, 34.3, 66.2, 68.5, 72.8, 121 .0, 125.6, 127.7, 128.9, 130.5,

13 1.2, 13 1.6, 132.0, 132. 1, 134.2, 147.4, 148.4, 148.8, 15 1.2.

[0081] Example 4

[0082] Pendant arm ligand 12

[0083] In the first reaction, the crude 2',4',6'-triisopropyl-2-(methoxymethoxy)-5-

methylbiphenyl-3-ylboronic acid (approximately 0.70 mmol) was taken up in 5 mL DME,

which was distributed over two 10 mL reaction vials equipped with stir bar. One vial was

used for this reaction. Cs2C0 3 (912 mg, 2.8 mmol, 4 eq), l,3-dibromo-5-methyl-2-(3-

phenoxypropoxy)benzene (128 mg, 0.320 mmol, 0.45 eq), and water (1000 mL) were added,

and nitrogen was bubbled through the mixture for 5 min. Finally, PEPPSI-iPr (approximately

5 mg, approximately 7 µιηοΐ , 0.01 eq) was added to the mixture. The system was equipped

with septum and purged with nitrogen. The tube was stirred at 60-65 °C over night. The

reaction was then concentrated under reduced pressure and extracted with 2 x 5 mL

dichloromethane. The organic phase was dried over Na2S0 4 and filtered. The solvent was

removed on the rotary evaporator. The residue was taken up in 1 mL hexane and the MOM-



protected reaction product purified by flash chromatography. A colorless oil was received in

a yield of 120 mg (0. 127 mmol), a 40% yield with respect to l,3-dibromo-5-methyl-2-(3-

phenoxypropoxy)benzene .

[0084] In the second step, the oil was taken up in 1 mL THF, 5 mL MeOH and 2-3 drops

of concentrated acetic acid added. The reaction was heated to reflux for 6 h, and left over

night at 50 °C, after which a precipitate formed. The reaction was cooled to room

temperature, and supernatant was decanted. The remaining residue washed with cold

methanol and dried in the high vacuum. The pure product was received in form of a white

powder in a yield of 62 mg (0.072 mmol), 23% yield of MOM-protected product, and a 2 1%

yield of l,3-dibromo-2-(2-ethoxyethoxy)-5-methylbenzene.

[0085] 1H NMR (500 MHz, CDC13) : δ = 1.06 (d, = 6.84 Hz, 6 H, 2 x CHC H ), 1.09 (d,

= 6.84 Hz, 6 H, 2 x CHC H ), 1.29 (d, = 6.90 Hz, 6 H, 2 x CHC H ), 1.73 (p, = 6.24

Hz, 2 H, CH2CH2CH2), 2.3 1 (s, 6 H, 2 x Ar-CH ), 2.43 (s, 3 Η , Ar-CH ), 2.67 (p, = 6.84

Hz, 4 H, 4 x CHCH3), 2.92 (d, = 6.90 Hz, 2 H, 4 x CHCH3), 3.48 (t, = 6.45 Hz, 2 H,

CH2CH2CH2), 3.70 (t, = 6.03 Hz, 2 H, CH2CH2CH2), 5.68 (s, 2 Η , Ο Η ), 6.64 (dd, =

8.70, 4J = 0.96 Hz, 2 H, ortho-Ph), 6.88 (td, = 7.36 Hz, 4 =0 .96 Hz, 1 H, para-Ph), 6.90 (d,

4J = 2 .13 Hz, 2 H, 2 x CHA ), 7.06 (s, 4 H, 4 x CHA ), 7 .16 (d, J = 2 .13 Hz, 2 H, 2 x CHA ),

7.20 (dd, = 8.70, 7.36 Hz, 2 H, meta-Ph), (s, 2 H, 2 x CHA ) ppm. 1 C NMR (126 MHz,

CDC13) : δ = 20.6, 24.97, 24.03, 24.5, 29.5, 30.6, 34.3, 64.4, 7 1.3, 114.3, 120.4, 121 .0, 125.7,

127.8, 129. 1, 129.2, 130.4, 13 1.3, 13 1.5, 132.0, 132. 1, 134.2, 147.4, 148.5, 148.8, 15 1.0,

158.7.

[0086] Example 5

[0087] 3-(9H -carbazol-9-yl)-2-(methoxymethoxy)-5-methylphenylboronic acid



[0088] At 0° C and under nitrogen, 9-(2-(methoxymetyhoxy)-5-methylphenyl)-9 H -

carbazole (2.00 g, 6.30 mmol) in THF (18 mL) was lithiiated by adding nBuLi dropwise (2.5

M in hexanes, 3.27 mL, 8.19 mmol, 1.3 eq) to the stirred solution over a period of 10-15 min.

The solution held at this temperature for 3 h . Triisopropyl borate (1.89 mL, 8.19 mmol, 1.3

eq) was added and stirred in ice for 1 h . The reaction was warmed to room temperature and

stirred overnight. The mixture was concentrated on the rotrary evaporator and 50 mL ice

water was added. The solution was acidified with 2 N HCl, while stirring and extracted with

methylene chloride (3 x 50 mL). The extract was briefly dried over anhydrous Na2S0 4 and

filtered. The solvent was removed on the rotary evaporator. The crude product was obtained

as a yellow oil and a quantitative yield, which was used directly in the following reactions.

[0089] Example 6

[0090] Pendant arm ligand 5

[0091] The crude 3-(9H-carbazol-9-yl)-2-(methoxymethoxy)-5-methylphenylboronic acid

(approximately 3.15 mmol) was dissolved in 20 mL DME, which was distributed over two 50

mL roundbottom flasks with reflux condenser. One flask was used for this reaction. Cs2C0 3

(4.11 g, 12.6 mmol, 4.0 eq), l,3-dibromo-2-(2-ethoxyethoxy)-5-methylbenzene (426 mg, 1.26

mmol, 0.4 eq), and water (4 mL) were added, and the mixture was degassed (three times



frozen in liquid nitrogen under nitrogen atmosphere, and thawed under vacuum). PEPPSI-iPr

(45 mg, 0.063 mmol, 0.02 eq) was added to the vessel (N2 counterflow). The system was

heated to 60-65 °C over night, after which some black precipitate became visible. The

mixture was cooled and extracted with dichloro methane (2 x 20 mL). The pooled organic

phases were dried over Na2S0 4 and filtered. The solvent was removed under reduced

pressure. The residue was purified by flash chromatography. The main fraction contained the

desired MOM-protected product (Mw=8 10.97 mg). The yield was 715 mg (0.882 mmol), a

70% yield of 2-(2-ethoxyethoxy)-5-methylbenzene), which was a white solid.

[0092] In a 100 mL roundbottom flask, 615 mg (0.759 mol) of the MOM-protected

compound was dissolved in the least possible amount of THF. Next, 25 mL MeOH was

added, upon which precipitation occurred. The stirred mixture was heated to 65 °C, and THF

was then added dropwise until the residue dissolved. Next, 15 drops of concentrated HC1 was

added. The reaction was kept at 65 °C overnight. The flask was then cooled to -18 °C for two

days after which crystallization occurred. The supernatant was pipetted off and the residue

was washed with cold methanol (MeOH). The remaining solvent was removed under reduced

pressure. The crystals were dried under high vacuum. This reaction yielded was 412 mg

(0.570 mmol), a 75% yield, of the MOM protected product, which was a white powder. The

structure of which was confirmed by NMR.

[0093] 1H NMR (500 MHz, CDC13) δ =0.84 (t, = 7.00 Hz, 3 H, CH2 ), 2.40 (s, 6 H, 2

x Ar- ), 2.48 (s, 3 H, 1 x Ar- ), 3.13 {q, J = 7.00 Hz, 2 H, CH 2Me), 3.31 (t, = 5.33 Hz,

2 H, CH2CH 2), 3.77 (t, = 5.33 Hz, 2 H, CH CH2), 6.12 (s, 2 H, 2 x OH), 7.21-7.35 (m, 14

H, 6 x CHp , 8 x CHcbz), 7.39 (ddd, = 8.24, =7.21, J = 1.18 Hz, 4 H, 4 x CHCbz), 8.14

(d, = 7.65 Hz, 4 H, 2 x C4HCbz,2 x C5HCbz) ppm. 1 C NMR (126 MHz, CDC13) : δ = 14.7,

20.53, 20.9, 66.41, 68.77, 73.43, 110.13, 119.84, 120.28, 123.47, 125.13, 125.87, 127.68,

129.43, 130.57, 131.32, 131.93, 132.51, 134.94, 141.22, 148.07, 150.82 ppm. HRMS (ESI+,

m/z): calculated for [C49H42N20 4H]+: 723.3223, found 723.3188 (-3.4 mDa, 4.7ppm).

MS/MS (ESI+, daughters of m/z=723): m/z= 317, 510, 677, 496, 302,180,167,194, 343, 485.

[0094] Example 7



[0095] Pendant arm ligand 10

[0096] The crude 3-(9H-carbazol-9-yl)-2-(methoxymethoxy)-5-methylphenylboronic acid

(approximately 3.15 mmol) was taken up in 20 mL DME, which was distributed over two 50

mL roundbottom flasks with reflux condenser. One flask was used for this reaction. CsC0 3

(4.11 g, 12.6 mmol, 4.0 eq), l,3-dibromo-5-methyl-2-(3-phenoxypropoxy)benzene (504 mg,

1.26 mmol, 0.4 eq), and water (4 mL) were added, and the mixture was degassed (three times

frozen in liquid N2 under nitrogen atmosphere, and thawed under vacuum). PEPPSI-iPr

(approximately 45 mg, 0.063 mmol, 0.02 eq) was added to the vessel (N2 counterflow). The

system was heated to 60-65 °C overnight, after which some black precipitate became visible.

The mixture was cooled and extracted with dichloromethane (2 x 20 mL). The pooled organic

phases were dried over Na2S0 4 and filtered. The solvent was removed under reduced

pressure. Three fractions were isolated by flash chromatography. The main fraction contained

the desired MOM-protected product (Mw=873.04). The yield was 751 mg (0.860 mmol), with

an overall yield of 68% yield of 3-phenoxzpopoxybenzene, which was a white, foamy solid.

[0097] In a 100 mL roundbottom flask, the 651 mg of the MOM-protected compound

(0.745 mmol) was dissolved in the least possible amount of THF. 25 mL MeOH was added,

upon which precipitation occurred. The stirred mixture was heated to 65 °C, and THF was

added dropwise until the residue dissolved. 15 drops of concentrated HC1 was added. The

reaction was kept at 65 °C o-n. A yellow discoloration occurred and the flask was placed in

the freezer. No crystallization occurred, so the mixture was dripped into water and the residue

extracted into dichloromethane. The solvent was removed under reduced pressure and the

residue recrystallized from methanol/tetrahydrofuran (THF). The crystals were dried under

high vacuum. The yield was 414 mg (0.527 mmol), with an overall yield of 71% yield of a

white powder. The structure of which was confirmed by NMR.



[0098] 1H NMR (500 MHz, CDC13) δ = 1.83 ( , = 6.23 Hz, 2 H, CH2CH CH2), 2.35 (s,

6 H, 2 x Ar ), 2.48 (s, 3 H, 1 x Ar ), 3.65 (t, = 6.23 Hz, , 2 H, CH2CH2CH2), 3.80 (t,

= 6.23 Hz, 2 H, CH2CH2CH2), 6.10 (s, 2 Η , ΟΗ ), 6.59 (dd, = 8.02, J = 0.61 Hz, 2 H,

ortho-Ph), 6.85 (t, J = 7.31 Hz, 1 H, para-Ph), 7.12 (dd, = 8.02, 7.31 Hz, 2 H, meta-Ph),

7 .16-7.36 (m, 18 H, 6 x CHP , 12 x CHCbz), 8.12 (d, = 7.72 Hz, 4 H, 2 x C4H Cbz, 2 x

C5HCbz). 1 C NMR (126 MHz, CDCI3) : δ = 20.51, 20.93, 29.74, 64.04, 71.85, 110, 114.42,

119.91, 120.32, 120.66, 123.49, 124.98, 125.96, 127.4, 129.26, 129.52, 130.64, 131.33,

131.91, 132.52, 141.17, 148.01, 150.74, 158.46 ppm. HRMS (ESI+, m/z): calculated for

[C54H45N20 4]+: 785.3379, found 785.3347(-3.2 mDa, 4.1ppm). MS/MS (ESI+, daughters of

m/z=785): m/z= 317, 484, 135, 496, 302, 107, 167, 342, 651, 663.

[0099] Example 8

[00100] Hafnium Complex L10 (LlO-Hf)

mer

[00101] In a drybox, HfBn4 (69.2 mg, 0.127 mmol, 1.00 eq) was dissolved in 600µ

deuterobenzene. Pendant arm ligand 10 (100 mg, 0.127 mmol) was dissolved in 1.2 mL

deuterobenzene. The HfBn 4 solution was added dropwise to the ligand solution, while

stirring. The reaction was stirred in a closed vessel for 2 h and an NMR was taken, which

indicated clean and quantitative conversion. The solvent was removed under high vacuum

and the complex used as received. Detailed structural analysis was performed by NMR,

confirming that the expected C3-symmetric mer isomer was formed (FIG. 2).



[00102] 1H NMR (500 MHz, C6D6) δ = 0.70 ( , = 6.03 Hz, 2 H, CH 2CH C H 2), 1.07 (s, 2

H, CH2-Phl), 1.72 (s, 2 Η , CH2-Ph3), 2.13 (s, 6 Η , 2 x Ar ), 2.13 (s, 3 Η , Ar ), 2.88 (t,

= 6.03 Hz, 2 H, CH 2CH 2CH2OPh-2), 3.26 (t, = 6.03 Hz, 2 H, CH2C H 2CH 20-Ph2), 4.91

(dd, = 7.74, J = 1.04 Hz, 2 H, ortho-Ph-1), 5.88 (t, = 7.74 Hz, 2 H, meta-Ph-1), 6.28

(tt, = 7.74, 4J = 1.04 Hz, 1 H, para-Ph-1), 6.55 (dd, = 8.74, 4J = 1.04 Hz, 2 H, ortho-

Ph-2), 6.73 (dd, = 7.73, = 1.16 Hz, 2 H, ortho-Ph-3), 6.76 (tt, = 7.73 Hz, = 1.16

Hz, 1 H, para-Ph-3), 6.83 (tt, = 7.45, J = 1.04 Hz, 1 H, para-Ph-2), 6.96 (t, = 7.73 Hz,

2 H, meta-Ph-3), Ί .01 (overlaid s, 6 H, 6 x CHA ), 7.11 (dd, = 8.74, 7.45 Hz, 2 H, meta-

Ph-2), 7.18 (m, 2 H, 2 x C6-cbz -H), 7.21 (ddd, = 7.9, 7.0 Hz, 4J = 0.9 Hz, 2H, 2 x C3-cbz-

H), 7.31-7.28 (m, 4 H, 2 x C7-cbz -H, 2 x C8-cbz -H), 7.39 (ddd, = 8.25, 7.0 Hz, = 1.18

Hz, 2 H, 2 x C2-cbz -H), 7.49 (dd, = 8.25 Hz, J = 0.9, 2 H, 2 x Cl-cbz -H), 8.00 (dd, =

7.9 Hz, 4J =1.18 Hz, 4 H, 2 x C4-cbz -H, 2 C5-cbz -H) ppm; 1 C NMR (126 MHz, CDC13) :

δ = 20.53, 21.36, 28.71, 63.08, 70.95, 71.32, 75.05, 109.66, 112.7, 114.69, 120.04, 120.12,

120.46, 121.05, 121.16, 121.25, 123.39, 124.35, 125.74, 126.41, 126.74, 127.31, 128.02,

128.29, 128.99, 129.28, 129.63, 130, 130.16, 130.56, 133.27, 135.37, 138.56, 139.71, 141.31,

141.89, 154.67, 158.87 ppm.

[00103] Example 9

-Hf)

mer

[00105] In a drybox, tetrabenzyl hafnium (HfBn4) (37.6 mg, 69.2 µιηοΐ , 1.00 eq) was

dissolved in 600 deuterobenzene. Pendant arm ligand 5 (50.0 mg, 69.2 µιηοΐ ) was

dissolved in 1.2 mL deuterobenzene. The HfBn4 solution was added dropwise to the ligand

solution, while stirring. The reaction was stirred in a closed vessel for 2 h, upon which the

product precipitated. The resulting complex is completely insoluble in deuterobenzene. A 100



niL aliquot was therefore diluted with CD2CI2 and NMR taken. NMR confirmed expected,

C3-symmetric product. The supernatant was pipetted off and the remaining residue washed

with toluene. The remaining solvent was removed under high vacuum, providing a

quantitative yield. Detailed structural analysis was performed by NMR, confirming that the

expected C3-symmetric mer isomer was formed.

[00106] 1H NMR (500 MHz, CD2C 12) δ = -0.27 (t, = 6.94 Hz, 3 H, OCH2 ), 0.42 (s, 2

H, CH2Ph-l, 1.03 (s, 2 Η , CH2Ph-2), 2.18 (q, = 6.94 Hz, 2 H, OCH2Me), 2.45 (s, 6 Η , 2 x

Me), 2.48 (s, 3 Η , 1 x Me), 2.96 (t, = 5.10 Hz, 2 H, CH2CH2), 3.58 (t, = 5.10 Hz, 2 H,

CH2CH2), 4.85 (dd, = 7.2, 4J = 2.3 Hz, 2 H, ortho-Ph-1), 6.13 (dd, = 8.1, 4J = 1.2 Hz, 2

H, ortho-Ph-2), 6.27 (m, 3 H, meta, para-Ph-1), 6.60 (tt, = 7.4, 1.2 Hz, 1 H, para-Ph-2),

6.82 (dd, = 8.1, 7.4 Hz, 2 H, meta-Ph-2), 7.15-7.40 (m, 18 H, 6 x CHA , 12 x CH
B

) 8.12

(ddd, = 7.78, 4J = 1.21, = 0.77, 2 H, C4H b ), 8.14 (ddd, = 7.81, 4J = 1.25, = 0.75

Hz, 2H, C5H b ) ppm; 1 C NMR (126 MHz, CDCI3) : δ = 12.55, 20.9, 21.99, 66.83, 67.23,

71.34, 72.59, 74, 109.72, 112.72, 119.85, 119.99, 120.15, 120.39, 120.8, 120.97, 123.28,

124.17, 125.85, 126.53, 126.71, 126.96, 127.53, 127.66, 127.71, 129.5, 129.68, 130.6, 131.8,

133.31, 134.87, 140.43, 141.81, 141.88, 145.76, 149.27, 154.87 ppm.

[00107] Example 10

[00109] In a drybox, ZrBn4 (58.1 mg, 0.127 mmol, 1.00 eq) was dissolved in 600

deuterobenzene. Pendant arm ligand 10 (100 mg, 0.127 mmol) was dissolved in 1.2 mL



deuterobenzene. The ZrBn 4 solution was added dropwise to the ligand solution, while

stirring. The reaction was stirred in a closed vessel overnight and an NMR was taken in situ,

confirming formation of the product. The zirconium complex was precipitated from hexanes,

the solvent decanted and the pure complex dried under high vacuum. Detailed structural

analysis was performed by NMR, confirming that the expected C3-symmetric mer isomer was

formed.

[00110] 1H NMR (500 MHz, C6D6) δ = 0.79 (s, 2 H, CH2-Phl), 1.16 (p, = 5.99 Hz, H,

CH2CH CH2), 1.31 (s, 2 H CH2-Ph3), 2.12 (s, 6 Η , 2 x Ar ), 2.20 (s, 1 Η , Ar ), 3.10 (t,

= 6.08 Hz, 2 H, CH2CH2CH2OPh-2), 3.57 (t, = 6.08 Hz, 2 H, CH2CH2CH2OPh-2), 4.78

(dd, = 7.8 Hz, 4J = 0.8 Hz, 2 H, ortho-Phi), 6.19 (t, = 7.8 Hz, 2 H, meta-Phl), 6.47 (dd,

= 7.8 Hz, =1.26 Hz, 2 H, ortho-Ph3), 6.47 (tt, = 7.8 Hz, 4J = 0.8 Hz,l H, para-Phi),

6.63 (dd, = 8.0, J = 1.06 Hz, 2 H, ortho-Ph2), 6.62-6.66 (m, overlaid, 1 H, para-Ph3),

6.69 (t, = 7.8 Hz, 2 H, meta-Ph3), 6.84 (tt, = 8.0 Hz, 1.06 Hz, 1 H, para-Ph2), 6.93-6.94

(overlaid s, 2 H, 2 x CHAT), 7.09 (overlaid s, 2 H, 2 x CHA (middle ring)), 7.12 (t, =8.0 Hz,

1 H, meta-Phl), 7.14 (overlaid s, 2 H, 2 x CHA ), 7.12-7.15 (t, hidden, visible by 1D-TOCSY,

2 H, 2 x C3-H Cbz) 7.20 (m, 2 H, 2 x C6-Hcbz), 7.22 (dt, = 8.05, J = 0.75, 2 H, 2 x Cl-

Hcbz), 7.27-7.32 (m, 6 H, 2 x C2-H Cbz, 2 x C7-H Cbz, 2 x C8-H Cbz), 7.99 (dd, = 7.77 Hz,

4 =0.8 Hz, 2 H, 2 x C4-H Cbz), 8.03 (dd, = 7.72 Hz, 4 =0.83 Hz, 2 H, 2 x C5-H Cbz) ppm;

1 C NMR (126 MHz, CDC13) : δ = 20.5, 21.26, 29.16, 59.46, 59.64, 63.34, 75.45, 109.67,

111.64, 114.77, 119.88, 119.97, 120.54, 120.97, 121.15, 121.67, 123.43, 123.9, 125.79,

125.9, 126.31, 127.93, 128.3, 128.92, 129.25, 129.4, 129.66, 130.26, 130.8, 130.92, 131.01,

132.99, 135.2, 138.07, 139.16, 139.59, 141.78, 142.09, 155.22, 158.96 ppm.



[00111] Example 11

-Zr)

mer

[00113] In a drybox, ZrBn4 (63.0 mg, 0.138 mmol, 1.00 eq) was dissolved in 600 µ ΐ

deuterobenzene. Pendant arm ligand 5 (100 mg, 0.138 mmol) was dissolved in 1.2 mL

deuterobenzene. The ZrBn4 solution was added dropwise to the ligand solution, while

stirring. The reaction was stirred in a closed vessel overnight and an NMR was taken in situ,

confirming formation of the product. The zirconium complex was precipitated from hexanes,

the solvent decanted and the pure complex dried under high vacuum. Detailed structural

analysis was performed by NMR, confirming that the expected symmetric mer isomer was

formed.

[00114] 1H NMR (500 MHz, C6D6) δ = 0.56 (t, = 6.97 Hz, OCH2 ), 0.76 (s, 2 H, CH2-

Ph-1), 1.58 (s, 2 Η , CH2-Ph-2), 2.15 (s, 6 Η , 2 x Me), 2.20 (s, 3 Η , 2 x Me), 2.58-2.53 (m

(possibly overlaid dd, = 3.26, 5.98 (t, = 4.6), 2 Η , CH2CH2OCH2), 2.62 (q, = 6.97

Hz, 2 H, OCH2Me), 3.30-3.25 (m, (possibly overlaid dd, = 3.26,5.98 and t, = 4.6), 2 Η ,

CH2CH2OCH2), 5.02 (dd, = 7.9, J = 1.1 Hz, 2 H, ortho-Ph-l), 6.36 (t, = 7.9 Hz, 2 H,

meto-Ph-1), 6.45 (d, = 7.3 Hz, 2 H, ortho-Ph-2), 6.47 (tt, = 7.9 Hz, = 1.1 Hz,l H,

para-Ph-l), 6.65 (tt , = 7.3 Hz, 4J = 1.6 Hz, 1 H, para-Ph-2), 6.71 (t, = 7.3 Hz, meta-

Ph-2), 6.96 (d, 4J = 0.56 Hz, 2 H, 2 x CHAr), 7.13 (d, J = 0.56 Hz, 2 H, 2 x CHA (center

ring)), 7.14-7.18 (m, 4 Η , 2 x C3H cbz, 2 x CHAr), 7.22 (ddd, = 7.8, = 4.64, 4 =3.47 Hz, 2

H, 2 x C6Hcbz), 7.26-7.35 (m, 8 Η , 2 x C2H b , 2 x C lHcbz, 2 x C7H b , 2 x C8Hcbz), 8.00 (d,

= 7.8 Hz, 2 H, 2 x C4H ), 8.05 (d, = 7.8, 2 Η , 2 x C5Hcb ) ppm; 1 C NMR (126 MHz,

CDC13) : δ = 14.43, 20.46, 21.28, 60.92, 61.45, 66.39, 68.69, 76.25, 109.65, 111.9, 119.86,



119.92, 120.54, 120.99, 121.86, 122.26, 123.38, 124.06, 125.61, 125.89, 126.44, 127.93,

128.31, 128.51, 128.81, 129.5, 129.83, 130.35, 130.65, 131.17, 132.79, 135.08, 139.06,

140.23, 141.29, 141.86, 142.09, 142.85, 155.19 ppm.

[00115] High Temperature Gel Permeation Chromatography (HT GPC):

[00116] A high temperature Gel Permeation Chromatography system (GPC IR) consisting

of an Infra-red concentration detector (IR-5) from PolymerChar Inc (Valencia, Spain) was

used for Molecular Weight (MW) and Molecular Weight Distribution (MWD) determination.

The carrier solvent was 1,2,4-trichlorobenzene (TCB). The auto-sampler compartment was

operated at 160 °C, and the column compartment was operated at 150 °C. The columns used

were four Polymer Laboratories Mixed A LS, 20 micron columns. The chromatographic

solvent (TCB) and the sample preparation solvent were from the same solvent source with

250 ppm of butylated hydroxytoluene (BHT) and nitrogen sparged. The samples were

prepared at a concentration of 2 mg/mL in TCB. Polyethylene samples were gently shaken at

160 °C for 2 hours. The injection volume was 200 µΐ , and the flow rate was 1.0 ml/minute.

[00117] Calibration of the GPC column set was performed with 2 1 narrow molecular

weight distribution polystyrene standards. The molecular weights of the standards ranged

from 580 to 8,400,000 g/mol, and were arranged in 6 "cocktail" mixtures, with at least a

decade of separation between individual molecular weights.

[00118] The polystyrene standard peak molecular weights were converted to polyethylene

molecular weights using the following equation (as described in Williams and Ward, J .

Polym. Sci., Polym. Let., 6, 621 (1968)):

[00120] Here B has a value of 1.0, and the experimentally determined value of A is around

0.42.



[00121] A third order polynomial was used to fit the respective polyethylene-equivalent

calibration points obtained from equation (1) to their observed elution volumes of polystyrene

standards.

[00122] Number, weight, and z-average molecular weights were calculated according to the

following equations:

[00123] Where, Wfi is the weight fraction of the z'-th component and , is the molecular

weight of the z'-th component.

[00124] The MWD was expressed as the ratio of the weight average molecular weight (Mw) to the

number average molecular weight (Mn).

[00125] The accurate A value was determined by adjusting A value in equation (1) until

Mw calculated using equation (3) and the corresponding retention volume polynomial, agreed

with the known Mw value of 120,000 g/mol of a standard linear polyethylene homopolymer

reference.

[00126] GPC Deconvolution:

[00127] The GPC data was deconvoluted to give the most probable fit for two molecular

weight components. There are a number of deconvolution algorithms available both

commercially and in the literature. These may lead to different answers depending upon the

assumptions used. The algorithm summarized here is optimized for the deconvolution



problem of the two most probable molecular weight distributions (plus an adjustable error

term). In order to allow for the variations in the underlying distributions due to the macromer

incorporation and small fluctuations in the reactor conditions (i.e. temperature, concentration)

the basis functions were modified to incorporate a normal distribution term. This term allows

the basis function for each component to be "smeared" to varying degrees along the

molecular weight axis. The advantage is that in the limit (low LCB, perfect concentration

and temperature control) the basis function will become a simple, most probable, Flory

distribution.

[00128] Three components (j=l,2,3) are derived with the third component j=3) being an

adjustable error term. The GPC data must be normalized and properly transformed into

weight fraction versus Logio molecular weight vectors. In other words, each potential curve

for deconvolution should consist of a height vector, hi, where the heights are reported at

known intervals of Logio molecular weight, the hi have been properly transformed from the

elution volume domain to the Logio molecular weight domain, and the hi are normalized.

Additionally, these data should be made available for the Microsoft EXCEL™ application.

[00129] Several assumptions are made in the deconvolution. Each component, j , consists

of a most probable, Flory, distribution which has been convoluted with a normal or Gaussian

spreading function using a parameter, j . The resulting, three basic functions are used in a

Chi-square, X , minimization routine to locate the parameters that best fit the n points in hi ,

the GPC data vector.

X β σ , νν ) =

- 10

3
10



[00130] The variable, CumNDj k, is calculated using the EXCEL™ function "NORMDIST(

x, mean, standard_dev, cumulative)" with the parameters set as follows:

mean =

standard dev = j

cumulative = TRUE

[00131] Table 1 below summarizes these variables and their definitions. The use of the

EXCEL™ software application, Solver, is adequate for this task. Constraints are added to

Solver to insure proper minimization.

Table 1: Variable Definitions

Variable Definition

Name

Reciprocal of the number average molecular weight of most probable ( Flory )

distribution for component j , normal distribution slice k

<¾
Sigma (square root of variance) for normal (Gaussian) spreading function for

component j .

w j Weight fraction of component j

K Normalization term (1.0 / Loge 10 )

Mi Molecular weight at elution volume slice i

Height of log io (molecular weight) plot at slice i

n Number of slices in Log molecular weight plot

i Log molecular weight slice index ( 1 to n)

j Component index ( 1 to 3)

1. k Normal distribution slice index



Alog 1 M Average difference between logioMi and logioMi_i in height vs. logioM plot

[00132] The 8 parameters that are derived from the Chi-square minimization are µι, µ2, µ3,

σι, σ2, σ3, wi, and w2. The term w3 is subsequently derived from wi and w2 since the sum of

the 3 components must equal 1. Table 2 is a summary of the Solver constraints used in the

EXCEL program.

Table 2 : Constraint summary

[00133] Additional constraints that are to be understood include the limitation that only >

0 are allowed, although if Solver is properly initialized, this constraint need not be entered, as

the Solver routine will not move any of the to values less than about 0.005. Also, the wj

are all understood to be positive. This constraint can be handled outside of Solver. If the Wj

are understood to arise from the selection of two points along the interval 0.0 < Pi < P2 <1.0;

whereby wi =Pi, w2 =P2- P i and w3 = 1.0 - P2; then constraining Pi and P2 are equivalent to

the constraints required above for the wj .

[00134] Table 3 is a summary of the Solver settings under the Options

Table 3 : Solver settings

Label Value or selection

Max Time (seconds) 1000



Iterations 100

Precision 0.000001

Tolerance (%) 5

Convergence 0.001

Estimates Tangent

Derivatives Forward

Search Newton

ALL OTHER SELECTIONS Not selected

[00135] A first guess for the values of µ
1

µ2, wi, and w2 can be obtained by assuming two

ideal Flory components that give the observed weight average, number average, and z-

average molecular weights for the observed GPC distribution.

W + w = 1

[00136] The values of µ
1

µ2, wi, and w2 are then calculated. These should be adjusted

carefully to allow for a small error term, w3, and to meet the constraints in Table 2 before

entering into Solver for the minimization step. Starting values for j are all set to 0.05.

[00137] Some of the embodiments of general metal complex 1 are used as catalysts in

ethylene-octene copolymerization reactions. Table 4 lists the results of uptakes and yields for



four different catalysts: Comparative Catalyst 1 (CC 1), hafnium tetrabenzyl (Hf(Benz)4,

LlO-Hf, and Comparative Catalyst 2 (CC 2). The LlO-Hf has the general metal complex 1

structure. The other listed catalysts are known, and Hf(Benz)4 is the metal precursor for LlO-

Hf catalyst.

Comparative Catalyst 1 Comparative Catalyst 2

[00138] Catalyst LlO-Hf was tested to determine its abilities in comparison with controls -

known catalysts. The polymerization reaction was conducted at 120 °C, with an ethylene

pressure of 200 psig, and 1-octene was loaded at 300 µ . The metal catalyst, activator, and

scavenger were added in 1 to 2.4 to 20 ratio, wherein the activator is RIBS-2

(tetrakis(pentafluorophenyl)borate(l-) amine), and the scavenger is MMAO (modified

methylalumoxane). Hf(Benz)4 was the metal precursor and did not perform well, yielding

overall poor results. CC 1 is a pyridyl amide catalyst and a standard comparative catalyst. In



comparison, LlO-Hf has a similar uptake and having comparative molecular weights (Mw)

and molecular distribution (PDI).

Table 4

[00139] While the catalyst does not have to activity of the CC 1, the present pyridyl amide

is valuable in that synthesis is simpler at the industrial level. Thus, suitable industrial scale

catalysts, like the present terphenyl catalysts, have significant value, especially for products

like adhesives. Batch reactions of ethylene-octene copolymerization studies were performed

with different catalysts; where imino-enanido Comparative Catalyst 3 (CC 3) was the known

control, and L5-Hf and L5-Zr were the tested catalysts. The results are shown in Table 5 and

Table 6 . The batch reactions listed in Tables 5 and 6 were performed under the same

conditions with varying catalysts and catalyst amounts. The polymerization reactions were

stirred for 10 minutes with 250 gram of 1-octene, at 120 °C, with 1.2 eq of RIBS-2, and 10 eq

of MMAO, the scavenger.

L5-Hf Comparative Catalyst 3



[00140] The results shown in FIG. 4 were evidence that LlO-Hf has bimodal properties and

the large molecular weight distribution, which is critical for good adhesive qualities. Both

the zirconium and the hafnium L10 catalyst (LlO-Hf and LlO-Zr) were able to incorporate a

higher mole percent of octene than the comparison, CC 3, though the molecular weight was

lower. Overall, the L10 catalyst yielded polymers with good adhesive properties, with a large

PDI, and good yields.

Table 5

[00141] As the results show in Table 6, LlO-Zr and L5-Zr incorporate more 1-octene than

the other known catalysts, even though a higher amount of catalyst was used to achieve the

greater octene incorporation.

Table 6

[00142] It should be apparent to those skilled in the art that various modifications and

variations can be made to the described embodiments without departing from the spirit and

scope of the claimed subject matter. Thus it is intended that the specification cover the



modifications and variations of the various described embodiments provided such

modification and variations come within the scope of the appended claims and their

equivalents.

[00143] Unless otherwise defined, all technical and scientific terms used in this disclosure

have the same meaning as commonly understood by one of ordinary skill in the art. The

terminology used in the description is for describing particular embodiments only and is not

intended to be limiting. As used in the specification and appended claims, the singular forms

"a," "an," and "the" are intended to include the plural forms as well, unless the context

clearly indicates otherwise.

[00144] As used in this disclosure, "approximately" means near or approaching a certain

state, such as degrees, reaction conditions or molecular weights. Additionally, the disclosure

of any ranges in the specification and claims are to be understood as including the range itself

and also anything subsumed within the range, as well as endpoints. Unless otherwise

indicated, the numerical properties set forth in the specification and claims are

approximations that may vary depending on the desired properties sought to be obtained in

embodiments of the present disclosure. Notwithstanding that numerical ranges and

parameters setting forth the broad scope of the disclosure are approximations, the numerical

values set forth in the specific examples are reported as precisely as possible. Any numerical

values, however, inherently contain certain errors necessarily resulting from error found in

their respective measurements.



CLAIMS

1. A metal complex comprising the following structure:

wherein

at least two of the following bonds X-M, X'-M, X"-M, and X"'-M are covalent and at

least one is dative; the M -X' bond is covalent, dative bond or does not exist;

Ar1, Ar , and Ar3 include the same or different aryl or heteroaryl moieties;

B is an aliphatic moiety or heteroaliphatic moiety linking X and X', wherein B has

from one to 50 atoms, not counting H ;

X is oxygen, sulfur, substituted nitrogen, substituted phosphorus, or substituted

carbon;

X' is oxygen, sulfur, substituted nitrogen, substituted phosphorus, or an unsaturated

carbon group;

X" and X'" include the same or different moieties selected from oxygen, sulfur,

substituted nitrogen, or substituted phosphorus,

R 1 is either: 1) an aliphatic moiety, a heteroaliphatic moiety, an aromatic moiety, or a

heteroaromatic moiety; or 2) part of an aliphatic carbocycle, an aromatic carbocycle, a

heterocyclic moiety, or a heteroaromatic moiety; and

M is one or more metals selected from Groups 3-10, actinides, and lanthanide

elements.

2 . The metal complex of claim 1, wherein Ar1 and Ar3 are substituted with 1-4

hydrogens, 1-4 aromatic moieties, 1-4 aliphatic moieties, 1-4 substituted heteroatoms, or 1-4

halide moieties, and Ar is substituted with 1-3 hydrogens, 1-3 aromatic moieties, 1-3

aliphatic moieties, 1-3 substituted heteroatoms, or 1-3 halide moieties



3 . The metal complex of claims 1 or 2, wherein Z includes 1-4 independent moieties

that are either identical or different from one another, and wherein the Z moieties form

covalent bonds, dative bonds, ionic bonds, or combinations thereof with M.

4 . The metal complex of any preceding claim, wherein the metal complex has the

following structure:

wherein

R2-R12 include the same or different moieties selected from aromatic moieties,

aliphatic moieties, heteroaromatic moieties, heteroaliphatic moieties, heteroatoms, substituted

heteroatoms, or halide moieties; and

B has one to 15 atoms on shortest linkage path between X and X', not counting H or

side groups.

5 . The metal complex of any preceding claim, wherein the metal complex has the

following structure:

wherein

R2-R12 include the same or different moieties selected from aromatic moieties,

aliphatic moieties, heteroaromatic moieties, heteroaliphatic moieties, heteroatoms, substituted

heteroatoms, or halide moieties; and



B has one to 13 atoms on shortest linkage path between X and X', not counting H or

side groups.

6 . The metal complex of any of claims 1 to 3, wherein the metal complex has the

followin structure:

the two O-M bonds are covalent;

the O'-M bond is dative;

the X'-M bond is dative or does not exist;

R2-R12 include the same or different moieties selected from aromatic moieties,

aliphatic moieties, heteroaromatic moieties, heteroaliphatic moieties, heteroatoms, substituted

heteroatoms, or halide moieties;

B has one to 10 atoms on shortest linkage path between X and X', not counting H or

side groups; and

Z comprises 1-2 independent moieties that are either identical or different from one

another, and wherein the Z moieties forms covalent bonds, dative bonds, ionic bonds, or

combinations thereof with M.

7 . The metal complex of any preceding claim, wherein X' is part of an aliphatic

carbocycle, an aromatic carbocycle, a heterocyclic moiety, or a heteroaromatic moiety.

8. The metal complex of any preceding claim, wherein B is part of an aliphatic

carbocycle, an aromatic carbocycle, or a heterocycle that connects onto R1.

9 . The metal complex of any preceding claim, wherein M is a Group 4 element.

10. The metal complex of any preceding claim, wherein M comprises Zr or Hf.



11. The metal complex of any preceding claim, wherein the metal complex is a

C-symmetrical meridional (mer) isomer.

12. A terphenyl ligand comprising the following structure

wherein

Ar1, Ar , and Ar3 include the same or different aryl or heteroaryl moieties;

B is an aliphatic moiety or heteroaliphatic moiety linking X and X', wherein B has

from one to 50 atoms, not counting H;

X is oxygen, sulfur, substituted nitrogen, substituted phosphorus, or substituted

carbon;

X' is oxygen, sulfur, substituted nitrogen, substituted phosphorus, or a substituted

carbon group;

X" and X'" include the same or different moieties selected from oxygen, sulfur,

substituted nitrogen, or substituted phosphorus; and

R1 is either: 1) an aliphatic moiety, a heteroaliphatic moiety, an aromatic moiety, or

heteroaromatic moiety; or 2) part of an aliphatic carbocycle, an aromatic carbocycle, a

heterocyclic moiety, or a heteroaromatic moiety.

13. The terphenyl ligand of claim 12 wherein Ar1 and Ar3 are substituted with 1-4

hydrogens, 1-4 aromatic moieties, 1-4 aliphatic moieties, 1-4 substituted heteroatoms, or 1-

halide moieties, and Ar is substituted with 1-3 hydrogens, 1-3 aromatic moieties, 1-3

aliphatic moieties, 1-3 substituted heteroatoms, or 1-3 halide moieties.



14. The terphenyl ligand of claims 12 or 13, wherein the terphenyl ligand has the

following structure:

wherein

R2-R12 include the same or different moieties selected from aromatic moieties,

aliphatic moieties, heteroaromatic moieties, heteroaliphatic moieties, heteroatoms, substituted

heteroatoms, or halide moieties; and

B has one to 15 atoms on shortest linkage path between X and X', not counting H or

side groups.

15. The terphenyl ligand of claims 12 or 13, wherein the terphenyl ligand has the

following structure:

wherein

R2-R12 include the same or different moieties selected from aromatic moieties,

aliphatic moieties, heteroaromatic moieties, heteroaliphatic moieties, heteroatoms, substituted

heteroatoms, or halide moieties; and

B has one to 10 atoms on shortest linkage path between X and X', not counting H or

side groups.



16. The terphenyl ligand of any of claims 12 through 15, wherein X' is part of an aliphatic

carbocycle, an aromatic carbocycle, a heterocyclic moiety, or a heteroaromatic moiety, and

wherein B is part of an aliphatic carbocycle, an aromatic carbocycle, or a heterocycle that

connects onto R1.
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