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M, M' = metal; complex can be neutral or charged
L., L, = neutral or anionic ligand set

X = neutral or anionic donor

R = anionic donor
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MULTI-METALLIC ORGANOMETALLIC
COMPLEXES, AND RELATED POLYMERS,
COMPOSITIONS, METHODS AND SYSTEMS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to U.S. Pro-
visional Application No. 61/534,187, entitled “Bimetallic
olefin polymerization catalysts with rigid triaryl linkers” filed
on Sep. 13, 2011 with docket number CIT-5695, and to U.S.
Provisional Application No. 61/550,878, entitled “Bimetallic
olefin polymerization catalysts with rigid triaryl linkers” filed
on Oct. 24, 2011 with docket number CIT-5605-P2, each of
which is incorporated herein by reference in its entirety.

FIELD

[0002] The present disclosure relates to multi-metallic
organometallic complexes, and related polymers, composi-
tions, methods, and systems. In particular, the present disclo-
sure relates to multi-metallic organometallic complexes suit-
able as catalysts for olefin based reactions.

BACKGROUND

[0003] Olefin based reactions are widespread in a variety of
research and industrial applications, such as fuels, material
science, petrochemicals, and pharmaceuticals wherein per-
formance of efficient olefin based reaction is desired. As a
consequence development of metal based catalysts possibly
designed for increasing efficiency in rate, yield or other reac-
tion conditions and parameters has been pursued according to
various approach.

[0004] In particular, development of efficient catalysts has
been a challenge in reactions involving olefin polymerization,
in particular when aimed at production of functionalized
polyolefins.

[0005] Functionalized polyolefins have a number of desir-
able physical properties including greater adhesion to sub-
strates and greater compatibility with other materials for use
in polymer blends and composites and additional properties
identifiable by a skilled person.

[0006] Despite production of several organometallic cata-
lysts, development of functionalized polyolefin has been a
challenge in particular when directed at production of func-
tionalized polyolefin with a broad scope, efficient rate and
control over various properties of the polyolefins produced.

SUMMARY

[0007] Described herein are multi-metallic organometallic
complexes that in some embodiments can be used in olefin
based reactions, and related compositions, polymers, meth-
ods and systems. In particular, in some embodiments, the
multi-metallic organometallic complexes herein described
allow oligomerization of olefin monomers, and/or polymer-
ization of olefin monomers to provide polyolefin polymers.

[0008] According to a first aspect, an multi-metallic orga-
nometallic complex is described, the multi-metallic organo-
metallic complex comprising a rigid base linker comprising a
central ring attaching two or more exterior rings, each of the
two or more exterior rings attaching one metal-presenting
arm, thus defining two or more metal-presenting arms in syn
position with respect to the rigid base linker, wherein each
metal-presenting arm of said two or more metal-presenting
arms comprises one or more ancillary ligands presenting said
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metal, said metal is bound to one or more auxiliary ligands
through respective one or more auxiliary ligand metal bonds,
each said one or more auxiliary ligand metal bonds is adapted
to be represented through corresponding one or more auxil-
iary ligand metal bond three-dimensional vectors originating
at said metal, metals pertaining to different metal-presenting
arms are located at a metal-to-metal distance defining an
imaginary sphere having said metal-to-metal distance as a
diameter, and for each of said metals located at the metal-to-
metal distance, a resulting vector corresponding to a sum of
said one or more auxiliary ligand metal bond three-dimen-
sional vectors is located inside said imaginary sphere. In
some embodiments, the exterior rings are each connected to
the central ring through a single bond. In other embodiments
the central and exterior rings comprise aromatic, heteroaro-
matic, aliphatic, or hetero aliphatic rings.

[0009] According to a second aspect, a method and system
for preparing polyolefins are described. The method com-
prises contacting an olefin monomer with the multi-metallic
organometallic complexes herein described. The system
comprises at least two of: a multi-metallic organometallic
complex and an olefin monomer herein described which in
some embodiments are comprised in the system for simulta-
neous combined or sequential use in a method to produce
polyolefin herein described.

[0010] According to a third aspect, a catalytic system for
olefin polymerization is described, the system comprising
one or more of the multi-metallic organometallic complexes
herein described and an olefin monomer. In some embodi-
ments, the system further comprises a suitable activator.
[0011] According to a fourth aspect, a method and system
for preparing a multi-metallic organometallic complex are
described. The method comprises selecting a central ring;
selecting two or more exterior rings, the exterior rings; con-
tacting the central ring with the two or more exterior rings to
provide a rigid linker; selecting one or more ancillary ligands,
one or more metals, and one or more auxiliary ligands; con-
tacting the rigid linker with the one or more ancillary ligands
to provide a multi-metallic organometallic complex precur-
sor such as a multidentate organometallic compound; con-
tacting the multi-metallic organometallic complex precursor
with the one or more metals and auxiliary metals to provide
the organometallic complex. The system can comprise at least
two of: one more organometallic complex precursor, one or
more metals and one or more ancillary ligands, which in some
embodiments are comprised in the system for simultaneous
combined or sequential use in a method to produce an orga-
nometallic complex herein described.

[0012] Multi-metallic organometallic complexes and
related polymers, compositions, methods and systems herein
described in several embodiments allow polymerization of
olefin monomers in the presence of polar impurities and/or
polar additives.

[0013] Multi-metallic organometallic complexes and
related polymers, compositions, methods and systems herein
described in several embodiments allow polymerization of
functionalized olefin monomers to produce functionalized
polyolefins.

[0014] Multi-metallic organometallic complexes and
related polymers, compositions, methods and systems herein
described in several embodiments allow control over the tac-
ticity of the polymer, polymer branching, insertion rate of
co-monomers, and/or molecular weight of the resultant poly-
mers.
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[0015] Multi-metallic organometallic complexes and
related polymers methods and systems herein described can
be used in connection with applications wherein olefin based
reactions, and in particular olefin oligomerization and/or ole-
fin polymerization in particular polymerization in the pres-
ence of polar additives or copolymerization of functionalized
and non-functionalized monomers is desired. The polymer-
ization of non-olefinic monomers is proposed as well. Exem-
plary applications comprise 1-olefins and in particular 1-ole-
fins with pendant polar groups such as amines, ethers, and
carboxylates.

[0016] The details of one or more embodiments of the
disclosure are set forth in the accompanying drawings and the
description below. Other features and objects will be apparent
from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0017] The accompanying drawings, which are incorpo-
rated into and constitute a part of this specification, illustrate
one or more embodiments of the present disclosure and,
together with the description of example embodiments, serve
to explain the principles and implementations of the disclo-
sure.

[0018] FIG. 1 shows a three-dimensional schematic depic-
tion of a sphere with a diameter defined by metals (grey
sphere), and vector sums (solid arrows) of vectors (dotted
arrows) defined by auxiliary ligands (L, '-L_,.*) of multi-
metallic organometallic complexes herein described.

[0019] FIG. 2 shows a two-dimensional schematic repre-
sentation of a multi-metallic organometallic complex as
herein described showing the spheres (s, , s, 5, and s, ;) with
diameters (d, », d, 5, and d, ;) defined by the metals, and the
vector sums (Vy', V52, and V*) of the vectors defined by the
auxiliary ligands.

[0020] FIG. 3 shows a three-dimensional schematic depic-
tion of an exemplary embodiment of a multi-metallic orga-
nometallic complex herein described showing the sphere with
diameter defined by the metals (grey sphere), and the vector
sums (solid arrows) of the vectors (dotted arrows) defined by
the auxiliary ligands (X and L).

[0021] FIG. 4 shows a schematic depiction of the general
structure of the multi-metallic polymerization catalysts
described herein.

[0022] FIG. 5 shows a schematic illustration of an exem-
plary reaction scheme for the preparation of atropisomers of
a p-terphenyl bisphenoxyimine ligands according to an
embodiment herein described and a variant with pendant
donors according to an embodiment herein described, and in
particular the synthesis of p-terphenyl bisphenoxyimine
ligands L'-s and L'-a and variants with pendant donors L>-s
and [.*-a.

[0023] FIG. 6 shows a schematic illustration of an exem-
plary reaction scheme for the preparation of atropisomers of
an m-terphenyl bisphenoxyimine ligand according to an
embodiment herein described, and in particular the synthesis
of m-terphenyl bisphenoxyimine ligands L>-s and L>-a.
[0024] FIG.7 shows schematic illustration of an exemplary
reaction scheme for the preparation of atropisomers of a
p-terphenyl bisphenoxy-cyclopentadiene ligand according to
an embodiment herein described, and in particular p-terphe-
nyl bisphenoxy-cyclopentadiene ligand .*-s.

[0025] FIG. 8 shows a schematic illustration of an exem-
plary reaction scheme for the preparation of atropisomers of
an m-terphenyl bisphenoxy-cyclopentadiene ligand accord-
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ing to an embodiment herein described, and in particular
m-terphenyl bisphenoxy-cyclopentadiene ligands I.>-s.
[0026] FIG. 9 shows a schematic illustration of an exem-
plary reaction scheme for the preparation of atropisomers of
p-terphenyl bis-salan ligands according to embodiments
herein described. Panel A shows an exemplary reaction
scheme for the preparation of compound 17, an intermediate
compound used in the synthesis of the p-terphenyl bis-salan
ligands. Panel B shows an exemplary reaction scheme for the
preparation of atropisomers of p-terphenyl bis-salan ligands
LS-s and L%-a. Panel C shows an exemplary reaction scheme
for the preparation of p-terphenyl bis-salan ligands L”-s and
L’-a.

[0027] FIG. 10 shows the structures of multi-metallic poly-
merization catalysts according to embodiments herein
described, and in particular multi-metallic polymerization
catalysts with group 10 metals. Panel A shows the structure of
the syn atropisomer of bimetallic polymerization catalyst
Ni'-s-pyridine. Panel B shows the structure of the syn atro-
pisomer of bimetallic polymerization catalyst Ni‘-s-PMe;.
Panel C shows the structure of the syn atropisomer of bime-
tallic polymerization catalyst Ni*-s-PMe,.

[0028] FIG. 11 shows the structures of multi-metallic poly-
merization precatalysts according to embodiments herein
described, and in particular multi-metallic organometallic
complexes with group 4 metals. Panel A shows the structure
of'the syn atropisomer of multi-metallic organometallic com-
plexes Ti'-s-OPr. Panel B shows the structure of the syn
atropisomer of multi-metallic organometallic complexes Ti'-
s-Bn. Panel C shows the structure of the syn atropisomer of
multi-metallic organometallic complexes Zr'-s-Bn. Panel D
shows the structure of the syn atropisomer of multi-metallic
organometallic complexes Ti*-s-Cl. Panel E shows the struc-
ture of the syn atropisomer of multi-metallic organometallic
complexes Ti*-s-Cl (X=Cl) and Ti*-s-Me (X=Me). Panel F
shows the structure of the syn atropisomer of multi-metallic
organometallic complexes Zr’-s-Bn.

[0029] FIG. 12 shows solid-state structures of multi-metal-
lic polymerization catalysts according to an embodiment
herein described, and in particular the solid-state structure of
Ni'-a-pyridine.

[0030] FIG. 13 shows solid-state structures of multi-metal-
lic polymerization catalysts according to an embodiment
herein described, and in particular the solid-state structure of
Ni'-s-pyridine.

[0031] FIG. 14 shows solid-state structures of multi-metal-
lic polymerization catalysts according to embodiments herein
described. Panel A shows the solid-state structure of Ti'-a-
O'Pr. Panel B shows the solid-state structure of Ti'-s-O'Pr.

[0032] FIG. 15 shows a solid-state structure of a multi-
metallic polymerization catalyst according to an embodiment
herein described, and in particular the solid-state structure of
the syn atropisomer of multi-metallic polymerization catalyst
Ti*-s-Cl with a bridging oxo ligand.

[0033] FIG. 16 shows monomers for use in polymerization
reactions with multi-metallic polymerization catalysts
according to embodiments herein described. Panel A shows a
general structure of polar olefin monomers according to
embodiments herein described. Panel B shows exemplary
embodiments of polar olefin monomers. Panel C shows an
exemplary embodiment of a metal-binding olefin monomer.
Panel D shows exemplary embodiments of chiral olefin
monomers.
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[0034] FIG. 17 shows a schematic illustration of possible
effects occurring in the multi-metallic polymerization cata-
lysts according to embodiments herein described when in the
presence of amines.

[0035] FIG. 18 shows a schematic illustration of possible
modes of metal-metal cooperativity for the incorporation of
polar monomers occurring in the multi-metallic polymeriza-
tion catalysts according to embodiments herein described.
[0036] FIG. 19 shows a schematic illustration of possible
bimetallic activation in ring-opening polymerization of
epoxides occurring in the multi-metallic polymerization cata-
lysts according to embodiments herein described [Ref 1].
[0037] FIG. 20 shows a schematic illustration of an exem-
plary reaction scheme for the preparation of atropisomers of
a p-terphenyl bisphenoxyimine ligands according to an
embodiment herein described.

[0038] FIG. 21 shows a schematic illustration of an exem-
plary reaction scheme for the preparation of mononucleating
biphenyl-based salicylaldimine ligands for comparison to the
multinucleating ligands according to embodiments herein
described.

[0039] FIG. 22 shows a schematic illustration of an exem-
plary reaction scheme for the preparation of mononucleating
terphenyl-based salicylaldimine ligands for comparison to
the multinucleating ligands according to embodiments herein
described.

[0040] FIG. 23 shows a schematic illustration of an exem-
plary reaction scheme for the preparation of mononucleating
terphenyl-based salicylaldimine ligands without methoxy
substitution for comparison to the multinucleating ligands
according to embodiments herein described.

[0041] FIG. 24 shows an Eyring plot for the isomerization
of atropisomers of multinucleating ligands according to
embodiments herein described. In particular, the Eyring plot
for the isomerization of 7-a to 7-s is shown.

[0042] FIG. 25 shows a schematic illustration of reaction
schemes for the preparation of multi-metallic polymerization
catalysts according to embodiments herein described and of
monometallic nickel complexes for comparison to the multi-
metallic polymerization catalysts herein described.

[0043] FIG. 26 shows a schematic illustration of possible
insertion and chain walking processes during polymerization
using the multi-metallic polymerization catalysts according
to embodiments herein described.

[0044] FIG. 27 shows a schematic illustration of branching
observed with copolymerization of ethylene and alpha-ole-
fins using the organometallic polymerization catalysts.
[0045] FIG. 28 shows the structures of multi-metallic poly-
merization catalysts according to embodiments herein
described and mononucleating terphenyl-based salicylaldi-
mine ligands for comparison to the multinucleating ligands
according to embodiments herein described.

[0046] FIG. 29 shows a schematic illustration of possible
competition between ethylene and amine for binding to the
multi-metallic polymerization catalysts according to embodi-
ments herein described.

[0047] FIG. 30 shows a schematic illustrating a configura-
tion of a multi-metallic organometallic complex according to
some embodiments. In particular FIG. 30 shows two exterior
rings (200), each comprising an ancillary ligand (L) attaching
a metal (M), attached to a central ring (201) and having
restricted rotation about the central ring (201) to provide a
multi-metallic organometallic complex having the metalsin a
syn orientation.
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[0048] FIG. 31 shows a schematic showing how a metal-
to-metal distance can be selected based on the size of a small-
est non-hydrogen substituent of a metal-binding heteroatom.
In particular, FIG. 31 shows that the size of the metal-to-metal
distance can be selected to be slightly less than 2x the length
of the smallest non-hydrogen substituent on the metal-bind-
ing heteroatom comprised in functionalized olefin according
to some embodiments.

[0049] FIG. 32 shows a schematic illustrating calculated
distance based on bond lengths and bond angles according
some embodiments.

[0050] FIG. 33 shows the structure of an exemplary mono-
metallic organometallic complex which can be modified to
provide a multi-metallic organometallic complex according
to some embodiments herein described.

[0051] FIG. 34 shows a schematic of multi-metallic orga-
nometallic complex according to embodiments herein
described. In particular, FIG. 34 shows a modified version of
the mono-metallic organometallic complex shown in FIG. 33,
modified by linking two individual multi-metallic organome-
tallic complexes by a central ring, thus providing a modified
multi-metallic complex.

[0052] FIG. 35 shows a schematic of the multi-metallic
organometallic complex according as shown in FIG. 34
wherein the central ring of the rigid base linker is a permethy-
lated benzene ring.

[0053] FIG. 36 shows a schematic of the multi-metallic
organometallic complex according as shown in FIG. 34
wherein the central ring of the rigid base linker is a substituted
phenanthracene ring. Here, the metal-to-metal distance is
larger than the metal-to-metal distance of the multi-metallic
organometallic complex shown in FIG. 35.

[0054] FIG. 37 shows a schematic illustrating auxiliary
ligand metal bond three-dimensional vectors of a monome-
tallic organometallic complex and a resulting vector corre-
sponding to a sum of said one or more auxiliary ligand metal
bond three-dimensional vector.

[0055] FIG. 38 shows a schematic illustrating auxiliary
ligand metal bond three-dimensional vectors and another
monometallic organometallic complex resulting vector cor-
responding to a sum of said one or more auxiliary ligand
metal bond three-dimensional vector.

[0056] FIG. 39 shows a schematic illustrating modifica-
tions of monometallic organometallic complexes as
described herein. In particular, Panel A shows positions at
which a monometallic organometallic complex can be modi-
fied by attaching a central ring according to embodiments
herein described. Panel B shows a modified monometallic
organometallic complex, modified by attaching a central ring.
Panels C-D show exemplary further modifications to provide
restricted rotation of the metal comprised in the multi-metal-
lic organometallic complex, thus to providing a multi-metal-
lic organometallic complex according to embodiments of the
present disclosure.

[0057] FIG. 40 shows dinuclear nickel phenoxyiminato
complexes.

DETAILED DESCRIPTION
[0058] Described herein are multi-metallic organometallic

complexes that in some embodiments, allow polymerization
of olefins to produce polyolefin polymers, and related meth-
ods and systems.

[0059] In particular, in some embodiments, the multi-me-
tallic organometallic complexes can be used to restrain two or
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more metals in close proximity can be used as multi-metallic
catalysts in preparing polymeric materials.

[0060] The term “organometallic complex™ as used herein
refers to chemical compounds in which there are one or more
metal atoms and/or ions bonded to organic compounds
through covalent, ionic, or dative bonds and would be under-
standable to a skilled person upon a reading of the present
disclosure. The bonding can be through direct bonding of the
carbon atoms of the organic compounds to metal atoms and/
or ions through single and/or multiple bonds, such as for
example in the cases of metal-alkyl, metal-carbene, and
metal-carbyne compounds; or through indirect bonding of the
carbon atoms of the organic compounds, such as for example
in the cases of heteroatom-containing organic compounds
comprising (e.g. containing O, N, S, and others) bonding to
metal atoms and/or ions through metal-heteroatom single
and/or multiple bonds. In particular, the term “multi-metallic
organometallic complex™ refers to an organometallic com-
plex in which an organic compound is bonded to two or more
metal atoms and/or ions.

[0061] In some embodiments, the multi-metallic organo-
metallic complexes herein described comprise a rigid base
linker comprising a central ring attaching two or more exte-
rior rings (See e.g. FIG. 4).

[0062] The term “rigid” as used herein refers to a restricted
rotation of exterior rings with respect to a central ring in a
linker, which can allow the metals of a multi-metallic orga-
nometallic complex according to embodiments herein
described to be held in a set orientation, and in particular, a
syn orientation.

[0063] The term “restricted rotation” as used herein refers
to rotation about an atom or a bond having a rotational barrier
of approximately 25 kcal/mol or higher. Restricted rotation
about a bond can detected using approaches such as x-ray
crystallography (See e.g. Example 11), NMR (e.g. NOESY
and ROESY), an Eyring plot and additional techniques iden-
tifiable by a skilled person (See e.g. Example 27). Detection
of the rotation barrier of a compound can also be performed
by detecting interconversion of the compound following
variation of temperature for a desired amount of time,
wherein the detection can be performed according to
approaches identifiable by a skilled person. In general, com-
pounds having a rotational barrier of approximately 25 kcal/
mol or higher are expected not to detectably interconvert up to
temperatures of at least 100° C. for a desired duration of time.
Exemplary moieties having restricted rotation comprise atro-
pisomers, spirane-type moieties, double bonds, and addi-
tional structural moieties identifiable by a skilled person.
[0064] The term “linker” as described herein indicates a
moiety comprising a central ring attaching to two or more
exterior rings. The term “ring” as used herein refers to a cyclic
arrangement of atoms. In particular, in some embodiments,
the rings can be aromatic (e.g. benzene, naphthalene,
anthracene or others identifiable to a skilled person) or ali-
phatic (e.g. cyclobutane, cyclopentane, cyclohexane, decalin,
orothers identifiable to a skilled person). The term “attach” or
“attached” as used herein, refers to connecting or uniting by a
bond, link, force or tie in order to keep two or more compo-
nents together. Exemplary attachments comprise attachment
by bond (e.g. single bond or double bond), by atom (e.g. in
spirane-like moieties), fusion (e.g. fused rings) and additional
attachment identifiable by a skulled person

[0065] Insomeembodiments, the central ring can comprise
an aromatic, a heteroaromatic, an aliphatic, or a het-
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eroaliphatic ring. In some embodiments, each of the exterior
rings can comprise an aromatic, a heteroaromatic, an ali-
phatic, or a heteroaliphatic ring. According to some embodi-
ments, each of the exterior rings is connected to the central
ring, for example, through a single bond. In particular, in
some embodiments, the rigid base linker can comprise a
central with the external rings at 1,2-, 1,3-, 1,4-, or 1,3,5
positions around the central substituted benzene ring or a
spirane-type moiety.

[0066] In particular the central ring and exterior rings can
be selected to have a restricted rotation for an amount of time
during which the rigid linker is configured to be used. For
example, if a linker is part of a complex suitable to catalyze an
olefin polymerization the central ring and exterior rings can
be selected to have a restricted rotation for an amount of time
during which the polymerization occurs. Selection of suitable
rings can also be performed so that each exterior ring has a
different restricted rotation barrier related to the central ring.
For example if a linker is part of a complex suitable to cata-
lyze synthesis of stereoblock copolymers the substitution on
the central ring can be selected such that a lower rotational
barrier of one exterior ring with respect to another about the
central ring is provided so that by varying temperature the
configuration of the complex is modified to allow polymer-
ization of the desired block copolymers.

[0067] In some embodiments, one or more of the central
ring and the exterior rings comprised within the rigid base
linker can be substituted with suitable groups to restrict rota-
tion of one or more of the exterior rings with respect to the
central ring and control rigidity of the base linker as will be
understood by askilled person. Exemplary position where the
groups can be located in each substitute ring are identifiable
based on the specific central ring and exterior ring forming the
linker and typically comprise ortho positions with respect to
the linkage between the central ring and exterior rings.
[0068] In some embodiments, the groups substituting one
or more position of at least one ring of the rigid linker herein
described can comprise steric bulk. Steric bulk in a rigid
linker can provide for example by providing groups on the
central ring and/or on the exterior rings of the linker to obtain
a moiety having restricted rotation. Exemplary groups suit-
able to provide steric bulk comprise ethers, thioethers,
halides, alkyls, aryls, and others identifiable to a skilled per-
son upon a reading of the present disclosure. For example, in
embodiments, wherein the central ring is an arene an ortho-
substitution (e.g. with alkyl groups), on the exterior rings can
provide restricted rotation of the exterior rings about the
central ring resulting in distinct atropisomers of the molecule
(See e.g. Example 5).

[0069] Selection of suitable alkyl groups can be performed
based on the restricted rotation desired. For example on ortho
substitution with methyl of the arene ring in an exemplary
linker comprising two exterior rings, can provide atropiso-
mers which have rotational barriers such that the atropiso-
mers are expected not to detectably interconvert (e.g. having
a rotational barrier such that a rate constant for rotation is
k<5x107% at 373 K) up to temperatures of at least 100° C. (See
e.g. Example 5).

[0070] A further exemplary rigid linker having a rotational
barrier equal to or higher than 25 Kcal/Mol comprises a
permethylated central ring. Additional compounds having
additional rotation barriers are identifiable by a skilled person
[0071] In some embodiments, each of the two or more
exterior rings attaches a metal-presenting arm. In these
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embodiments, the two or more exterior rings define two or
more metal-presenting arms in a syn position with respect to
the rigid base linker.

[0072] The term “metal-presenting arm” as used herein
refers to a moiety comprising a metal, and an ancillary ligand,
and which is capable of binding one or more auxiliary ligands
through one or more auxiliary ligand bonds. The term “metal”
as used herein refers to atoms and/or ions of elements of the
periodic table that are classified as metals and can include, for
example, members of groups 1-12, certain members of
groups 13-16 (e.g. Al, Ga, In, Sn, and others identifiable to a
skilled person), f-block elements such as U, Nd, Lu, Sm, La,
Yb, and Er (|[Ref2]) and others identifiable to a skilled person.
In particular, in some embodiments, the metals are metal
suitable for polymerization of olefins and can include, but are
not limited to, nickel (See e.g. Examples 6-7), titanium (See
e.g. Examples 8-9), zirconium (See e.g. Example 8), yttrium,
hafnium, cobalt, iron, palladium, aluminum, zinc, indium,
gallium, and lanthanide metals. In some embodiments, the
metals can be different, thus providing a heterometallic sys-
tem.

[0073] The term “ligand” as used herein refers to an ion or
molecule that can form covalent and/or dative bonds with
metal atoms and/or ions, and in particular with the metal
atoms and/or ions of the multi-metallic organometallic com-
plexes herein described. The bonding between metal and
ligand generally involves formal donation of one or more of
the ligands’ electron pairs located on one or more atoms of the
ligand. A ligand with only one atom that can form covalent
and/or dative bonds with metal atoms and/or ions is a mono-
dentate ligand, and a ligand with more than one atom that can
form covalent and/or dative bonds with metal atoms and/or
ions is a multidentate ligand.

[0074] The term “ancillary ligand” as used herein refers to
an anionic or neutral donating ligand attached to rigid base
linker and serves to hold the metal atom and/or ion in the
metal presenting arms. Such ancillary ligands can include
ligands that are known to support monometallic catalysts.
Exemplary ancillary ligands can include, but are not limited
to, phenoxyimine, phenoxyimine with a pendant thioether,
phenoxy-cyclopentadienyl, diamino-bis(phenolate), amino-
bis(phenolate) with a pendant ether donor and others identi-
fiable to a skilled person upon a reading of the present dis-
closure. In some embodiments, steric and electronic
properties of the multi-metallic organometallic complexes
herein described can be controlled by changing size and elec-
tronic properties of the ancillary ligands.

[0075] The term “auxiliary ligand” as used herein refers to
additional anionic or neutral ligands that are not attached to
the rigid base linker and can stabilize a metal center (e.g. a
metal atom or ions) by filling a coordination sphere of the
metal atom or ion and/or by balancing the charge depending
on the oxidation state of the metal and the type of ancillary
ligands bound to the metal. Exemplary auxiliary ligands
include, but are not limited to, alkyl, halide, phosphine,
N-heterocyclic carbene, amine or alkoxy ligands. In some
embodiments, the auxiliary ligands can be methyl, benzyl,
chloride, isopropoxide, pyridine, trimethylphosphine, iso-
propoxide, chloride, oxide ligands, PF6~, or fluorinated
borates.

[0076] According to some embodiments, in a metal pre-
senting arm, at least two ancillary ligands are attached to the
metal and optionally attached one with the other. In some
embodiments the metal presenting arm further comprises one
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or more auxiliary ligands attached to the metal. In particular,
in some embodiments, the metal presenting arms can com-
prise 2 to 5 ancillary ligands, 1 to 4 auxiliary ligands for each
metal comprised in the metal presenting arm. In embodiments
herein described the metal presenting arm is attached to an
exterior ring of rigid base linker, in particular by attaching at
least one ancillary ligand comprised in the arms.

[0077] In embodiments of multi-metallic organometallic
complexes herein described, each metal-presenting arm of
the two or more metal-presenting arms comprise one or more
ancillary ligands presenting the metal and the metal is bound
to one or more auxiliary ligands through respective one or
more auxiliary ligand metal bonds.

[0078] Inthese embodiments each of the one or more aux-
iliary ligand metal bonds is adapted to be represented through
a corresponding one or more auxiliary ligand metal bond
three-dimensional vectors which originate at the metal.

[0079] In multi-metallic organometallic catalysts accord-
ing to the present disclosure a rigid base linker and two or
more metal presenting arms are selected and configured so
that the one or more auxiliary ligand metal bond three-dimen-
sional vectors have a resulting vector located inside an imagi-
nary sphere having a diameter defined by the metal-to-metal
distance between metal in the multi-metallic organometallic
complex.

[0080] Reference is made to the schematic illustration of
FIG. 1 which shows metals (M') and (M?>) that pertain to
different metal-presenting arms which are located at a metal-
to-metal distance (d) (See FIG. 1). In the illustration of FIG.
1 the metal-to-metal distance (d) define an imaginary sphere
(s) having said metal-to-metal distance (d) as a diameter. For
each of the metals located at the metal-to-metal distance, one
or more auxiliary ligand metal bond correspond to a vector as
schematically shown as dashed arrows in the exemplary illus-
tration of FIG. 1. A resulting vector corresponding to a sum of
the one or more auxiliary ligand metal bond three-dimen-
sional vectors is located inside the imaginary sphere (see solid
arrows in FIG. 1).

[0081] Referenceisalsomadeto FIG. 2, wherein the metals
M!, M?, and M> have metal-to metal distances d, 2. d; 5 and
d, ; defining spheres s, ,, s, 5, and s, 5, and wherein auxiliary
ligandsL,,, ' L, >andL,, > haveresulting vectors Vy,, V.,
and V3.

[0082] A multi-metallic organometallic complex according
to the present disclosure can be designed by identifying at
least two monometallic complexes each comprising an exte-
rior ring attaching a metal presenting arm (see e.g. the mono-
metallic complexes (Lalml)p-Ml-(Lam1 ) Y1, (Lauxz)p-Mz-
)= Y? and (L, 3)p-M>-(L_,.>),, Y in FIG. 2), having
a resulting vector (e.g. Vy;, Vs, and Vg in the illustration of
FIG. 2). A central ring can then be identified (see e.g. (X) in
the schematic illustration of FIG. 2) configured to attach the
two monometallic complexes with restricted rotation to allow
for the resulting vectors to be located within a sphere (see e.g.
S12> 513 and s, 3 of FIG. 2) defined by the metal-to-metal
distance of the two monometallic complexes (see e.g. d, .,
d, ; and d, 5 of FIG. 2).

[0083] Inparticular for a given pair of metal presenting arm
a central ring can be identified so that a suitable attachment
(and optionally substitutions) can be performed at suitable
positions in the exterior ring and the central ring to result in
the desired restricted rotation. For example for the monome-
tallic complex:
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Si

\/

Ti

/N

N

Cl;

the auxiliary ligand metal bond three dimensional vectors are
defined by the Ti—Cl bonds (See e.g. Examples 8-9). (FIG.
37 and FIG. 38 show other exemplary auxiliary ligand metal
bond three dimensional vectors of monometallic organome-
tallic complexes defined by metal-auxiliary ligand bonds as
well as a the sum of the auxiliary ligand metal bond three-
dimensional vectors.) Given two of the titanium based mono-
metallic complex, a suitable central ring can then be selected
(e.g. naphatlene) to bind to the phenyl ring of each monome-
tallic complex, at a suitable position of the phenyl ring (e.g. at
the ortho position to the oxide ligand). Also possible substi-
tutions of the phenyl ring of each titanium based monometal-
lic complex and/or central ring (e.g. with methyl groups ortho
to the bond between the phenyl ring and naphatlene) can be
selected to obtain a desired restricted rotation of the phenyl
ring relative to the central ring. so that the vectors resulting
from the vectors defined by the Ti—Cl bonds are directed
towards the center of the imaginary sphere defined by a
desired Ti-to-Ti distance.

[0084] Similarly for a given central ring, suitable metal
monometallic complexes (see e.g. FIG. 33) can be identified
by selecting monometallic complexes having an exterior ring
that when attached to the central ring in at least one position
of'the monometallic complex and having a restricted rotation
of the monometallic complexes about the central ring, pro-
vides a desired orientation of the resulting vectors such that
vectors are located inside the sphere (See e.g. FIG. 34). For
example for a phenyl central ring two monometallic com-
plexes of FIG. 35 can be attached ortho to the oxygen ligand
on the aromatic exterior ring of the monometallic complex of
FIG. 33 as schematically illustrated in FIG. 35. In the illus-
tration of FIG. 35 the phenyl is permethylated to allow restrict
rotation of the monometallic complex about the central phe-
nyl ring. FIG. 36 shows another exemplary embodiment
wherein the central ring is a substituted phenanthracene.

[0085] FIG.39 shows a schematic illustrating an exemplary
method of selecting modifications of a monometallic organo-
metallic complex according to embodiments herein
described. In FIG. 39 A a central ring can be substituted in any
one of positions (101)-(103) to provide the complex shown in
FIG. 39B. The complex shown in FIG. 39B can allow for
rotation about the N—C(phenyl) bond and thus can be further
modified to restrict rotation and maintain a position of the
metal, for example by forming rings according to schematic
steps (105) and (106) to provide the complexes in FIG. 39C
and FIG. 39D, respectively.

[0086] Exemplary multi-metallic organometallic com-
plexes based on monometallic organometallic complexes,
include for example, the following:
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[0087] Invarious embodiments herein described the metal-
to-metal distance defining the diameter of the imaginary
sphere can be selected based on a desired functionality of the
resulting multi-metallic organometallic complex. For
example, for a give olefin based reaction, the metal-to-metal
distance can be identified to allow coordination of the olefin
and/or to allow correct positioning of the metals with respect
to the olefin substrate.

[0088] Insome embodiments, a metal-to-metal distance of
the multi-metallic organometallic complex can be set by
selecting particular rigid base linker. In particular, a selection
of various structural features of the central and/or exterior
rings of the rigid base linker can be used to provide a multi-
metallic organometallic complex having a particular metal-
to-metal distance. In some embodiments metal-to-metal dis-
tances according to some embodiments can range from
approximately 4 A to approximately 12 A.

[0089] Metal-to-metal distance according to embodiments
herein described can be controlled. For example, a metal-to-
metal distance can be increased with increasing size of the
central and/or exterior rings. For example, a rigid base linker
having a central ring comprising a substituted benzene and
two exterior rings each comprising a substituted benzene can
provide a shorter metal-to-metal distance than a rigid base
linker having a central ring comprising a substituted benzene
and two exterior rings each comprising a substituted naph-
thalene or a rigid base linker having a central ring comprising
a substituted naphthalene and two exterior rings each com-
prising a substituted benzene. Various other central ring struc-
tures and exterior ring structures can be independently
selected in accordance with a desired metal-to-metal distance
as would be understood by a skilled person.

[0090] According to further some embodiments, a metal-
to-metal distance can be set in connection with a particular
substitution pattern of the central ring and/or the exterior
rings. For example, for a rigid linker in which the central ring
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is a substituted benzene ring with exterior rings in para posi-
tions, a larger metal-to-metal distance can be provided com-
pared to an analogous rigid linker with exterior rings in ortho
or meta positions. For example, the substituted benzene ring
with the exterior rings in para positions can provide a metal-
to-metal distance which is between approximately 2-4 A
larger than an analogous rigid linker with exterior rings in
ortho positions and approximately 1-3 A larger than an analo-
gous rigid linker with exterior rings in meta positions.

[0091] In some embodiments the metal-to-metal distance
can be varied by changing the ancillary ligands, for example,
from a phenoxyimine to a bulkier phenoxyimine with a pen-
dant donor (see e.g. FIGS. 11(a) and (d), respectively), can
change the steric bulk and push the metals farther from one
another. For example, providing a methylene between the
exterior ring and one or more of the ancillary donors, can
allow a change in flexibility and/or geometry that can bring
the metals closer together. According to some embodiments
herein described, changing one or more of the auxiliary
donors can change the metal-to-metal distance of the com-
plex before an activation of the complex while metal-to-metal
distances of the active complex can be substantially unaf-
fected by the auxiliary ligands.

[0092] In some embodiments, multi-metallic complexes
herein described have formula I:

wherein,

n is between 0 and 4;

m', m?, and m> are independently between 1 and 4;
p', p°, and p’ are independently between 1 and 4;

X is the central ring of the rigid base linker herein described;
Y'-Y? are the exterior rings of the rigid base-linker herein
described, L, '-L,,> are the ancillary ligands herein

described; M'-M?> are the metals herein described; and L, *-
L.~ are the auxiliary ligands herein described.

[0093] In particular, in some embodiments, the central ring
has the formula I1, III, IV, or V:
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-continued
I

v

wherein R1-R8 is independently selected from the group
consisting of N, C—H, C-alkyl, C-aryl, C—OMe, C—Y1,
C—Y2, and C—Y3 and wherein at least one of R1-R8 in a
corresponding ortho position with respect to Y1, and at least
one of R1-R8 in a corresponding ortho position with respect
to Y2 is not C—H, and at least one of R1-R8 in a correspond-
ing ortho position withrespectto Y3 is not C—H or N; and the
exterior rings have the formula IX, X, XI, XII, or XIII:

X
Lllnca Lllncb
R
Rl RI0
X
LH”CC
RI3
R4
RIS RIS
XI
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-continued
L. XII
—N
R23 \ /
RZZ RZ 1
X1
Lllﬂ(.‘f
A
R26
RZS R24

wherein R10-R26 is are selected from the group consisting of
H, linear C1-C15 alkyl; branched C3-C15 alkyl; cyclic
C3-C15 alkyl; linear, cyclic, or branched C2-C15 alkenyl;
linear, cyclic, or branched C2-C15 alkynyl; C6-C20 substi-
tuted or unsubstituted aryl; and C6-C20 substituted or unsub-
stituted heteroaryl; and [, _“1,, / are the ancillary ligands
herein described.

[0094] Other central arenes include:

VI
51_ps2
YQ I\{\/Y“
RO R
N,

VII
55_156
YQ I\{\/Y“
R® Ry
\A/

VII

wherein R50-R59 are independently selected from the group
consisting of H, N, C—H, C—Y1, C—Y2, C—Y3, C-alkyl,
C-aryl, C-alkoxy, and C-aryloxyl; wherein at least one of
R1-R8 and R50-57 in a corresponding ortho position with
respect to Y1, and at least one of R1-R8 and R50-57 in a
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corresponding ortho position with respect to Y2 is not C—H,
and at least one of R1-R8 and R50-57 in a corresponding
ortho position with respect to Y3 is not C—H; A is O, N—H,
orS.

[0095] In some embodiments, each of the two or more
exterior rings are attaching one metal-presenting arm, thus
defining two or more metal-presenting arms in syn position
with respect to the rigid base linker, wherein each metal-
presenting arm of said two or more metal-presenting arms
comprises one or more ancillary ligands presenting said
metal, said metal is bound to one or more auxiliary ligands
through respective one or more auxiliary ligand metal bonds.
[0096] In particular, in some embodiments, the ancillary
ligands L', L,,.%, and L_,_> are independently selected
from a monodentate or a multidentate ligand

[0097] In particular, in some embodiments L, “ has the
formula X1V, XV, XVI, or XVII:

anc

X1V
R27
>y
XV
R3 1 R32
R3O z
R% N
RZS

XVI

R34

N
R3 6

R3 7

XVII
R42
R43
R4 ]
R
RY_ R38
/
R3 9
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wherein

the ligands are attached at the wavy lines to the exterior rings
of the rigid base linker herein described.

R27 can be selected from alkyl, aryl, heteroaryl; R28-R37 and
R39-44 are selected from the group consisting of H, linear
C1-C15 alkyl; branched linear C3-C15 alkyl; cyclic C3-C15
alkyl; linear, cyclic, or branched C2-C15 alkenyl; linear,
cyclic, or branched C2-C15 alkynyl; C6-C20 substituted or
unsubstituted aryl; and C6-C20 substituted or unsubstituted
heteroaryl, R38 is C or Si. R45 is C, O, N, or a heteroatom;
7—0, S, Se, or N;

L. andL,, " independently comprise N, O, or C;
L..%L

anc

e e .
,and L, ° can be, for example:

anc

~y
Ar R/ZSI\NH

\ o)

N \
V4 RoSi~xm Me;Si— NH

O OH
W
N\'ANW 5 , or
(see, for example, [Ref 3]); and

L. are the auxiliary ligands herein described and M*, M,
and M? are independently selected from the group consisting
of'a main group metal (e.g. indium, gallium, tin, and alumi-
num), a transition metal (e.g. titanium, zirconium yttrium,
hafnium, cobalt, iron, palladium, and zinc), and a lanthanide
metal (e.g. U, Nd, Lu, Sm, La, Yb, and Er). In some embodi-
ments, the metals can be a same metal. In other embodiments
the metals can be different, thus providing a heterometallic
system.

[0098] In particular, in some embodiments, the auxiliary
ligands are selected from the group consisting of, halides,
C1-C2 alkyl, aryl, substituted aryl, phosphines, pyridines,
substituted pyridines, amines, imides, hydride, ethers (in-
cluding THF), benzyl, substituted benzyl, alkoxide.

[0099] The term “alkyl” as used herein refers to a linear,
branched, or cyclic saturated hydrocarbon group typically
although not necessarily containing 1 to about 15 carbon
atoms, or 1 to about 6 carbon atoms, such as methyl, ethyl,
n-propyl, isopropyl, n-butyl, isobutyl, t-butyl, octyl, decyl,
and the like, as well as cycloalkyl groups such as cyclopentyl,
cyclohexyl and the like. Generally, although again not neces-
sarily, alkyl groups herein contain 1 to about 15 carbon atoms.
The term “cycloalkyl” intends a cyclic alkyl group, typically
having 4 to 8, or 5 to 7, carbon atoms. The term “substituted
alkyl” refers to alkyl substituted with one or more substituent
groups, and the terms “heteroatom-containing alkyl” and
“heteroalkyl” refer to alkyl in which at least one carbon atom
is replaced with a heteroatom. If not otherwise indicated, the
terms “alkyl” and “lower alkyl” include linear, branched,
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cyclic, unsubstituted, substituted, and/or heteroatom-con-
taining alkyl and lower alkyl, respectively.

[0100] The term “heteroatom-containing” as in a “heteroa-
tom-containing alky group” refers to a alkyl group in which
one or more carbon atoms is replaced with an atom other than
carbon, e.g., nitrogen, oxygen, sulfur, phosphorus or silicon,
typically nitrogen, oxygen or sulfur. Similarly, the term “het-
eroalkyl” refers to an alkyl substituent that is heteroatom-
containing, the term “heterocyclic” refers to a cyclic substitu-
ent that is heteroatom-containing, the terms “heteroaryl” and
“heteroaromatic” respectively refer to “aryl” and “aromatic”
substituents that are heteroatom-containing, and the like. It
should be noted that a “heterocyclic” group or compound may
ormay not be aromatic, and further that “heterocycles” can be
monocyclic, bicyclic, or polycyclic as described above with
respect to the term “aryl.”” Examples of heteroalkyl groups
include alkoxyaryl, alkylsulfanyl-substituted alkyl, N-alky-
lated amino alkyl, and the like. Examples of heteroaryl sub-
stituents include pyrrolyl, pyrrolidinyl, pyridinyl, quinolinyl,
indolyl, pyrimidinyl, imidazolyl, 1,2,4-triazolyl, tetrazolyl,
etc., and examples of heteroatom-containing alicyclic groups
are pyrrolidino, morpholino, piperazino, piperidino, etc.
[0101] The term “alkoxy” as used herein intends an alkyl
group bound through a single, terminal ether linkage; that is,
an “alkoxy” group can be represented as —O-alkyl where
alkyl is as defined above. A “lower alkoxy” group intends an
alkoxy group containing 1 to 6 carbon atoms. Analogously,
“alkenyloxy” and “lower alkenyloxy” respectively refer to an
alkenyl and lower alkenyl group bound through a single,
terminal ether linkage, and “alkynyloxy” and “lower alkyny-
loxy” respectively refer to an alkynyl and lower alkynyl group
bound through a single, terminal ether linkage.

[0102] Theterm “aryl” asused herein, and unless otherwise
specified, refers to an aromatic substituent containing a single
aromatic ring or multiple aromatic rings that are fused
together, directly linked, or indirectly linked (such that the
different aromatic rings are bound to a common group such as
amethylene or ethylene moiety). Aryl groups can contain 5 to
24 carbon atoms, or aryl groups can contain 5 to 14 carbon
atoms. Exemplary aryl groups can contain one aromatic ring
or two fused or linked aromatic rings, e.g., phenyl, naphthyl,
biphenyl, diphenylether, diphenylamine, benzophenone, and
the like. “Substituted aryl” refers to an aryl moiety substituted
with one or more substituent groups, and the terms “heteroa-
tom-containing aryl” and “heteroaryl” refer to aryl substitu-
ents in which at least one carbon atom is replaced with a
heteroatom, as will be described in further detail infra.

[0103] The terms “cyclic” and “cyclo-" refer to alicyclic or
aromatic groups that may or may not be substituted and/or
heteroatom containing, and that can be monocyclic, bicyclic,
orpolycyclic. The term “alicyclic” is used in the conventional
sense to refer to an aliphatic cyclic moiety, as opposed to an
aromatic cyclic moiety, and can be monocyclic, bicyclic or
polycyclic.

[0104] The terms “halo”, “halogen”, and “halide” are used
in the conventional sense to refer to a chloro, bromo, fluoro or
iodo substituent or ligand.

[0105] The term “olefins” as used herein indicates two car-
bons covalently bound to one another that contain a double
bond (sp2-hybridized bond) between them. The other func-
tional groups bound to each of these two carbons can be, for
example, additional carbons, hydrogen atoms, or heteroat-
oms.



US 2013/0066029 Al

[0106] The term “substituted” as in “substituted alkyl,”
“substituted aryl,” and the like, is meant that in the, alkyl, aryl,
or other moiety, at least one hydrogen atom bound to a carbon
(or other) atom is replaced with one or more non-hydrogen
substituents.

[0107] Examples of such substituents include, without
limitation: functional groups such as halo, hydroxyl, sulthy-
dryl, C1-C24 alkoxy, C2-C24 alkenyloxy, C2-C24 alkyny-
loxy, C5-C24 aryloxy, C6-C24 aralkyloxy, C6-C24 alkary-
loxy, acyl (including C2-C24 alkylcarbonyl (—CO-alkyl)
and C6-C24 arylcarbonyl (—CO-aryl)), acyloxy (—O-acyl,
including C2-C24 alkylcarbonyloxy (—O—CO-alkyl) and
C6-C24 arylcarbonyloxy (—O—CO-aryl)), C2-C24 alkoxy-
carbonyl (—(CO)—O-alkyl), C6-C24 aryloxycarbonyl
(—(CO)—O-aryl), halocarbonyl (—CO)—X where X is
halo), C2-C24 alkylcarbonato (—O—(CO)—O-alkyl),
C6-C24 arylcarbonato (—O—(CO)—O-aryl), carboxy
(—COOH), carboxylato (COO7), carbamoyl (—(CO)—
NH2), mono-(C1-C24  alkyl)-substituted carbamoyl
(—(CO)—NH(C1-C24 alkyl)), di-(C1-C24 alkyl)-substi-
tuted carbamoyl (—(CO)—N(C1-C24 alkyl),), mono-(C5-
C24 aryl)-substituted carbamoyl (—(CO)—NH-aryl), di-
(C5-C24 aryl)-substituted carbamoyl (—(CO)—N(C5-C24
aryl),), di-N—(C1-C24 alkyl), N—(C5-C24 aryl)-substi-
tuted carbamoyl, thiocarbamoyl (—(CS)—NH2), mono-
(C1-C24 alkyl)-substituted thiocarbamoyl (—(CO)—NH
(C1-C24 alkyl)), di-(C1-C24 alkyl)-substituted
thiocarbamoyl (—(CO)—N(C1-C24 alkyl),), mono-(C5-
C24 aryl)-substituted thiocarbamoyl (—(CO)—NH-aryl), di-
(C5-C24 aryl)-substituted thiocarbamoyl (—(CO)—N(C5-
C24 aryl),), di-N—(C1-C24 alkyl), N—(C5-C24 aryl)-
substituted thiocarbamoyl, carbamido (—NH—(CO)—
NH2), cyano(—C=N), cyanato (—O—C=N), thiocyanato
(—S—C=N), formyl (—(CO)—H), thioformyl ((CS)—H),
amino (—NH2), mono-(C1-C24 alkyl)-substituted amino,
di-(C1-C24 alkyl)-substituted amino, mono-(C5-C24 aryl)-
substituted amino, di-(C5-C24 aryl)-substituted amino,
C2-C24 alkylamido (—NH—(CO)-alkyl), C6-C24 aryla-
mido (—NH—(CO)-aryl), imino (—CR—NH where
R=hydrogen, C1-C24 alkyl, C5-C24 aryl, C6-C24 alkaryl,
C6-C24 aralkyl, etc.), C2-C20 alkylimino (CR—N(alkyl),
where R=hydrogen, C1-C24 alkyl, C5-C24 aryl, C6-C24
alkaryl, C6-C24 aralkyl, etc.), arylimino (—CR—N(aryl),
where R=hydrogen, C1-C20 alkyl, C5-C24 aryl, C6-C24
alkaryl, C6-C24 aralkyl, etc.), nitro (—NO2), nitroso
(—NO), sulfo (—S0O2-0OH), sulfonato (—S02-07), C1-C24
alkylsulfanyl (—S-alkyl; also termed “alkylthio”), C5-C24
arylsulfanyl (—S-aryl; also termed “arylthio”), C1-C24
alkylsulfinyl (—(SO)-alkyl), C5-C24 arylsulfinyl (—(SO)-
aryl), C1-C24 alkylsulfonyl (—S0O2-alkyl), C5-C24 arylsul-
fonyl (—SO2-aryl), boryl (—BH2), borono (—B(OH),),
boronato (—B(OR), where R is alkyl or other hydrocarbyl),
phosphono (—P(O)(OH),), phosphonato (—P(O)(O7),),
phosphinato (—P(O)(O7)), phospho (—PO2), phosphino
(—PH2), silyl (—SiR3 wherein R is hydrogen or hydrocar-
byl), and silyloxy (—O-silyl); and the hydrocarbyl moieties
C1-C24 alkyl (e.g. C1-C12 alkyl and C1-C6 alkyl), C2-C24
alkenyl (e.g. C2-C12 alkenyl and C2-C6 alkenyl), C2-C24
alkynyl (e.g. C2-C12 alkynyl and C2-C6 alkynyl), C5-C24
aryl (e.g. C5-Cl14 aryl), C6-C24 alkaryl (e.g. C6-C16
alkaryl), and C6-C24 aralkyl (e.g. C6-C16 aralkyl).

[0108] The term “acyl” refers to substituents having the
formula —(CO)-alkyl, —(CO)-aryl, or —(CO)-aralkyl, and
the term “acyloxy” refers to substituents having the formula
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—O0O(CO)-alkyl, —O(CO)-aryl, or —O(CO)-aralkyl,
wherein “alkyl,” “aryl, and “aralkyl” are as defined above.

[0109] The term “alkaryl” refers to an aryl group with an
alkyl substituent, and the term “aralkyl” refers to an alkyl
group with an aryl substituent, wherein “aryl” and “alkyl” are
as defined above. In some embodiments, alkaryl and aralkyl
groups contain 6 to 24 carbon atoms, and particularly alkaryl
and aralkyl groups contain 6 to 16 carbon atoms. Alkaryl
groups include, for example, p-methylphenyl, 2,4-dimeth-
ylphenyl, p-cyclohexylphenyl, 2,7-dimethylnaphthyl, 7-cy-
clooctylnaphthyl, 3-ethyl-cyclopenta-1,4-diene, and the like.
Examples of aralkyl groups include, without limitation, ben-
zyl, 2-phenyl-ethyl, 3-phenyl-propyl, 4-phenyl-butyl, 5-phe-
nyl-pentyl, 4-phenylcyclohexyl, 4-benzylcyclohexyl, 4-phe-
nylcyclohexylmethyl, 4-benzylcyclohexylmethyl, and the
like. The terms “alkaryloxy” and “aralkyloxy” refer to sub-
stituents of the formula—OR wherein R is alkaryl or aralkyl,
respectively, as just defined.

[0110] In some embodiments, selection of one or more
auxiliary ligands in combination with one or more ancillary
ligands can be used to provide a particular orientation of the
auxiliary ligand metal bond three-dimensional vectors origi-
nating at the metal such that the auxiliary ligand metal bond
three-dimensional vectors are located inside the imaginary
sphere. For example, selection of an oxygen ancillary ligand
proximate to the ring in combination with one or more mono-
and/or multi-dentate ancillary ligands can provide such an
orientation.

[0111] In some embodiments, ancillary ligands, auxiliary
ligands, and metals comprising the arms can selected from
modified monometallic polymerization catalysts. For
example, a monometallic organometallic complex can be
modified by attaching two or more units of the monometallic
organometallic complex to a central ring configured to pro-
vide a restricted rotation of the monometallic organometallic
units with respect to the central ring, which can allow the
metals of a resulting multi-metallic organometallic complex
according to embodiments herein described to be held in a set
orientation, and in particular, a syn orientation.

[0112] For example, a suitable monometallic organometal-
lic catalyst can be selected based on a selected polymerization
reaction for which a monometallic organometallic catalyst is
configured. For example, a monometallic organometallic
complex to be modified in accordance with embodiments
herein described can be selected based on attributes associ-
ated to the monometallic organometallic complex (e.g. poly-
merization productivity, compatibility with particular func-
tional groups, length of polymer produced, temperature under
which the catalyst can be used, and/or tacticity of structures
which can be produced).

[0113] For example, according to some embodiments, an
multi-metallic organometallic complex has the formula:
(modified monometallic organometallic complex),(central
ring).

[0114] In particular, in some embodiments, the multi-me-
tallic organometallic complex has the formula: (modified
monometallic organometallic complex),(central ring)
wherein the modified monometallic organometallic complex
is a polymerization catalyst.

[0115] Indicated below is a position (a) on which a mono-
metallic organometallic complex [Ref 4] can be modified
(See e.g. Examples 6-7):
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—z

In this example, a is a suitable position of a monometallic
organometallic complex on which to attach a central ring ofto
provide a multi-metallic organometallic complex such that
the sum of the auxiliary ligand metal bond three-dimensional
vectors can point towards the inside of the sphere of the
diameter defined by the metal-to-metal distance in the multi-
metallic organometallic complex as the ancillary ligands (O
and N) provide a vector sum of the auxiliary ligand metal
bond three-dimensional vectors which are located on the
inside of the sphere.

[0116] According to embodiments herein described, a
geometry of the metal center (e.g. if it is tetrahedral, square
planar, octahedral) can determine the positions of the auxil-
iary ligands, and that the number of ancillary ligands can
determine the number of auxiliary ligands (e.g. if there are
two ancillary ligands and the geometry is square planar, as
above, there can be two auxiliary ligands to define the auxil-
iary ligand metal bond three-dimensional vectors). There-
fore, a geometry of the metal center can be used to determine
a suitable position of a monometallic organometallic com-
plex on which to attach a central ring of to provide a multi-
metallic organometallic complex such that the sum of the
auxiliary ligand metal bond three-dimensional vectors can
point towards the inside of the sphere of the diameter defined
by the metal-to-metal distance in the multi-metallic organo-
metallic complex,

[0117] Inthis example, central rings can be, for example, a
phenyl or naphthalene ring:

c j k
h d i 1
g e p m
f o n .
[0118] For example for a bimetallic organometallic com-
plex, an attachment of two monometallic organometallic
complexes at positions c-h on the phenyl ring and positions

i-p can determine the metal-to-metal distance. In some
embodiments, one or more of substitutable positions on the

11
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central ring can have an alkyl substituent ortho to the position
of attachment of the monometallic organometallic complex
in order to restrict rotation of the monometallic organometal-
lic complexes with respect to the central ring to maintain the
two monometallic organometallic complexes in a syn posi-
tion and with the sum of the auxiliary ligand metal bond
three-dimensional vectors pointing towards the inside of the
sphere as exemplified in the following structure:

Pr pr
Me, Me
i / i
Pr N—Ni—PMe; Me;P—Ni—N iy
\ /

[0119] The term “polymerization” as used herein refers to a
process in which individual molecules are bonded together to
produce larger chains of molecules. The chains or molecules
can be linear, or they can be branched three-dimensional
networks. The individual molecules to be bonded together are
referred to as “monomers,” and the larger chain of molecules
produced by the polymerization of the monomers is referred
to as a “polymer”.

[0120] In particular, in some embodiments, the monomers
used for polymerizations with the multi-metallic organome-
tallic complexes and related methods and systems described
herein are olefin monomers and the polymers produced are
polyolefin polymers.

[0121] Theterm “olefin” as used herein refers to a chemical
compound in which there is at least one carbon-carbon double
bond that is not part of an aromatic system. Exemplary olefins
include, but are not limited to alkenes such as ethylene, pro-
pylene, butylene, isobutylene, styrene, tetrafluoroethylene,
and substituted alkenes (e.g. substituted with polar and/or
non-polar functional groups, and other alkenes identifiable to
askilled person upon reading the present disclosure; polyenes
such as 1,5-hexadiene, and other polyenes identifiable to a
skilled person. The olefins can be individual molecules or be
part of larger molecules.

[0122] The term “polyolefin” as used herein refers to a
polymer produced by the polymerization of olefin monomers.
Over 100 million tons of polyolefins are produced annually
world-wide [Ref 5]. Functionalized polyolefins have a num-
ber of desirable physical properties including greater adhe-
sion to substrates and greater compatibility with other mate-
rials for use in polymer blends and composites [Ref 5-8].
Industrially, the introduction of polar monomers into poly-
mers can be achieved through radical polymerization or post-
polymerization modifications, which in some instances does
not allow for a great amount of control over the tacticity of the
polymer, polymer branching, insertion rate of co-monomers,
or molecular weight of the resultant polymers [Ref 5, 9].
Further, impurities or additives containing functionalities,
such as amines, can poison insertion olefin polymerization
catalysts.
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[0123] A metal-to-metal distance of multi-metallic organo-
metallic complexes herein described suitable as olefin poly-
merization catalyst can be selected based on the distance
between the olefinic group and the polar functionality on the
desired monomer to be incorporated. The metal-to-metal dis-
tance can also be selected based on sterics of the monomer.
For example, allyl dipropylamine monomers, a shorter metal-
to-metal distance can be used compared to, for example,
pentenyl dipropylamine monomers to allow for incorporation
of the monomer which is exemplified in the mechanism of
FIG. 18.

[0124] In particular, in some embodiments the organome-
tallic complexes herein described allow the polymerization of
functionalized olefin monomers to produce functionalized
polyolefins (See e.g. Examples 21-25, 30-33).

[0125] The term “functionalized” with reference to olefins
as used herein refers to olefins which are substituted with one
or more functional groups (e.g. polar functional groups) such
as an oxygen-, nitrogen-, sulfur-, or other heteroatom-con-
taining moieties. Exemplary functionalized olefins include,
for example, olefins functionalized with alcohols, ethers,
amines, amides, esters, carboxylic acids, acrylate, enones,
lactones, lactides, epoxides, aldhyes, ketones, imides, imines,
oximes, thiols, thioethers, thiolates and thioesters. In particu-
lar, functionalized olefins according to the disclosure can
comprise olefins having one or more heteroatoms capable of
binding to a metal. With reference to polymerization of ole-
fins, a functionalized olefin is also herein referred to as a
“polar mononer”. In particular, a polar monomer can com-
prise a heteroatom such as O, N, S, and/or Cl distal to the
olefin (See e.g. Examples 12, 33).

[0126] In addition, the aforementioned functional groups
can, if a particular group permits, be further substituted with
one or more additional functional groups or with one or more
hydrocarbyl moieties such as those specifically enumerated
above. Analogously, the above-mentioned hydrocarbyl moi-
eties can be further substituted with one or more functional
groups or additional hydrocarbyl moieties such as those spe-
cifically enumerated.

[0127] While many organometallic systems have been
developed for polymerization and copolymerization of polar
monomers (e.g. functionalized olefins), intolerance to func-
tional groups can limit the scope of functionalized polyolefins
that can be produced as well as the rate at which such poly-
merizations can be catalyzed [Ref 4, 9-14]. For example, an
oxophilic nature of early metal catalysts can cause such cata-
lysts to be poisoned by functionalized olefins or other func-
tionalized molecules.

[0128] In embodiments wherein catalysts can perform
polymerization of polar monomers the metal-to-metal dis-
tance can also be selected based on sterics of the monomer. In
particular in embodiments where a polar monomer and/or
additive has less steric bulk around the polar group was
decreased such that the less bulky monomer can bind more
easily to a metal center than the more bulky monomer, for
example, pentenyl dimethylamine compared to pentenyl
dipropylamine, respectively, a shorter metal-to-metal dis-
tance in the complex in order to disfavor binding of a polar
group to a second metal site and allow polymerization to
continue, as exemplified in the mechanism of based of FIG.
18.
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[0129] For example, in some embodiments, the monome-
tallic organometallic complex [Ref 4] has the structure:

where R—H, tBu, Ph, 9-phenanthroline, 9-anthracene, triph-
enylmethyl or, terphenyl; R'=Ph or Me; and L=Ph;P or
CH,CN (See e.g. Examples 6-7). This monometallic organo-
metallic complex can be selected in embodiments where a
high turnover frequencies and/or compatibility with heteroa-
toms is desired.

[0130] In these embodiments, the ancillary ligands, auxil-
iary ligands, and metals comprising the arms for this type of
catalyst are:

central ring

wherein R'-R*=H, alkyl, or aryl group, L, ' and L, > are

auxiliary ligands, and n=2-3.

[0131] In particular, in these embodiments, the ancillary
ligands, auxiliary ligands, and metals comprising the arms for
this type of catalyst can be:

aux

central ring

in accordance with the corresponding monometallic organo-
metallic complex (See e.g. Examples 6-7).
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[0132] In some embodiments, the monometallic organo-
metallic complex [Ref 15] has the structure:

=N THF
, | .Cl
7, AW
an’
o)
o cl

where M=Ti or Zr, and R=phenyl, 2,6-diisopropylphenyl.
This monometallic organometallic complex can be selected
in embodiments where a high productivity is desired. In these
embodiments, the ancillary ligands, auxiliary ligands, and
metals comprising the arms can comprise:

central ring and

central ring

where R1-R4=H, alkyl, or aryl group; L, *-L,,.> are auxil-
iary ligands; and n=2-3 (See e.g. Example 8).
[0133] In particular, in these embodiments the ancillary

ligands, auxiliary ligands, and metals comprising the arms for
this type of catalyst can be (See e.g. Example 8):

central ring,
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-continued

central ring, or

central ring.

[0134] In some embodiments, the monometallic organo-
metallic complex [Ref 16] has the structure:

where 7=0,0-alkyl, O-aryl, S, S-alkyl, S-aryl, Se, Se-alkyl, or
Se-aryl. This monometallic organometallic complex can be
selected in embodiments where high activity in both mono-
and copolymerizations is desired. In these embodiments the
ancillary ligands, auxiliary ligands, and metals comprising
the arms have the structure:

R? R!

Rr3

central ring
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where R1-R7=H, alkyl, or aryl group; L, '-L,,.> are auxil-
iary ligands; Z—0, O-alkyl, O-aryl, S, S-alkyl, S-aryl, Se,
Se-alkyl, or Se-aryl; and n=2-3 (See e.g. Example 8).
[0135] In particular, in these embodiments the ancillary
ligands, auxiliary ligands, and metals comprising the arms for
this type of catalyst can be (See e.g. Example 8):

central ring.

[0136] Inotherembodiments, the monometallic organome-
tallic complex [Ref 17] has the structure (see e.g. Examples
8-9):

[0137] This monometallic organometallic complex can be
selected in embodiments where high activity in both mono-
and copolymerizations is desired. In these embodiments, the
ancillary ligands, auxiliary ligands, and metals comprising
the arms have the structure (See e.g. Examples 8-9):

central ring

where R1-R9=H, alkyl, or aryl group; L, *-L,,.> are auxil-
iary ligands; and n=2-3.

[0138] In particular, in these embodiments the ancillary
ligands, auxiliary ligands, and metals comprising the arms for

this type of catalyst can be (See e.g. Examples 8-9):

aux
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@ ~ /Tin
g 0
7~

Bu

central ring

where X=alkyl or halide.

[0139] Inotherembodiments, the monometallic organome-
tallic complex has the structure:
t-Bu Br\ /Br +Bu
/O
o} Tr\ 4
—N

N
t-Bu \\)

[0140] This monometallic organometallic complex can be
selected in embodiments where activity in polymerizations of
a-olefins is desired. In these embodiments, the ancillary
ligands, auxiliary ligands, and metals comprising the arms
have the structure (See e.g. Example 10):

t-Bu

central ring

[0141] The above examples of using monometallic organo-
metallic complexes modified according to embodiments of
the disclosure serve as example embodiments, and other
monometallic organometallic complexes having various
ancillary ligands, auxiliary ligands, and metals comprising
the arms of the multi-metallic organometallic complexes
herein described can be used without departing from the
scope of the present disclosure and will be apparent to a
skilled person.

[0142] In some embodiments, the synthesis of the multi-
metallic organometallic complexes based on particular
monometallic organometallic complexes will be apparent to a
skilled person upon a reading of the present disclosure. By
way of example, databases (e.g. SCIFINDER® and
REAXYS®) can be searched to find commercially available
and/or synthesizable starting materials (e.g. aryl boronic
acids and/or esters and aryl zinc reagents) for the exterior
rings of the multi-metallic organometallic complexes and for
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the central rings (e.g. aryl halides) as well as appropriate
reaction conditions to connect the exterior rings to the interior
rings (e.g. Suzuki and Negishi couplings) (see e.g. Examples
1-4, 13-20, 26, and 28).

[0143] By way of example, FIG. 2 shows a two-dimen-
sional schematic representation of a multi-metallic organo-
metallic complex as herein described showing the spheres
(81,2, 82 3, and s, ;) with diameters (d, »,d, 5, andd, ;) defined
by the metals, and the vector sums (Vy', V3%, and Vi*) of the
vectors defined by the auxiliary ligands.

[0144] By way of example, FIG. 3 shows an exemplary
embodiment wherein an oxygen ancillary ligand proximate to
the ring in combination with a mono-dentate ancillary ligand
comprising an imine which provides an orientation of the
auxiliary ligand metal bond three-dimensional vectors in
which the sum thereof is located inside the imaginary sphere
according to embodiments herein described. In particular,
FIG. 3 shows the sphere with diameter defined by the metals
(grey sphere), and the vector sums (solid arrows) of the vec-
tors (dotted arrows) defined by the auxiliary ligands (X and
L.

[0145] In some embodiments, the metal-to-metal distance
of the multi-metallic organometallic complexes can be
selected based on a particular reaction for which the multi-
metallic organometallic complex is to be used (See e.g.
Examples 21-25, 30-33).

[0146] For example, if the reaction is a polymerization
reaction of a polar monomer, the structure of the polar mono-
mer to be polymerized can be used to determine a desired
metal-to-metal distance.

[0147] In other embodiments, the metal-to-metal distance
of the multi-metallic organometallic complexes can be
selected based on a particular metal-binding polar additive or
a metal-binding polar impurity which is present or formed
during a reaction for which the multi-metallic organometallic
complex is to be used.

[0148] For example, given a particular functionalized
monomer, polar additive, or polar impurity, the metal-to-
metal distance of the multi-metallic organometallic complex
can be set such that the distance between the metals is
approximately two times the distance between a metal-bind-
ing heteroatom on the functionalized monomer, the polar
additive, or the polar impurity, and a smallest non-hydrogen
substituent on the metal-binding heteroatom of the function-
alized monomer, the polar additive, or the polar impurity,
respectively (see e.g. FIG. 31). In these embodiments, the set
metal-to-metal distance is configured to allow binding
between the binding moiety of the monomer and a first metal
of the multi-metallic organometallic complex and to allow
interaction of the olefin comprised in the monomer with a
second metal in the same multi-metallic organometallic com-
plex.

[0149] Insome embodiments, the size of the of the smallest
non-hydrogen substituent on the on the metal-binding het-
eroatom can be determined by calculating a distance between
the binding moiety of the functionalized olefin and a most
distal atom on the smallest non-hydrogen substituent on the
binding moiety. According to some embodiments, such dis-
tance can be determined by in connection with bond lengths
and bond angles of the functionalized olefin. Bond lengths
and bond angles can be determined, for example, by search-
ing the Cambridge Structural Database or other databases
identifiable by a skilled person. Other methods for determin-
ing a distance between a distance between a binding moiety of
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the functionalized olefin and a most distal atom on the small-
est non-hydrogen substituent on the binding moiety are iden-
tifiable by a skilled person and include, for example, molecu-
lar modeling (e.g. SPARTAN®, GAUSSIAN®).

[0150] Determination of a distance between a distance
between the binding moiety of the functionalized olefin and a
most distal atom on the smallest non-hydrogen substituent on
the binding moiety is now described by way of example, for
the following functionalized olefin monomer:

Et

|
Et/N\/\/

[0151] In this example, the distance between the heteroa-
tom and the and the furthest atom on the smallest non-hydro-
gen substituent on the metal-binding heteroatom can be cal-
culated as approximately 4.5 A, for example, as calculated
based on the law of cosines as exemplified in FIG. 32.
[0152] Accordingly, in this example, the metal-to-metal
distance can be set at slightly less than 9.0 A, for example
approximately 8-8.9 A, or another distance less than 9.0 A
which allows for binding of the nitrogen heteroatom at a first
metal of the multi-metallic organometallic complex and bind-
ing of the olefin at a second metal of the multi-metallic orga-
nometallic complex.

[0153] An exemplary set of ancillary ligands, auxiliary
ligands, and metals comprising the arms of the multi-metallic
organometallic, configured to allow such metal-to metal dis-
tance comprise:

Central Ring

Bu

which can provide a multi-metallic organometallic complex
having the structure:

Pr

Nil-s-PMes

thus providing a metal-to-metal distance of approximately
8.9 A as determined by x-ray crystallography (See e.g.
Examples 6-7).
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[0154] In embodiments herein described, the metal-to-
metal distance for a particular multi-metallic organometallic
complex can vary based on the structure of the auxiliary
ligands. For example, more sterically hindered auxiliary
ligands (e.g. PMe;) can increase the metal-to-metal distance,
less sterically hindered auxiliary ligands (e.g. pyridyl) can
provide a metal-to-metal distance which is approximately a
same metal-to-metal distance as if no auxiliary ligands were
present (see e.g. FIG. 13 showing a multi-metallic organome-
tallic complex having a metal-to-metal distance of approxi-
mately 7 A, FIG. 14(b) showing a multi-metallic organome-
tallic complex having a metal-to-metal distance of
approximately 7.226 A, and FIG. 15 showing a multi-metallic
organometallic complex having a metal-to-metal distance of
approximately 3.68 A). Therefore, according to embodi-
ments herein described, a desired metal-to-metal distance of
the multi-metallic organometallic complex can be selected to
account for an increase or decrease of the metal-to-metal
distance upon displacement of one or more auxiliary ligands
(e.g. during polymerization of a functionalized olefin).

[0155] In embodiments herein described, the metal-to-
metal distance for a particular multi-metallic organometallic
complex can vary based on the structure and/or substitution
pattern of the central ring. For example, in the Ni-s-PMe,
structure, the metal-to-metal distance of the can be increased,
for example, by using a methylated naphthalene ring for the
center ring or can be decreased, for example, by placing the
exterior rings at meta or ortho positions on the center ring.

[0156] Other structural variations to increase or decrease
the metal-to-metal distance of a particular multi-metallic
organometallic complex of the disclosure are identifiable by a
skilled person and can allow controlled variation ofthe metal-
to-metal distance.

[0157] According to further embodiments, a monometallic
organometallic complex can be selected in accordance with a
desired reactivity of the monometallic organometallic com-
plex (e.g. amonometallic organometallic complex which pro-
vides a desired type of polymerization).

[0158] According to further embodiments a metal-to metal
distance of a particular multi-metallic organometallic com-
plex selected by preparing one or more multi-metallic orga-
nometallic complexes, each having a different metal-to-metal
distance (e.g. by varying size and/or substitution pattern of
the central ring) and performing a selected polymerization
with each multi-metallic organometallic complex. Based on a
desired outcome of each polymerization reaction (e.g. a
desired reaction yield, turnover frequency, polymer length) a
metal-to-metal distance can be selected in connection with
the multi-metallic organometallic complex providing the
desired outcome of the polymerization reaction.

[0159] According to some embodiments, a metal-to-metal
distance of a multi-metallic organometallic complex can be
determined, for example, by X-ray crystallography (See e.g.
Example 29).

[0160] Insomeembodimentsthe multi-metallic organome-
tallic complex has a formula according to formula shown in
FIG. 4.

[0161] Also provided herein, a method for preparing poly-
olefins is described, the method comprising contacting an
olefin monomer with the organometallic complexes herein
described. In some embodiments, the olefin monomer con-
tacted with the organometallic complexes herein described is
apolar olefin monomer. In other embodiments, the polyolefin
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produced is a polyolefin copolymer. In other embodiments,
the polyolefin produced is a block copolymer.

[0162] In some embodiments, the olefin monomer con-
tacted with the organometallic complexes herein described is
apolar olefin monomer. In other embodiments, the polyolefin
produced is a polyolefin copolymer. In other embodiments,
the polyolefin produced is a block copolymer.

[0163] In some embodiments, the method for preparing
polyolefins can be performed in the presence of polar addi-
tives with the syn atropisomer of the multi-metallic organo-
metallic complexes herein described because of the multi-
metallic effects observed when the metals are in proximity to
one another. These polar additives would normally act as
inhibitors to polymerization such that the catalysts included
herein would be able to do polymerization under less restric-
tive conditions with respect to purity and functionality of
monomer feedstock.

[0164] In particular, in some embodiments, the method for
preparing polyolefins can be performed for the copolymeriz-
ing of polar olefin monomers with ethylene. Exemplary co-
polymers can include, but are not limited to, copolymers with
tertiary amines including N,N-di-n-propyl-pentenylamine
and N,N-diethyl-pentenylamine. Additional functionalized
monomers can include olefins with amine, amide, imide,
alcohol, acrylate, ether, ester, carboxylate, thiolate, or thioet-
her moieties or non-olefinic monomers such as epoxides,
carbon monoxide, carbon dioxide, lactones and lactides [Ref
6, 18]. Additional functionalized monomers can include
metal-binding monomers (such as, for example, olefins with
a bipyridine moiety) for the synthesis of metal containing
polymers,[Ref 19, 20] or chiral monomers (for example, ole-
fins containing amino acids, peptides, or sugars) for the syn-
thesis of chiral polymers [Ref 21]. Other monomers included
vinyl and ally monomers.

[0165] Also provided herein, a catalytic system for olefin
polymerization is described, the system comprising one or
more of the mono-metallic organometallic complexes herein
described and an olefin monomer. In some embodiments, the
system further comprises a suitable activator.

[0166] In some embodiments, the catalytic system can
include an activator or scavenger. Ni(COD), can be used in
cases where M=Ni and X—PMe; as a phosphine scavenger.
In some embodiments, for example where M is an early
transition metal, methylaluminoxane (MAQO), a modified
MAQO, borates (e.g. trityl borate ([Ph;C]|[B(CcH;(CF5),)4])
anilinium borate ([PhNHMe, |[B(C4F5),4])), boranes (e.g. flu-
orinated boranes (B(C.Fs);)), and non-coordinating anions
can be used as activators. Chain transfer agents such as
Al('Bu), can also be used. In other embodiments the multi-
metallic organometallic complex comprised in the catalytic
system can also be self-initiating, not requiring the addition of
an activator.

[0167] Also provided herein, a method for preparing an
organometallic complex is described, the method comprising
selecting a central ring; selecting two or more exterior rings,
the exterior rings; contacting the central ring with the two or
more exterior rings to provide a rigid linker; selecting one or
more ancillary ligands, one or more metals, and one or more
auxiliary ligands; contacting the rigid linker with the one or
more ancillary ligands to provide an organometallic complex
precursor; contacting the organometallic complex precursor
with the one or more metals and auxiliary metals to provide
the organometallic complex.
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[0168] Also described herein are functionalized polyole-
fins. According to some embodiments, multi-metallic orga-
nometallic complex of the disclosure can be used to polymer-
ize functionalized olefin monomers to obtain such
functionalized polyolefins.

[0169] In some embodiments, the functionalized mono-
mers have the structure:

Pave

X = heteratom-containing
functionality

[0170] In particular, in some embodiments, the functional-
ized monomers have the structure:

R =alkyl or aryl

[0171] In some embodiments, the functionalized polyole-
fins have the structure:

where m=1 or 3-6 and n=150-500 and X comprises a polar
functional group such as alcohol, ether, amine, amide, ester,
carboxylic acid, acrylate, enone, lactone, lactides, epoxide,
aldhye, ketones, imide, imine, oxime, thiol, thioether, thiolate
and thioester or other moiety comprising a nitrogen, oxygen,
or sufur, for example.
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[0172] In particular, in some embodiments, the functional-
ized polyolefins comprise:

where n=150-500.

[0173] Additional exemplary functionalized polyolefins
comprise:

, and

n n

Ho\fo
N w, on

it
HN,,
R
n
o
HN,,
0
R

where R'=an amino acid side group, an alkyl group, or an aryl
group and n=150-500.

[0174] In some embodiments, the functionalized olefin
monomers can be co-polymerized with non-functionalized
olefin monomers (e.g. ethylene) to functionalized co-poly-
mers:
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m

Functionalized.

[0175] Amino acids according to the disclosure can include
both natural and non-natural amino acids.

[0176] According to some embodiments, multi-metallic
organometallic complexes herein described can be used as
catalysts for polymerization of olefins,[Ref 6, 22, 23]
epoxides|Ref 24], lactones or lactides; [Ref 24, 25] copoly-
merization of carbon monoxide and olefins[Ref 26-28]; and
copolymerization of carbon dioxide and epoxides [Ref 29]
are described. In these embodiments, the multi-metallic orga-
nometallic catalysts can be used in connection with providing
polyolefins and other polymeric materials. In particular,
according to some embodiments, the multi-metallic organo-
metallic complexes herein described organize the metal cen-
ters in a well-defined relative orientation for bimetallic reac-
tivity when compared to other multi-metallic catalysts [Ref
23]. Because of the multi-metallic effects observed with the
syn atropisomers of these catalysts the co-monomer scope
has been expanded to polar olefins.

[0177] In some embodiments, the multi-ligand capture
agents herein described are comprised in a composition
together with a suitable vehicle. The term “vehicle” as used
herein indicates any of various media acting usually as sol-
vents, carriers, binders or diluents for the multi-metallic orga-
nometallic complexes that are comprised in the composition
as an active ingredient. In particular, the composition includ-
ing the multi-metallic organometallic complexes can be used
in one of the methods or systems herein described.

[0178] Multi-metallic organometallic complexes described
herein can be provided as a part of systems to perform olefin
based reactions such as polymerization, oligomerization and
additional reactions, identifiable by a skilled person upon
reading of the present disclosure.

[0179] Insomeembodiments, the systems to perform olefin
based reactions herein described can be provided in the form
of combinations of compounds and/or related compositions,
in which the compounds can comprise one or more multi-
metallic organometallic complexes, as well as additional
compounds such as monomers, activators, chemical scaven-
gers, solvents, solid supports and additional elements identi-
fiable by a skilled person.

[0180] In some embodiments, the systems to perform one
or more olefin based reactions herein described can be pro-
vided in the form of kits of parts. In a kit of parts, the multi-
metallic organometallic complexes, suitable substrates such
as olefin monomers and other reagents to perform the reac-
tions can be comprised in the kit independently. The multi-
metallic organometallic complexes can be included in one or
more compositions, and each complex can be in a composi-
tion together with a suitable vehicle.

[0181] In some embodiments, the multidentate organome-
tallic compound described herein can be provided as a part of
systems to make multi-metallic organometallic complexes
described herein. In particular, systems to produce a multi-
metallic organometallic complexes described herein, can
comprise at least two of one or more multidentate organome-
tallic compounds, one or more metals, and/or one or more
ligands and in particular any auxiliary ligands herein
described and/or identifiable by a skilled person upon reading
of the present disclosure.
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[0182] Insomeembodiments, systems to make one or more
multi-metallic organometallic complexes can provided in the
form of combinations of compounds and/or related compo-
sitions, in which the compound can comprise the at least two
multidentate organometallic compounds, metals and/or one
or more ligands possibly together with solvents, solid sup-
ports and additional elements identifiable by a skilled person.
[0183] In some embodiments, the systems to make one or
more metallic organometallic complexes herein described
can be provided in the form ofkits of parts In a kit of parts, one
or more multidentate organometallic compounds, metals,
ligands and other reagents to perform the reactions can be
comprised in the kit independently. The multidentate organo-
metallic compound can be included in one or more composi-
tions, and each compound can be in a composition together
with a suitable vehicle.

EXAMPLES

[0184] The following examples are disclosed for further
illustration of the embodiments and are not intended to be
limiting in any way.

General Conditions and Instrumentation

[0185] All air- and/or water-sensitive compounds were
manipulated using standard vacuum or Schlenk line tech-
niques or in an inert atmosphere glove box. The solvents for
air- and moisture-sensitive reactions were dried over sodium
benzophenone ketyl, calcium hydride, or by the method of
Grubbs [Ref 30]. All NMR solvents were purchased from
Cambridge Isotopes Laboratories, Inc. Benzene-d, was dried
over sodium benzophenone ketyl and vacuum transferred
prior to use. Pyridine and all monomers and amines were
dried over calcium hydride and vacuum transferred prior to
use. Trimethylphosphine was dried over 4 A molecular sieves
prior to use. Ethylene was purchased from Matheson and
equipped with a PUR-Gas in line trap to remove oxygen and
moisture before use. All *H, *C, 3'P, and 2D NMR spectra of
small organic and organometallic compounds were recorded
on Varian Mercury 300 MHz, Varian 400 MHz, or Varian
INOVA-500 or 600 MHz spectrometers at room temperature.
All 'H and '*C NMR spectra of polymers were recorded on
the Varian INOVA-500 MHz spectrometer at 130° C. in tet-
rachloroethane-d,. Chemical shifts are reported with respect
to residual internal protio solvent: 7.16 and 128.06 (t) ppm
(C4Dy); 7.26 and 77.16 (1) ppm (CDCL,); 5.32 and 53.84 (q)
ppm (CD,CL,); for 'H and '°C data.

Example 1

A First Step in Preparing Dinucleating Ligand Sets

[0186] The present dinucleating compounds have been pre-
pared using well-precedented procedures. Commercially
available and inexpensive 4-tert-butylphenol and mesitylene
or 1,2.4,5-tetramethylbenzene are employed as the starting
materials for the tri- or tetra-aryl backbone. Dibromination of
mesitylene leads to 1,3-aryl-substituted complexes while
dibromination of 1,2,4,5-tetramethylbenzene leads to 1,4-
aryl-substituted complexes. Bromination ortho to the phenol
and protection of the phenol moiety of 4-tert-butylphenol
with methyl or methoxymethyl (MOM) protecting groups
followed by lithium halogen exchange and reaction with
ZnCl, generates the aryl-zinc reagents suitable for Negishi
cross-coupling in situ (FIG. 5 through FIG. 8). 1,3-dibro-
momesitylene and 1,4-dibromo-2,3,5,6-tetramethylbenzene
have been used as coupling partners with Pd(PPh,), as the
catalyst. Aqueous workup, followed in some cases by column
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chromatography, provides the terphenyl diphenols as white
powders or colorless sticky oils.

Example 2

Synthesis of Bisphenoxyiminato Compounds

[0187] To synthesize bisphenoxyiminato compounds (FIG.
5 and FIG. 6), directed lithiation with “Bul.i and tetrameth-
ylethylenediamine followed by the in situ reaction with dim-
ethylformamide yields the bisaldehydes. The phenol moieties
are subsequently deprotected using refluxing acidic methanol
(to remove the MOM protecting group) and combined with
excess 2,6-diisopropylaniline or 2-aminophenyl phenyl sul-
fide to afford the bisphenoxyimines, L', L* and L?, which
precipitate as light yellow powders from methanol.

Example 3

Synthesis of Bisphenoxycyclopentadienyl
Compounds

[0188] To synthesize the bisphenoxycyclopentadienyl
compounds (FIG. 7 and FIG. 8), the methyl protecting groups
are removed with excess BBr; at 0° C. in dichloromethane.
These bisphenols are brominated in the positions ortho to the
phenols using bromine in DCM starting cold (-78° C.) and
allowing the reactions to warm to room temperature over
several hours. The phenol moieties of the dibromides are
reprotected with allyl bromide. Lithium halogen exchange
with “BulL.i and in situ reaction with dichlorodimethylsilane
provides the disilanes, which are then combined with mono-
lithiated pentamethylcyclopentadiene to yield the ligand pre-
cursors, L* and L.

Example 4

Synthesis of Bis-Salan Compounds

[0189] The synthesize the bis-salan compounds (FIG. 9),
the methyl protecting groups are removed with excess BBr; at
0° C. in dichloromethane. The benzylbrominated compounds
are synthsized from the bisphenols in the positions ortho to
the phenols by mixing with paraformaldehyde in glacial ace-
tic acid and bubbling HBr (g) through the reaction mixture.
The other portion of these compounds is synthesized starting
with commercially available starting materials 2,4-di-tert-
butylphenol or 3,5-ditertbutyl-2-hydroxybenzaldehyde. 2.4-
di-tert-butylphenol can be benzylbrominated ortho to the
phenol utilizing the same procedure as the bis-phenol. This
benzylbromide is combined with (1R,2R)—N* N>-dimethyl-
cyclohexane-1,2-diamine (synthesized according to litera-
ture procedures) in THF with Hiinig’s base to quench the acid
formed in the reaction to form one amine precursor. Another
varient of the ligand can be accessed by synthesizeing an
amine starting from the imine condensation of 3,5-ditertbu-
tyl-2-hydroxybenzaldehyde with 2-methoxy ethylamine. The
imine is reduced to the desired amine with NaBH,,. The bis-
salan ligand precursors are synthesized by the combining the
desired amine in slight excess (2.2 equiv) with the bis-ben-
zylbromide in THF with Hiinig’s base to quench the acid
formed in the reaction. The bis-salans, L® and L7, are isolated
via column chromatography as pale solids.

Example 5

Separation of Syn and Anti Atropisomers

[0190] The synand anti atropisomers of each of the present
ligand precursors, L', L%, 1>, L* L°, L%, and L’ are separated
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in the course of the synthesis via column chromatography.
For L' and L?, the atropisomers are separated after removal of
the MOM groups. For L?, the atropisomers are separated after
the Negishi coupling, For L*,1.°, LS, and L, the atropisomers
are separated after removal of the methyl protecting groups.
No interconversion has been noted in further reactivity or in
synthesis of any of the metal complexes.

Example 6

Preparation of Dinickel Methylpyridine Complexes

[0191] Dinickel methylpyridine complexes have been pre-
pared by alkane elimination between the Ni(Me),(tmeda) and
bisphenoxyimines L' (FIG. 10). These reactions have been
performed in diethyl ether. The nickel complexes are obtained
as orange solids (Ni'-a-pyridine and Ni'-s-pyridine) 'H
NMR spectra of the dinickel complexes show a single peak
around -0.5 ppm, diagnostic of the N,—CH; moiety. (See
also Example 28).

Example 7

Preparation of Dinickel Methyl Triphenylphosphine

[0192] Dinickel methyl triphenylphosphine complexes
have been prepared by deprotonation of the ligand precursors
L' or L? with NaHMDS (for L'-a) or KH (for L'-s, L*-s,
L3-a,) and salt metathesis with NiCIMe(PMe,), to yield the
bright orange dinickel complexes with methyl and phosphine
donors (Ni'-a-PMe,, Ni'-s-PMe,, Ni*-a-PMe, and Ni’-s-
PMe;) (FIG. 10). 'H NMR spectra of the dinickel complexes
show a single peak around -1.1 ppm, diagnostic of the
N,—CH,; moiety. **P NMR spectra of the dinickel complexes
show a single peak around -9 ppm, corresponding to the
Ni—PMe; moiety.

Example 8

Preparation of Titanium and Zirconium
Bisphenoxyiminato Complexes

[0193] Di(titanium tris-isopropoxide) complexes have
been prepared by isopropanol elimination between Ti(O'Pr),,
and bisphenoxyimines L' (FIG. 11A). The dititanium com-
plexes are obtained as pale yellow solids (Ti'-a-O'Pr and
Ti'-s-O’Pr). The 'H NMR spectra of these complexes display
only one septet and one double for the isoproxide groups
indicating fast interchange of these ligands.

[0194] Dititanium and dizirconium benzyl complexes have
been prepared by toluene elimination between Ti(Bn), or
Zr(Bn), and bisphenoxyimines L' (FIG. 11B and FIG. 11C).
The dititanium complexes are obtained as deep red solids
(Ti'-a-Bn and Ti'-s-Bn). The dizirconium complexes are
obtained as orange solids (Zr'-a-Bn and Zr'-s-Bn). The 'H
NMR spectra of both of these complexes display only one
broad singlet indicative of the benzylic protons indicating fast
interchange and rotation of these ligands.

[0195] Di(titanium dichloride) complexes have been syn-
thesized by deprotonation of the ligand precursors L? with
KH and salt metathesis with TiCl, to yield the red dititanium
complexes with chloride ligands (Ti*-a-Cl and Ti*-s-Cl)
(FIG.11D). Due to the thioether moiety pendant to each of the
bisphenoxyimines, it is assumed that 3 chlorides are present
on each titanium making up a pseudo-octahedral geometry
around the metal centers.
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Example 9

Preparation of Titanium
Bisphenoxycyclopentadienyl Complexes

[0196] Dititanium bisphenoxycyclopentadienyl complexes
with chloride ligands have been synthesized by deprotonation
of the cyclopentadienyl moieties of ligand precursor L*-s
with "BulLi followed by allyl group cleavage and phenoxide
coordination upon treatment with TiCl,(THF), to form Ti*-
s-Cl (FIG. 11E) as a yellow solid. Further reaction of the
titanium dichloride complex Ti*-s-Cl with 2 equivalents of
Me,Mg(tmeda) in diethyl ether at -35° C. provides the tet-
ramethyl dititanium complex, Ti*-s-Me, as a colorless oil
(FIG. 11E).

Example 10

Preparation of Zirconium Bis-Salan Complexes

[0197] Dizirconium benzyl complexes have been prepared
by toluene elimination between Zr(Bn), and bis-salan L’
(FIG. 11F). The zirconium complexes are obtained as pale
yellow solids (Zr’-a-Bn and Zr’-s-Bn). Only a single isomer
of Zr”-a-Bn and Zr”-s-Bn is evidenced by *H NMR spectros-
copy indicating that the orientation of the benzyl ligands on
one arm of the complex is affected by the presence of the
opposite arm.

Example 11

Structural Characterization of Nickel and Titanium
Complexes

[0198] Single-crystal X-ray diffraction (XRD) studies have
been instrumental in confirming the assignment of atropiso-
mers and determining the geometry around the metal centers
in the solid state. Attempts to grow crystals suitable for XRD
were successful for Ni'-a-pyridine, Ni'-s-pyridine, Ti'-a-
O°Pr, Tit-s-OPr, and Ti*-s-Cl.

[0199] Structural characterization of Ni'-a-pyridine and
Ni'-s-pyridine confirmed a square planar geometry about all
of the four-coordinate nickel centers with the methyl groups
trans to the phenoxides and the pyridines trans to the imines
(FIG. 12 and FIG. 13). The XRD study of Ni'-s-pyridine
indicated a Ni—Ni distance of 7.1 A (average for the two
molecules in the asymmetric unit), while the XRD study of
Ni'-a-pyridine indicated a Ni—Ni distance of 11.1 A. Fur-
thermore, there exists a slight distortion from square planar
geometry about the nickel centers in Ni'-s-pyridine probably
due to steric interaction of the pyridine ligands indicating that
substrates extending off of the metal centers for the syn atro-
pisomer can cooperatively interact whereas the greater dis-
tance and the presence of the central arene prevents such
interactions for the anti atropisomer.

[0200] The titanium centers in Ti'-a-O'Pr and Ti'-s-O’Pr
were found to be five-coordinate in the solid state, with dis-
torted square pyramidal geometry (FIG. 14). As with the
nickel complexes greater distortion was observed with Ti'-s-
O'Pr where the isopropoxide ligands could interact sterically.

[0201] The titanium centers of Ti*-s-Cl were found to be
pseudo-tetrahedral with a bridging oxo ligand in the solid
state (FIG. 15). The "H NMR data for this complex is consis-
tent with both the desired tetrachloro complex and the
dichloro(u?-0x0) complex observed in the XRD study. (See
also Example 29).
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Example 12

Polymerizations with Nickel Bisphenoxyiminato
Complexes

[0202] Ethylene homo- and copolymerization trials have
been performed with Ni'-a-pyridine and Ni'-s-pyridine at
25° C. as single component catalysts in toluene or THF with
and without alpha olefins and with and without polar addi-
tives (Table 1 to Table 3). Ethylene copolymerization trials
have been performed with Ni'-a-PMe, and Ni'-s-PMe, at 25°
C. with 2 equivalents of Ni(COD), per nickel center in tolu-
ene with and without alpha olefins, polar additives, and polar
monomers (Table 4 and Table 5). The nickel species generate
white powdery polymers, which are separated from the
quenched (with methanol/hydrochloric acid) reaction mix-
ture by filtration. These materials are rinsed with methanol
and volatiles are removed under vacuum at ambient tempera-
ture over at least 8 h. The materials are then massed and
analyzed by various techniques including 'H, *3C, 'H, **C
HSQCAD, and DOSY NMR spectroscopy, DSC and GPC.
The activities of the nickels complexes with no polar addi-
tives or monomers present are comparable to monometallic
analogues in the literature.[Ref 4, 31-33] With polar additives
or monomers, which generally inhibit polymerization of the
monometallic analogues, the syn atropisomers can still poly-
merize ethylene and have been shown to incorporate some
polar monomers.

[0203] Ethylene homopolymerizations with Ni'-a-pyridine
and Ni'-s-pyridine in toluene or THF suggests that the ether-
containing solvent does not affect the polymerization activity
ofthese complexes (Table 1). 'Hand *C NMR spectra shows
only methyl branches in these polymers. Polymers made with
Ni'-s-pyridine displaying higher branch density than poly-
mers made with Ni'-a-pyridine, pointing to a higher relative
rate of B-H elimination and isomerization versus olefin inser-
tion for Ni'-s-pyridine than for Ni'-a-pyridine The higher
degree of branching for Ni'-s-pyridine relative to Ni'-a-py-
ridine is also observed in copolymerizations of ethylene and
alpha-olefins (Table 2). While the syn atropisomer produces
more methyl branches the comonomer incorporation rates for
the two atropisomers are similar. In these copolymerizations
only methyl branches and branches the length of the comono-
mer chain are incorporated into the polymers indicating that
no chain isomerization takes place after the insertion of a
comonomer. GPC analysis has been performed on many of
these polymers and in all cases the molecular weights of the
polymers produced by Ni'-a-pyridine are higher than those
produced by Ni'-s-pyridine suggesting that the polymeriza-
tion activity of Ni'-s-pyridine is limited by sterics.

TABLE 1

Ethylene Homopolymerizations with nickel precatalysts.®

Entry Complex Solvent Yield TOF®  Branching®
1 Nil-a-pyridine toluene 0.118 280
2 Nil-a-pyridine THF 0.101 150 18.8
3 Nil-a-pyridine THF 0.224 333 17.3
4 Ni'-s-pyridine toluene 0.047 69
5 Nil-s-pyridine toluene 0.036 53
6  Nil-s-pyridine THF 0.041 60 70.3
7 Nil-s-pyridine THF 0.043 64 67.5

?All polymerizations were run in a glass reactor under 100 psig of ethylene at 25° C. with
0.0080 mmol of Ni, S mL total volume for 3 h.

5TOF = turnover frequency in (mol C>Hy) x (mol Ni)’1 xhL,

“Branching was determined from 'H NMR spectroscopy and is reported as the number of
branches per 1000 carbons.
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Ethylene/a-olefin copolymerization trials with nickel precatalysts (See also Table 8)

Yield Branch  Branch %  TOF TOF
Entry Complex Comonomer (g)  Branching® type® ratio®  inc? e co® M, M/ PDV
1 Nitapyr 0.101 17.3 m 150
2 Nil-apyr 0.224 18.8 m 333 47591 6309 7.54
3 Nils-pyr 0.041 70.3 m 60
4 Nil-s-pyr 0.043 67.5 m 64 8114 2697 3.01
5 Nil-a-pyr 1-pentene 0.087 33.4 m+p 1:1.2 39 124 20 15238 4271 3.57
6 Nila-pyr 1-pentene 0.086 31.3 m+p 1:1.3 3.7 123 1.9
7 Nils-pyr 1-pentene 0.044 70.2 m+p 1:0.3 3.4 64 09 7707 2583 2.98
8 Nil-s-pyr 1-pentene 0.028 76.1 m+p 1:0.3 3.7 39 0.6
9 Nil-apyr 1-hexene 0.112 31.1 m+b 1:2.1 4.6 159 2.6 140838 3712 3.80
10 Nil-a-pyr 1-hexene 0.080 31.6 m+b 1:2.3 48 112 19
11 Nils-pyr 1-hexene 0.018 63.7 m+b 1:04 39 25 03
12 Nil-s-pyr 1-hexene 0.016 62.9 m+b 1:0.3 3.1 22 02 2759 893  3.09
13 Nil-a-pyr 1-heptene 0.053 36.0 m+ pn 1:2.7 6.0 74 14 9097 3037 3.00
14 Nil-a-pyr 1-heptene 0.045 40.7 m + pn 1:3.2 73 61 14
15 Nil-s-pyr 1-heptene 0.022 68.0 m+ pn 1:0.5 5.1 31 0.5 3619 1196 3.03
16 Nil-s-pyr 1-heptene 0.006 61.3
17 Nil-apyr l-octene 0.017 49.4 m+h 1:41 104 22 07 4472 1068 4.19
18 Nil-apyr 1-octene 0.017 49.5 m+h 1:6.2 115 22 07
19 Nil-s-pyr l-octene 0.012 61.0 m+h 1:0.6 5.3 17 02 2030 559 3.63
20 Nil-s-pyr 1-octene 0.009 51.1

“All polymerizations were run for 3 h in a glass reactor with 0.0080 mmol of nickel in THF under 100 psig of ethylene with 3200 equivalents of

comonomer per nickel at 25° C. The total reaction volume was 5 mL.

bBranching was determined from "H NMR spectroscopy and is reported as the number of branches per 1000 carbons.
“Determined from '*C NMR spectroscopy: m = methyl, p = propyl, b = butyl, pn = pentyl, h = hexyl.

sy incorporation was calculated from the overall branching and the branch ratio.
1«

»”

°TOF = turnover frequency in (mol monomer) x (mol Ni)’1 xh™. %

of comonomer.
/Caleulated from GPC results.

[0204] In the presence of polar additives, Ni'-s-pyridine
can be more active than Ni'-a-pyridine (Table 3). By exam-
ining the ratios of deactivation (R, Table 4), inhibition trends
can be observed. Polymerizations with primary, secondary,
and tertiary amines show decreased inhibition of the syn
atropisomer especially with amines large enough to, when
bound to one nickel center affect substituents on the other

=cthylene, “co” =comonomer. Calculated from the yield and the % incoporation

nickel center by, for example, disfavoring the binding of a
second, bulky amine relative to coordination of the smaller
ethylene molecule (FIG. 17). The authors expected that this
effect could be capitalized upon to achieve the incorporation
of'polar monomers, but a more active polymerization catalyst
was required.

TABLE 3

Table 3: Ethylene Homopolymerizations with nickel precatalysts in the

presence of polar additives.”

Yield (g) TOF?
Additive Equiv Nil-s-pyridine Ni'-a-pyridine Ni'-s-pyridine Ni'-a-pyridine ~ R¢
1 none n/a 0.574 3.415 341 2029 —
2 none n/a 0.894 1.8939 531 22509 —
3 NMe,Et 500 0.150 1.440 89 836 0.5
4 NMe,Et 500 0.148 1.032 88 613 0.7
5 NMe,Et 5000 0.068 0.103 41 61 3.3
6 NMeEt, 500 0.128 0.181 76 108 3.5
7 NEty 500 0.039 0.016 23 9 12.2
8 NMe,R!e" 225 0.058 0.071 103 126 4.0
9 NMe,R'® 500 0.062 0.111 36 66 2.7
10 NMe,"Pr 500 0.036 0.025 21 15 7.2
11 NMe"Pr, 500 0.070 0.019 41 11 18.4
12 N"Pry 500 0.055 0.001 33 1 269
13 NMe,”Bu 500 0.047 0.019 25 10 12.1
14 NMe,”Bu 500 0.066 0.028 39 17 11.6
15 NMe"Bu, 3500 0.012 0.009 7 3 6.3
16 N"Bu, 500 0.003 — 2 i —
17 NMe,Ph 500 0.619 2.867 367 1703 1.1
18 NMe,Bz 500 0.252 1.330 150 790 0.9
19 HN"Pr 20 — — — i —
20 HNMe"Bu 20 — — — i —
21 HN"Bu, 20 — — — ! —
22 HNPr 20 0.299 0.149 178 88 9.9
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Table 3: Ethylene Homopolymerizations with nickel precatalysts in the

presence of polar additives.®

Yield (g) TOF®

Additive Equiv Nil-s-pyridine Ni'-a-pyridine Ni'-s-pyridine Ni'-a-pyridine =~ R¢
23 H,N"Bu 3 — — — — —
24 H,NR?* 50 0.011 — 7 — —
25 H,NR?* 20 0.022 — 13 — —
26 H,NR*® 3 0.080 0.003 48 2 136
27 H,NR* 5 0.086 0.006 51 4 69.4
28 Pyridine 10 — — — — —

“All polymerizations were run for 3 hours at 25° C. under 100 psig of ethylene in 25 ml of toluene with 10 pmol of dinickel

complex. The number of equivalents of base listed is the number of equivalents per nickel.
5TOF = turnover frequency = (mol CyHy) - (mol Ni)’1 ol

‘R =([TOF for Nil-a-pyr with no additive]/[TOF for Nil-a-pyr with additive] /([ TOF for Nil-s-pyr with no additive]/[ TOF

for N1 -s-pyr with additive]).

R =allyl.

fPolymerization was run for 1 hour.

2R? = 1,1-dimethylpropyl.

R3 =1,1,3,3-tetramethylbutyl,

‘Insufficient product to accurately mass (<1 mg). (See also Table 9).

[0205] Copolymerizations of ethylene and 1-hexene with
Ni'-a-PMe, and Ni'-s-PMe, at 25° C. in toluene using 2
equivalents of Ni(COD), per nickel center as phosphine scav-
engers have been completed and demonstrate that Ni'-a-
PMe, and Ni'-s-PMe, with 2 equivalents of Ni(COD), per
nickel center are significantly more active for polymerization
than single component catalysts Ni'-a-pyridine and Ni'-s-
pyridine under the same conditions (Table 4). Ethylene/1-
hexene copolymerizations by Ni'-a-PMe, and Ni'-s-PMe,
with only 500 equivalents of 1-hexene per nickel exhibit
about 1% comonomer incorporation, an amount easily evi-
denced by 'H and '*C NMR spectroscopy. When 500 equiva-
lents of dipropylmethylamine is added to these polymeriza-
tions, Ni'-s-PMe, still produces polymer, encouraging
attempts for copolymerizations with polar monomers.

TABLE 4

Ethylene/1-hexene polymerizations with nickel precatalysts.”

1-hexene Time Yield
Entry Complex equivalents® (minutes) (g) TOF® % inc?
1 Nil-s-PMe, 3200 30 0734 184 5.2
2 Nil-s-PMe, 500 30 0.849 212 1.2
3 Nil-s-PMe, 500 30 1.165 291 1.2
4 Nil-s-PMe, 500 15 0.399 193 1.8
5 Nil-a-PMe;, 500 30 1.180 295 1.0
6 Nil-a-PMe; 500 30 1430 357 —
7 Nil-a-PMe; 500 15 0.492 246 —

TABLE 4-continued

Ethylene/1-hexene polymerizations with nickel precatalysts.”

1-hexene Time Yield
Entry Complex equivalents® (minutes) (g) TOF® % inc?
8¢ Nil-s-PMes 500 30 0014 4 —
9° Nil-a-PMe; 500 30 - —

“All polymerizations were run in a glass reactor with 0.0080 mmol of nickel in toluene under
100 psig of ethylene with 2 equivalents of Ni(COD), per Ni at 25° C. The total reaction
volume was 5 mL.

5The number of equivalents of base listed is the number of equivalents per nickel.

°TOF = turnover frequency in (g polymer) x (mol Ni)’1 xhl

o4 incorporation was calculated from the 'H and 13C NMR spectra.

°500 equivalents of dipropylmethylamine per nickel were added to these polymerizations.
No NMR spectra or insufficient signal to noise to determine % inc.

#nsufficient product to accurately mass (<1 mg).

[0206] Copolymerization attempts of ethylene or ethylene
and 1-hexene with polar comonomers indicate that only Ni'-
s-PMe; can produce polymers under these conditions imply-
ing that the proximity of the metal centers is responsible for
these results (Table 5). DOSY and 'H-'*C HSQCAD NMR
spectra confirm that the amine-containing olefins are incor-
porated into the polymer chains. Two potential modes of the
bimetallic effect are illustrated in FIG. 18. One is directly
related to the steric effect hypothesized for the inhibition
trends wherein a bulky polar moiety on one monomer binds to
one of the nickel centers disfavoring the binding of an amine
to the other nickel center over coordination of the more steri-
cally open olefin moiety; sterically favored olefin coordina-
tion allows for insertion and propagation to generate a poly-
olefin. A second potential mechanism involves binding of the
polar moiety of a monomer to one metal center leading to
increased binding of the olefinic moiety of that same mono-
mer to the second metal center; this facilitates insertion and
propagation to form a polyolefin incorporating the polar
monomer.

TABLE 5

Ethylene/polar olefin copolymerization trials with nickel precatalysts.®

Entry Complex Comonomer(s) Yield (g) % inc (polar monomer)®> TOF¢
1 Nil-s-PMe; N(allyl)"Pr, 0.022 none 55
2 Ni'-a-PMe; N(pentenyl)"Pr, —d — —d
3 Nil-s-PMe; N(pentenyl)*Pr, 0.049 0.5 12.3
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Ethylene/polar olefin copolymerization trials with nickel precatalysts.®

Entry Complex Comonomer(s) Yield (g) % inc (polar monomer)®> TOF¢
4 Nil-s-PMe; N(pentenyly"Pr,, 1-hexene 0.061 0.5 15.3
5 Nil-s-PMe; N(pentenyl)Et, 0.027 0.8 6.8
6 Ni'-s-PMe; N(pentenyl)Et,, 1-hexene 0.032 0.7 8.0

“All polymerizations were run for 30 minutes ina glass reactor with 0.0080 mmol of nickel in toluene under 100
psig of ethylene with 2 equivalents of Ni(COD), per Ni with 500 equivalents of (each) comonomer at 25° C. The

total reaction volume was 5 mL.
5o incorporation of the polar monomer was calculated from the HNMR spectrum.

“TOF = turnover frequency in (g polymer) x (mol Ni)’1 xhl,
“Insufficient product to accurately mass (<1 mg).

[0207] The scope of polar monomers that can be utilized in
these copolymerizations has yet to be expanded on and FIG.
16 exemplifies a few targets expected to incorporate. The
authors anticipate that other olefins of the form in FIG. 16A,
as well as tertiary and secondary amine-containing olefins
(FIG. 16B), olefins which could subsequently bind metals
(FIG. 16C) to form metal containing polymers, and olefins
with chiral centers (FIG. 16D) to form chiral polymers. (See
Also Example 30).

Example 13

Preparation of Ligand Subunits (FIG. 5)

[0208] 2-bromo-4-tert-butylphenol [Ref 34] and 1,4-di-
bromo-2,3,5,6-tetramethylbenzene [Ref 35] were synthe-
sized according to literature procedures.

[0209] 2-bromo-4-tert-butylmethoxymethylphenol — was
synthesized from 2-bromo-4-tert-butylphenol according an
analogous literature synthesis.[Ref 36] ‘H NMR (400 MHz,
CDCl,): 8 7.30 (d, I=2.4 Hz, 1H, ArH), 7.00 (dd, ]=8.7, 2.4
Hz, 1H, ArH), 6.83 (d, J=8.6 Hz, 1H, ArH), 4.97 (s, 2H,
OCH,0CH,),3.27 (s, 3H, OCH,0OCH,), 1.04 (s, 9H, C(CH,)
5)ppm. *C NMR (101 MHz, CDCL,): 8 151.49 (Ar), 146.47
(Ar), 13045 (Ar), 125.41 (Ar), 115.95 (Ar), 112.63 (Ar),
95.27 (OCH,OCH,), 56.37 (OCH,OCH,), 34.30 (ArC(CH,)
5), 31.42 (ArC(CH;);) ppm. HRMS (FAB+) Caled. for
C,,H,,BrO,: 272.0412. Found: 272.0411.

[0210] 1-aand 1-s. Synthesis of the biphenyl compounds 1
was accomplished via the Negishi coupling of 1,4-dibromo-
2,3,5,6-tetramethybenzene with two equivalents of 2-bromo-
4-tert-butylmethoxymethylphenol using literature condi-
tions.[Ref 37] In the glove box, 2-bromo-4-tert-
butylmethoxymethylphenol (10.46 g, 38.3 mmol) and 150
m[ of THF were combined in a large Schlenk tube and frozen
in the cold well. tert-Butyllithium (47.32 mL, 80.44 mmol,
2.1 equiv) was added to the thawing solution and stirred for 1
h while warming to room temperature. The resultant yellow
orange solution was refrozen in the cold well. Concurrently, a
suspension of ZnCl, (3.66 g, 26.8 mmol, 0.7 equiv) in THF
(40 mL) was frozen in the cold well. The thawing ZnCl,
suspension was added to the thawing reaction mixture and
stirred for 1 h resulting in a colorless cloudy solution. 1,4-
dibromo-2,3,5,6-tetramethybenzene (5.03 g, 17.24 mmol,
0.45 equiv), Pd(PPh,), (0.44 g, 0.38 mmol, 0.01 equiv) and
THF (40 mL) were added to the reaction mixture at room
temperature. The sealed Schlenk tube was brought out of the
glove box and heated to 70° C. for 4 days. Water was added to
quench the reaction. The solution was filtered over silica gel
and the silica gel was washed with dichloromethane. The
filtrate was extracted between DCM and water. The organics
were dried with MgSO,,, filtered, and volatiles were removed
under vacuum. The di-coupled products were coprecitated

from MeOH in a ratio of 1:0.73 anti:syn (4.75 g of white
powder, 53% yield). "H NMR (300 MHz, CDCL,): §=7.33-7.
29 (2dd, J=8.6, 2.5, 2H per atropisomer, ArH), 7.17-7.10 (4d,
J=8.6, 2.5, 4H per atropisomer, ArH), 5.07 (s, 4H,
OCH,OCHj, anti), 4.97 (s, 4H, OCH,OCH,, syn), 3.37 (s,
6H, OCH,0OCHj, anti), 3.24 (s, 6H, OCH,OCH,, syn), 1.97
(s, 12H, Ar—CHj,, syn), 1.95 (s, 12H, Ar—CHj, anti), 1.32 (s,
18H per atropisomer, ArC(CH,),) ppm.

[0211] 2-aand 2-s.1(4.75 g, 9.16 mmol, 1 equiv), N,N,N',
N'-tetramethylethylenediamine (19.1 mL., 128.2 mmol, 14
equiv) and THF (80 mL) were added to a Schlenk tube in the
glove box and frozen in the cold well. n-Butyllithium (9.6
ml, 24.0 mmol, 2.6 equiv) was added to the thawing solution
and stirred for 4 h. The resultant orange red solution was
refrozen in the cold well. A solution of DMF (4.3 mL, 54.9
mmol, 6 equiv) in THF (30 mL) was also frozen in the cold
well. The thawing DMF solution was added to the thawing
reaction mixture resulting in a pale amber solution, which
was stirred for 10 h before the Schlenk tube was brought out
of'the box and about 5 mL. of water were added to quench the
reaction. The desired product was extracted into DCM and the
organic fraction was washed with water, dried with MgSO,,
filtered, and the volatiles were removed under vacuum to
yield the doubly orthoformylated products, 2, with greater
than 90% purity. These compounds were carried forward
without further purification and 100% conversion was
assumed for stoichiometry. "H NMR (300 MHz, CDCl,): §
10.49 (2s, 2H per atropisomer, OCH), 7.90 (2d, J=2.7, 2H per
atropisomer, ArH), 7.43 (d, J=2.7, 2H, ArH, syn), 7.31 (d,
J=2.6,2H, ArH, anti), 4.67 (s, 4H, OCH,OCH3, anti), 4.60 (s,
4H, OCH,OCH,, syn), 3.29 (s, 6H, OCH,OCH,, syn), 3.24
(s, 6H, OCH,OCH,, anti), 2.03 (s, 12H, Ar—CH,, syn), 2.00
(s, 12H, Ar—CHj;, anti), 1.35 (2s, 18H per atropisomer, ArC
(CH,)s) ppm.

[0212] 3-aand3-s.2(5.26 g, 9.2 mmol, 1 equiv), 2N HCl
(69 mL, 137.4 mmol, 15 equiv), and methanol (275 mL) were
added to a round bottom flask equipped with a reflux con-
denser and the reaction was refluxed for 2 h. Then the reaction
was cooled to room temperature and filtered to collect pre-
cipitate. The precipitate was dissolved in DCM and washed
with water. Additional product was collected from the filtrate
by extraction into DCM. The organic fractions were dried
with MgSO,,, filtered, and the volatiles were removed under
vacuum to yield the deprotected products, 3. The atropiso-
mers were separated via column chromatography (3:1 DCM/
hexanes). 1.3 gof3-aand 0.7 g of 3-s were isolated as white
solids in 95 puritiy (45% overall yield). 3-a *"H NMR (400
MHz, CDCl,): § 11.13 (s, 2H, OH), 9.99 (s, 2H, OCH), 7.56
(d, J=2.5, 2H, ArH), 7.53 (d, J=2.5, 2H, ArH), 1.99 (s, 12H,
Ar—CHy), 1.38 (s, 18H, C(CH,);) ppm. 3-s 'H NMR (400
MHz, CDCl,): § 10.92 (s, 2H, OH), 9.99 (s, 2H, OCH), 7.55
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(d, JI=2.5, 2H, ArH), 7.45 (d, I=2.5, 2H, ArH), 1.99 (s, 12H,
Ar—CHs,), 1.36 (s, 18H, C(CH,);) ppm.

[0213] L‘'-a. The anti-bis-salicylaldimine compound was
synthesized by mixing 3-a (0.36 g, 0.74 mmol, 1 equiv),
p-toluenesulfonic acid (0.014 g, 0.074 mmol, 0.1 equiv),
2,6-diisopropylamine (0.31 mL, 1.63 mmol, 2.2 equiv), and
methanol (40 mL) in a round bottom flask equipped with a
reflux condenser. A color change to orange was observed with
the addition of aniline. The mixture was stirred at reflux for 4
h and then cooled to room temperature. A pale solid was
collected from the deep red solution via filtration. The pre-
cipitate was further purified by column chromatography (2:1
hexanes/DCM) and 0.44 g (73% yield) of pale yellow solid
was obtained. "H NMR (400 MHz, C4Dy): 8 13.45 (s, 2H,
OH), 8.05 (s, 2H,NCH), 7.42 (d, 2H, ArH), 7.28 (d, 2H, ArH),
7.11 (bs, 6H, N—ArH), 3.06 (septet, J=6.8, 4H, CH(CH,),),
2.24 (s, 12H, ArCH,), 1.29 (s, 18H, C(CH,)5), 1.06 (d, J=6.8,
24H, CH(CHs,),) ppm. >C NMR (101 MHz, C,Dy): § 168.05
(ArCHN), 157.53 (Ar), 147.32 (Ar), 141.85 (Ar), 138.96
(Ar), 137.61 (Ar), 133.75 (Ar), 132.81 (Ar), 131.98 (Ar),
125.75 (Ar), 123.54 (Ar), 118.49 (Ar), 34.26 (ArC(CH,),),
31.60 (ArC(CH,);), 28.63 (ArCH(CH,),), 23.42 (ArCH
(CH,),), 18.44 (ArCH,) ppm. HRMS (FAB+) Calcd. for
Cs56H,50,N,: 805.5672. Found: 805.5693.

[0214] L‘'-s. The imine condensation to form the syn-bis-
salicylaldimine compound from 3-s was accomplished via
the same procedure as the anti. The desired product was
isolated as a pale yellow solid in 56% yield (1.32 g). ‘H NMR
(400 MHz, C;Dy): d 13.45 (s, 2H, OH), 8.06 (s, 2H, NCH),
7.45(d, 2H, ArH), 7.29 (d, 2H, ArH), 7.13 (bs, 6H, N—ArH),
3.12 (septet, J=6.8, 4H, CH(CH,),), 2.22 (s, 12H, ArCH,),
1.27 (s, 18H, C(CH,),), 1.11 (d, J=6.8, 24H, CH(CH,),) ppm.
13C NMR (101 MHz, CDy): & 168.04 (ArCHN), 157.58
(Ar), 147.39 (Ar), 141.68 (Ar), 138.95 (Ar), 137.76 (Ar),
133.43 (Ar), 132.92 (Ar), 131.98 (Ar), 127.65 (Ar), 125.77
(Ar), 123.54 (Ar), 118.62 (Ar), 34.19 (ArC(CH,)5), 31.57
(ArC(CH,),), 28.67 (ArCH(CH,),), 23.46 (ArCH(CH,),),
18.47 (ArCH,) ppm. HRMS (FAB+) Calcd. for Cs¢H,;O,N,:
805.5672. Found: 805.5688.

Example 14

Synthesis of Bisphenoxyiminato Compounds with
Pendant Donors (Para—FIG. 5)

[0215] L*-a. 3-a (0.258 g, 0.530 mmol, 1 equiv), 2-ami-
nophenyl phenyl sulfide (0.235 g, 1.166 mmol, 2.2 equiv),
tosic acid (0.010 g, 0.053 mmol, 0.1 equiv) and MeOH (25
ml.) were combined in a round bottom flask equipped with a
stirbar and a reflux condenser. The reaction mixture was
heated to reflux with stifling for 30 h and then cooled to room
temperature and put into freezer to precipitate for 12 h. The
pale solid was collected over a frit and purified via column
chromatography (2:1 hexanes/DCM) to yield 0.2 g of pale
yellow solid (44% yield). "H NMR (300 MHz, CDCL,): &
12.89 (s, 2H, OH), 8.62 (s, 2H, NCH), 7.26 (m, 22H, ArH),
2.04 (s, 12H, Ar—CH,), 1.34 (s, 18H, C(CH,);) ppm.

[0216] LZ>-s. The imine condensation with 2-aminophenyl
phenyl sulfide and 3-s was accomplished via the same proce-
dure as the anti. The desired product was isolated as a pale
yellow solid in 80% yield (0.24 g). 'H NMR (400 MHz,
CeDy): 613.39 (s,2H, OH), 8.15 (s, 2H,NCH), 7.41 (d, J=2.5,
2H, ArH), 7.31 (dd, J=7.8, 1.4, 3H, ArH), 7.16 (d, J=2.5, 3H,
ArH),7.12 (dd, J=7.8, 1.4, 2H, ArH), 6.92 (td, J=7.6, 1.3, 2H,
ArH), 6.88 (m, 6H, ArH), 6.81 (td, J=7.6, 1.3, 2H, ArH), 6.73
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(dd, J=7.9, 1.3, 2H, Arf]), 2.24 (s, 12H, Ar—CH,), 1.29 (s,
18H, C(CH,),) ppm. 3C NMR (101 MHz, C¢Dy): d 163.78
(Ar), 157.54 (Ar), 147.66 (Ar), 141.30 (Ar), 137.97 (Ar),
134.35 (Ar), 134.06 (Ar), 133.62 (Ar), 133.41 (Ar), 132.91
(Ar), 131.90 (Ar), 130.05 (Ar), 129.50 (Ar), 128.17 (Ar),
127.94 (Ar), 127.20 (Ar), 127.13 (Ar), 119.21 (Ar), 118.59
(Ar), 34.16 (C(CH,)), 31.63 (C(CHS,)), 18.40 (ArCH,) ppm.

Example 15

Synthesis of Bisphenoxyiminato Compounds (Meta
—FIG. 6)

[0217] 1,3-dibromomesitylene was synthesized according
to literature procedures. [Ref 38]

[0218] 4-a and 4-s. Synthesis of the biphenyl compounds 4
was accomplished via the Negishi coupling of 1,3-dibro-
momesitylene with two equivalents of 2-bromo-4-tert-butyl-
methoxymethylphenol using conditions analogous to the
synthesis of compounds 1. Precipitation from methanol
yielded 4-a as a white solid (2.5 g). 4-s was collected in
greater than 80% purity via column chromatography (30:1
hexanes/ethyl acetate). 4-s was then isolated as a colorless oil
(2.3 g, 58% overall yield) via column chromatography of the
3:2 hexanes/ethyl acetate flush of the previous column
(6.25:1 hexanes/ethyl acetate). 4-a '"H NMR (300 MHz,
CDCl,): 8 7.36 (dd, I=8.6, J=2.5, 2H, ArH), 7.21 (d, J=8.6,
2H,ArH),7.17 (d,1=2.5,2H, ArH), 7.14 (s, 1H, ArH), 5.18 (d,
J=6.8, 2H, OCH,0OCH,), 5.13 (d, J=6.8, 2H, OCH,OCH,),
3.40 (s, 6H, OCH,0OCH,), 2.10 (s, 6H, ArCH,), 1.78 (s, 3H,
ArCH,), 1.36 (s, 18H, ArC(CH,),) ppm. 4-s 'H NMR (300
MHz, CDCl,): 8 7.30 (dd, J=8.6, J=2.5, 2H, ArH), 7.16 (d,
J=2.5,2H, ArH), 7.12 (d, I=8.6, 2H, ArH), 7.08 (s, 1H, ArH),
5.02 (d, J=6.7, 2H, OCH,OCH,), 4.98 (d, J=6.7, 2H,
OCH,OCH,), 3.30 (s, 6H, OCH,OCH,), 2.06 (s, 6H,
ArCH,), 1.72 (s,3H, ArCH,), 1.31 (s, 18H, ArC(CH,);) ppm.
[0219] 5-a. Formylation of 4-a was accomplished via the
same procedure as for 2. 0.53 g of doubly orthoformylated
compound was collected as a pale yellow solid after extrac-
tion and moved forward without further purification (53%
yield). "H NMR (300 MHz, CDCl,): 8 10.44 (s, 2H, CHO),
7.87 (d, I=2.6, 2H, ArH), 7.32 (d, J=2.6, 2H, ArH), 7.08 (s,
1H, ArH), 4.72 (d, J=2.4, 2H, OCH,OCH,), 4.69 (d, J=2.4,
2H, OCH,OCH,), 3.20 (s, 3H, OCH,OCH,), 2.09 (s, 6H,
ArCH,), 1.80(s,3H, ArCH,), 1.32 (s, 18H, ArC(CH,);) ppm.
[0220] 5-s. Formylation of 4-s was accomplished via the
same procedure as for the anti, but a mixture of species
resulted. Column chromatography was used to isolate the
desired product as a pale yellow solid (0.30 g, 51% yield). 'H
NMR (300 MHz, CDCl,): § 10.46 (s, 2H, CHO), 7.89 (d,
J=2.7,2H, ArH), 7.45 (d, I=2.7, 2H, ArH), 7.15 (s, 1H, ArH),
4.65 (s, 4H, OCH,0OCH,), 3.36 (s, 6H, OCH,OCH,), 2.11 (s,
6H, ArCH,), 1.79 (s, 3H, ArCH,), 1.34 (s, 18H, ArC(CH,),)
ppm.

[0221] 6-a. Deprotection of 5-a was accomplished via the
same procedure as for 3. The desired product was isolated as
an olive green solid in 95% yield (0.86 g). 'H NMR (300
MHz, CDCl,): § 11.07 (s, 2H, ArOH), 9.95 (s, 2H, CHO),
7.55 (d, I=2.5, 2H, ArH), 7.52 (d, J=2.5, 2H, ArH), 7.14 (s,
1H, ArH), 2.07 (s, 6H, ArCH3), 1.75 (s, 3H, ArCH,), 1.34 (s,
18H, ArC(CH,),) ppm.

[0222] 6-s. Deprotection of 5-s was accomplished via the
same procedure as for the anti. The desired product was
isolated as a brown solid in quantitative yield (0.69 g). ‘H
NMR (300 MHz, CDCl,): 8 10.95 (s, 2H, ArOH), 9.97 (s, 2H,
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CHO), 7.57 (d, J=2.5, 2H, ArH), 7.49 (d, J=2.5, 2H, ArH),
7.16 (s, 1H, ArH), 2.08 (s, 6H, ArCHy,), 1.80 (s, 3H, ArCH,),
1.35 (s, 18H, ArC(CH,);) ppm.

[0223] L?-a. The imine condensation with 2,6-diisopropy-
laniline and 6-a was accomplished via the same procedure as
for L'-a. The desired product was isolated as a pale yellow
solid in 66% yield (0.26 g). '"H NMR (300 MHz, CDCL,): §
13.44 (s, 2H, ArOH), 7.99 (s, 2H, NCH) 7.38 (d, J=2.4, 2H,
ArH),7.23 (d,J=2.4, 2H, ArH), 7.20 (s, 1H, ArH), 7.09 (s, 6H,
ArH), 3.02 (septet, I=6.8, 4H, ArCH(CH,),), 2.37 (s, 3H,
ArCH,),2.32 (s, 6H, ArCH,), 1.17 (s, 18H, ArC(CH,),), 1.04
(dd, J=6.8, J=3.4, 24H, ArCH(CH,),) ppm.

[0224] L°-s. The imine condensation with 2,6-diisopropy-
laniline and 6-s was accomplished via the same procedure as
for the anti. The desired product was isolated as a pale yellow
solid in 42% yield (0.17 g). '"H NMR (300 MHz, CDCL,): §
13.29 (s, 2H, ArOH), 8.03 (s, 2H, NCH), 7.49 (d, J=2.5, 2H,
ArH),7.25(d,J=2.5,2H, ArH), 7.13 (s, 1H, ArH), 7.10 (s, 6H,
ArH), 3.02 (septet, I=8.4, 4H, ArCH(CH,),), 2.38 (s, 3H,
ArCH,),2.31 (s, 6H, ArCH,), 1.23 (s, 18H, ArC(CHs,),), 1.04
(dd, J=8.4, J=7.0, 24H, ArCH(CH,),) ppm.

Example 16

Synthesis of Bisphenoxycyclopentadienyl
Compounds (Para —FIG. 7)

[0225] 2-bromo-4-tert-butylmethoxybenzene was synthe-
sized from 2-bromo-4-tert-butylphenol according an analo-
gous synthesis.[Ref 39] The ‘H NMR spectrum matched
literature assignments.[Ref 40] HRMS (El+) Caled. for
C,,H,s0Br: 242.0306. Found: 242.0305.

[0226] 7-a and 7-s. Synthesis of the biphenyl compounds 7
was accomplished via the Negishi coupling of 1,4-dibromo-
2,3,5,6-tetramethybenzene with two equivalents of 2-bromo-
4-tert-butylmethoxybenzene using conditions analogous to
the synthesis of compounds 1. The two atropisomers of the
terphenyl compound were coprecipitated from methanol as a
colorless solid (15.4 g, 71% yield). '"H NMR (300 MHz,
CDCl,): 6 7.36 (2dd, 2H, ArH), 7.19 (2d, 2H, ArH), 6.95 (2d,
2H, ArH), 3.78 (2s, 6H, OCH,), 1.99 (2s, 12H, ArCH,), 1.34
(2s, 18H, C(CH,),) ppm. *C NMR (75 MHz, CDCl,): §
154.70 (Ar), 143.25 (Ar), 137.83 (Ar), 137.57 (Ar), 132.22
(Ar), 132.10 (Ar), 130.75 (Ar), 129.31 (Ar), 128.97 (Ar),
124.29 (Ar), 124.21 (Ar), 110.19 (Ar), 110.09 (Ar), 55.81
(OCH,), 55.59 (OCH,), 34.29 (ArC(CH,),), 31.75 (ArC
(CH,);), 18.07 (ArCH,), 18.00 (ArCH,) ppm. HRMS (EI+)
Calcd. for C;,H,,0,: 458.3185. Found: 458.3184.

[0227] 8-aand 8-s. A mixture of 7-aand 7-b (10.90 g, 23.76
mmol, 1 equiv) was dissolved in 100 mL. of DCM and cooled
to 0° C. Neat boron tribromide (9.0 mL, 95.03 mmol, 4 equiv)
was added to the solution. The reaction mixture was allowed
to warm to ambient temperature and stirred for 1 h. The
mixture was quenched with saturated sodium bicarbonate
solution. The organic fraction was collected, dried with
MgSO,, filtered through Celite, and concentrated in vacuo.
The syn and anti atropisomers were isolated by column chro-
matography (4:1 DCM/hexanes). 8-anti (6.5 g) 'H-NMR
(300 MHz, CDCl,): ¢ 7.31 (dd, 2H, J=8.4, 2.4 Hz, Ar—H)
7.05(d, 2H, J=2.4 Hz, ArH) 6.94 (d, 2H, J=8.5 Hz, ArH) 4.52
(s, 2H, ArOH) 1.99 (s, 12H, Ar—CH,) 1.32 (s, 18H, C(CH,)
5) ppm. 8-syn (1.73 g) *"H-NMR (300 MHz, CDCl,): 8 7.50
(d, 2H,J=2.3 Hz, ArH) 7.02 (d, 2H, J=2.3 Hz, ArH) 5.26 (br,
2H, ArOH) 1.98 (s, 12H, ArCH,) 1.30 (s, 18H, C(CH,),)
ppm.
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[0228] 9-a.8-a(1.094 g, 2.54 mmol, 1 equiv) was dissolved
in 100 mL of DCM and cooled to —78° C. A 0.5 M solution of
bromine in DCM (9.91 mL, 4.95 mmol, 1.95 equiv) was
added by syringe. The mixture was stirred at reduced tem-
perature for 1 h and then allowed to reach ambient tempera-
ture. The mixture was stirred for 8 h at ambient temperature.
A saturated solution of sodium bicarbonate was added. The
organic phase was collected, dried with MgSO,, filtered
through Celite, and concentrated in vacuo. The compound
was purified by flash column chromatography (5:1:0.5 hex-
anes/ethyl acetate/DCM) as a white solid (1.345 g, 90%
yield) "H-NMR (300 MHz, CDCl,): 8 7.49 (d, 2H, J=2.3 Hz,
ArH)7.07 (d, 2H, J=2.3 Hz, ArH) 5.20 (s, 2H, ArOH) 1.98 (s,
12H, Ar—CH;) 1.31 (s, 18H, C(CH,);) ppm.

[0229] 9-s.8-s5(1.728 g,4.01 mmol, 1 equiv) was dissolved
in 100 mL of DCM and cooled to -78° C. Bromine (0.403
ml, 7.82 mmol, 1.95 equiv) was added by syringe. The mix-
ture was stirred at reduced temperature for 1 h and then
allowed to reach ambient temperature. The mixture was
stirred for 8 h at ambient temperature. A saturated solution of
sodium bicarbonate was added. The organic phase was col-
lected, dried with MgSO,, filtered through Celite, and con-
centrated in vacuo. The compound was purified by flash col-
umn chromatography (5:1:0.5 hexanes/ethyl acetate/DCM as
a white solid (2.20 g, 94% yield) '"H-NMR (300 MHz,
CDCl,): 67.52 (d, 2H, J1=2.3 Hz, ArH) 7.05 (d, 2H, J=2.3 Hz,
ArH) 5.27 (s, 2H, ArOH) 2.00 (s, 12H, ArCH,) 1.32 (s, 18H,
C(CH,)s) ppm.

[0230] 10-a. 9-a (1.495 g, 2.54 mmol, 1 equiv) was dis-
solved in acetone (200 mL). Allyl bromide (0.484 mL, 5.6
mmol, 2.2 equiv) was added by syringe. This mixture was
added using an addition funnel to a stirred solution of sodium
hydroxide (0.224 g, 5.6 mmol, 2.2 equiv) in water (2 mL).
After addition was complete, the mixture was rapidly stirred
for 24 h at which time volatiles were removed in vacuo. The
mixture was extracted with DCM, Dried with MgSO,,, filtered
through Celite, and concentrated in vacuo. The product was
purified by crystallization from DCM/hexane (0.930 g, 55%
yield). Additional crops of crystals can be collected. 10-a has
not currently been moved forward to L*a. 'H NMR (300
MHz, CDCl,): § 7.55 (d, 2H, J=2.4 Hz, ArH) 6.99 (d, 2H,
J=2.4 Hz, ArH) 5.73 (m, 2H, OCH,CH—CH,) 5.05 (m, 4H,
OCH,CH—CH,) 4.08 (m, 4H, OCH,CH—CH,) 1.96 (s,
12H, ArCH,) 1.32 (s, 18H, C(CH,);) ppm.

[0231] 10-s. 9-s (2.450 g, 4.16 mmol, 1 equiv) was dis-
solved in acetone (200 mL). Allyl bromide (3.6 mL, 41.6
mmol, 10 equiv) was added by syringe. This mixture was
added using an addition funnel to a stirred solution of sodium
hydroxide (1.7 g, 41.6 mmol, 10 equiv) in water (5 mL). After
addition was complete, the mixture was rapidly stirred for 24
h at which time volatiles were removed in vacuo. The mixture
was extracted with DCM, dried with MgSQ,, filtered through
Celite, and concentrated in vacuo. The compound was puri-
fied by flash column chromatography (5:1:0.5 hexanes/ethyl
acetate/DCM) as a white solid. (2.557 g, 92% yield) ‘H NMR
(300 MHz, C;Dy): 8 7.72 (d, 2H, J=2.4 Hz, ArH) 7.10 (d, 2H,
J=2.4 Hz, ArH) 5.80 (ddt, 2H, J=17.1, 10.5, 5.4 Hz,
OCH,CH—CH,) 5.21 (dd, 2H, J=17.1, 1.7 Hz,
OCH,CH—CH,) 4.96 (dd, 2H, J=17.1, 1.7 Hz,
OCH,CH—CH,) 4.22 (dt, 4H, J=53, 1.5 Hz,
OCH,CH—CH,) 2.04 (s, 12H, ArCH;) 1.11 (s, 18H, C(CH,)
3) ppm.

[0232] 11-s. 10-s (0.093 g, 0.14 mmol, 1 equiv) was dis-
solved in toluene (5 mL) in a Schlenk tube and THF (1 mL)
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was added to the reaction flask. The Schlenk tube was cooled
to =78° C. After the temperature had equilibrated, "Buli
(0.116 mL, 0.29 mmol, 2.1 equiv) was added via syringe. The
reaction was stirred for 1 h at -78° C. beore it was transferred
via cannula to a second Schlenk tube containing dichlorodim-
ethylsilane (0.361 mL, 2.8 mmol, 20 equiv) toluene (5 mL) at
-78° C. The reaction mixture was allowed to slowly reach
ambient temperature at which point volatiles were removed
under vacuum. The residue was taken up in pentane, filtered
through celite, and concentrated in vacuo. The product was
collected as a white powder (- - - g, - - - % yield).

[0233] 'H-NMR (300 MHz, CDy): 8 8.13 (d, 2H, J=2.5
Hz, Ar—H) 7.34 (d, 2H, J=2.5 Hz, Ar—H) 5.61 (ddt, 2H,
J=17.2,10.4, 5.1 Hz, OCH,CH—CH,) 5.11 (dd, 2H, J=17.2,
1.7 Hz, OCH,CH—CH,) 4.88 (dd, 2H, J=10.5, 1.6 Hz,
OCH,CH—CH,) 4.14-4.07 (m, 4H, OCH,CH—CH,) 2.12
(s, 12H, Ar—CH,3) 1.30 (s, 18H, C(CH,);) 0.79 (s, 12H,
Si—CH;) ppm.

[0234] L*-s. 11-s (0.154 g, 0.22 mmol, 1 equiv) was dis-
solved in THF (5 mL) and added to a suspension of lithium
tetramethylcyclopentadienyl (0.062 mg, 0.29 mmol, 1.3
equiv) in THF (10 mL). The reaction mixture was stirred for
12 h before filtering through celite, concentrating, taking up
in pentane and filtering again through celite. The white solid
(0.158 g, 83% yield) was carried on without further purifica-
tion. 'H NMR (300 MHz, C¢Dy) 8 7.62 (d, J=2.6 Hz, 2H),
7.29 (d, I=2.6 Hz, 2H), 5.91-5.57 (m, 2H), 5.28 (dd, J=17.2,
1.8 Hz, 2H), 4.97 (dd, J=10.6, 1.7 Hz, 2H), 4.22 (d, J=4.9 Hz,
4H),3.72 (s, 1H), 2.21 (s, 12H), 1.97 (s, 12H), 1.91 (s, 12H),
1.29 (s, 18H), 0.42 (s, 12H) ppm.

Example 17

Synthesis of Bisphenoxycyclopentadienyl
Compounds (Meta —FIG. 8)

[0235] 12-aand 12-s. Synthesis of the biphenyl compounds
12 was accomplished via the Negishi coupling of 1,3-dibro-
momesitylene (5.488 g, 19.74 mmol, 0.48 equiv) with
2-bromo-4-tert-butylmethoxybenzene (10.000 g, 41.13
mmol, 1 equiv) using conditions analogous to the synthesis of
compounds 1. Anti and syn isomers generated in the coupling
reaction were not separated and instead were carried on
together. (5.571 g, 63% yield) "H NMR (300 MHz, CDCl,):
d 7.34 (dd, 2H, J=8.6, 2.6 Hz, ArH) 7.17 (d, 2H, J=2.5 Hz,
ArH)7.11 (s, 1H, ArH) 6.92 (d, 2H, J=8.5 Hz, ArH) 2.73 (s,
6H, OCH,-anti) 2.84 (s, 6H, OCH;-syn) 2.06 (s, 6H, ArCH,)
1.71 (s, 3H, ArCH,) 1.330 (s, 18H, C(CH;);-anti) 1.326 (s,
18H, C(CHj;),-anti) ppm.

[0236] 13-aand 13-s. A mixture of 12-a and 12-s (5.591 g,
12.53 mmol, 1 equiv) was dissolved in DCM (100 mL) and
cooled to 0° C. Neat boron tribromide (4.75 mL., 50.12 mmol,
4 equiv) was added to the solution. The reaction mixture was
allowed to warm to ambient temperature and stirred for 1 h.
The mixture was quenched with saturated sodium bicarbon-
ate solution. The organic fraction was collected, dried with
MgSO,, filtered through Celite, and concentrated in vacuo.
The syn and anti atropisomers were separated by flash col-
umn chromatography on silica gel (5:1:0.5 hexanes/ethyl
acetate/DCM). 13-a "H NMR (300 MHz, CDCl,): § 7.29 (dd,
2H, J=8.5,2.5Hz, ArH) 7.17 (s, 1H, ArH) 7.04 (d, 2H, J=2.5
Hz, ArH) 6.92 (d, 2H, J=8.5 Hz, ArH) 4.55 (s, 2H, OH) 2.07
(s, 6H, ArCH,) 1.75 (s, 3H, ArCH;) 1.30 (s, 18H, C(CH,),)
ppm. 13-s 'H NMR (300 MHz, CDCL,): & 7.24 (dd, 2H,
J=8.5,2.5Hz, ArH) 7.15 (s, 1H, ArH) 7.07 (d, 2H, J=2.5 Hz,
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ArH) 6.86 (d, 2H, J=8.5 Hz, ArH) 5.02 (br, 2H, OH) 2.07 s,
6H, ArCH;) 1.69 (s, 3H, ArCH;) 1.29 (s, 18H, C(CH,);) ppm.
[0237] 14-a. The desired material was prepared utilizing a
procedure identical to that for 9-a and 9-s with 13-a (1.870 g,
4.49 mmol, 1 equiv) and bromine (0.451 mL, 8.75 mmol, 1.95
equiv) The product was isolated by flash column chromatog-
raphy on silica gel (5:1:0.5 hexanes/ethyl acetate/DCM)
(2.488 g, 96% vyield). 14-a has not currently been moved
forward to L°-a. '"H NMR (300 MHz, CDCl,): 8 7.47 (d, 2H,
J=2.3Hz,ArH)7.14 (s, 1H, ArH) 7.06 (d, 2H, J=2.3 Hz, ArH)
5.21 (s, 2H, ArOH) 2.07 (s, 6H, ArCH;) 1.74 (s, 3H, ArCH,)
1.29 (s, 18H, C(CH,;);) ppm.

[0238] 14-s. The desired material was prepared utilizing a
procedure identical to that for 9-a and 9-s with 13-s (1.753 g,
4.21 mmol, 1 equiv) and bromine (0.423 m[, 8.21 mmol, 1.95
equiv) The product was isolated by flash column chromatog-
raphy on silica gel (5:1:0.5 hexanes/ethyl acetate/DCM)
(2.489 g, quantitative yield). "H NMR (300 MHz, CDCl,): §
7.48 (d, 2H, J=2.3 Hz, ArH) 7.17 (s, 1H, ArH) 7.07 (d, 2H,
J=2.3Hz, ArH) 5.31 (s, 2H, ArOH) 2.08 (s, 6H, ArCH;) 1.75
(s, 3H, ArCH,) 1.30 (s, 18H, C(CH,),) ppm.

[0239] 15-s. The desired material was prepared utilizing a
procedure identical to that for 10-s with 14-s (2.489 g, 4.3
mmol, 1 equiv), allyl bromide (3.7 mL, 43 mmol, 10 equiv)
and sodium hydroxide (1.72 g, 43 mmol, 10 equiv). The
product was isolated by flash column chromatography on
silica gel (30:1 hexanes/ethyl acetate) (2.2 g, 78% yield). 'H
NMR (300 MHz, C,Dy): 8 7.68 (d, 2H, J=2.5 Hz, ArH) 7.11
(s, 1H, ArH) 6.98 (d, 2H, J=2.5 Hz, ArH) 5.87 (ddt, 2H,
J=17.2,10.6, 5.4 Hz, OCH,CH—CH,) 5.24 (ddd, 2H, J=17.
2, 33 16 Hz, OCH,CH—CH,) 497 (m, 2H,
OCH,CH—CH,) 4.24 (m, 4H, OCH,CH—CH,) 2.14 (s, 6H,
ArCH,) 2.09 (s, 3H, ArCH,) 1.04 (s, 18H, C(CH,);) ppm.
[0240] 16-s. The desired material was prepared utilizing a
procedure identical to that for 11-s with 15-s (1.000 g, 1.53
mmol, 1 equiv), “Buli (1.34 mL, 3.36 mmol, 2.2 equiv), and
dichlorodimethylsilane (1.9 mL, 15.3 mmol, 10 equiv). The
product was used without further purification (0.720 g, 69%
yield). "H NMR (300 MHz, C¢Dy): 8 8.08 (d, 2H, J=2.4 Hz,
ArH)7.34 (d,2H, J=2.4 Hz, ArH) 7.02 (s, 1H, ArH) 5.63 (ddd,
2H, J=22.2, 10.3, 5.0 Hz, OCH,CH—CH,) 5.13 (dd, 2H,
J=17.2, 1.5 Hz, OCH,CH—CH,) 4.91 (dd, 2H, J=10.5, 1.3
Hz, OCH,CH—CH,) 4.09 (d, 4H, J=49 Hz,
OCH,CH—CH,) 2.21 (s, 6H, ArCH,) 2.21 (s, 3H, ArCH,)
1.22 (s, 18H, C(CH,);) 0.75 (s, 6H, SiCH,) 0.73 (s, 6H,
SiCH,) ppm.

[0241] L°-s. The desired material was prepared utilizing a
procedure identical to that for L*-s with 16-s (0.253 g, 0.30
mmol, 1 equiv), “Bul.i (0.486 mL, 1.22 mmol, 4.1 equiv) and
TiCl,(THF), (0.200 g, 0.60 mmol, 2.0 equiv) The product
used without further purification (0.520 g, 85% vyield). 'H
NMR (300 MHz, C;Dy): 8 7.59 (d, 2H, J=2.5 Hz, ArH) 7.31
(d, 2H, J=2.5 Hz, ArH) 7.05 (s, 1H, ArH) 5.75 (ddd, 2H,
J=15.4,10.1,4.7 Hz, OCH,CH—CH,) 5.31 (dd, 2H, J=17.3,
1.6 Hz, OCH,CH—CH,) 5.00 (dd, 2H, J=10.6, 1.4 Hz,
OCH,CH—CH,) 4.25 (d, 4H, J=4.7 Hz, OCH,CH—CH,)
3.69 (s, 2H, Cp*H) 2.34 (s, 3H, ArCH,) 2.30 (s, 6H, ArCH;)
1.92 (s, 12H, Cp*CH,) 1.88 (s, 12H, Cp*CH,) 1.22 (s, 18H,
C(CHs,);) 0.39 (s, 6H, SiCH;) 0.37 (s, 6H, SiCH;) ppm.

Example 18

Synthesis of Bis-Salan Compounds (Para —FIG. 9)
[0242] 2-(Bromomethyl)-4,6-di-tert-butylphenol[Ref 41]
and  (1R,2R)—N' N2-dimethylcyclohexane-1,2-diamine
[Ref42] were synthesized according to literature procedures.
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[0243] 17-a.8-a(3.39 g, 7.88 mmol, 1 equiv), paraformal-
dehyde (0.71 g, 7.88 mmol, 3 equiv), and glacial acetic acid
(20 mL) were combined in a 3-neck round bottom flask
equipped with a stir bar. A thermometer was secured in one
arm of the flask, another arm was equipped with a small
Teflon tube and the third was connected via hosing to a series
of bubblers with water and dilute base. HBr(g) was bubbled
through the Teflon tube directly into the stirring mixture for
15 minutes over which time the maximum exotherm was 60°
C. at which point the tube was lifted out of the solution and the
flask was sealed and left to stir an additional 12 h. The desired
material was extracted into hexanes and the aqueous fractions
were washed with DCM. The organic fractions were com-
bined, dried with MgSO,, filtered, and the volatiles were
removed under vacuum. The residue was dissolved in warm
hexanes and then cooled so that the desired product precipi-
tated. 17-a was collected via filtration as a white solid in 63%
yield (3.08 g). 'TH NMR (300 MHz, CDCl,): § 7.34 (d, I=2.5,
2H, ArH), 7.03 (d, J=2.4, 2H, ArH), 4.81 (s, 2H, OH), 4.66 (s,
4H, ArCH,Br), 1.98 (s, 12H, Ar—CH,), 1.33 (s, 18H,
C(CHs);) ppm.

[0244] 17-s. Bromination of 8-s was accomplished via the
same procedure as the anti. The desired product was isolated
as a white solid in 51% yield (1.49 g). "H NMR (300 MHz,
CDCl,): 67.34 (d,J=2.5,2H, ArH), 7.05 (d, J=2.5, 2H, ArH),
4.84 (s, 2H, OH), 4.67 (s, 4H, ArCH,Br), 2.00 (s, 12H,
Ar—CHy,), 1.32 (s, 18H, C(CH,);) ppm.

[0245] 18. 2-(Bromomethyl)-4,6-di-tert-butylphenol (0.30
g, 1.00 mmol, 1 equiv) in THF (10 mL) was dripped into a
solution of (1R,2R)—N* N>-dimethylcyclohexane-1,2-di-
amine (0.50 g, 3.51 mmol, 3.5 equiv) and Hiinig’s base (0.36
g,3.51 mmol, 3.5 equiv) in THF (10 mL.) cooled to 0° C. inan
ice bath over 5 minutes. Over this time the solution turned
cloudy. The reaction was stirred for 2 h at 0° C. and then an
additional 2.5 h at room temperature. The reaction mixture
was filtered over celite and volatiles were removed under
vacuum to yield a pale yellow oily solid. The solid was
washed over silica gel with 2:1 EtOAC/hexanes and then
flushed through with 2:1 DCM/MeOH. The flush through was
concentrated in vacuo to yield 18 as a nearly colorless oily
solid in 66% yield (0.24 g). '"H NMR (300 MHz, CDCL,): §
7.24 (d, I=2.4, 1H, ArH), 6.88 (d, J=2.4, 1H, ArH), 3.83 (d,
J=13.1, 1H, ArCH,), 3.60 (d, J=13.1, 1H, ArCH,), 2.95 (m,
1H, CH), 2.71 (m, 1H, CH), 2.42 (s, 3H, NCH,), 2.31 (s, 3H,
NCH,), 2.21 (m, 2H, CH,), 2.04 (m, 2H, CH,), 1.84 (m, 2H,
CH,), 1.49 (s, 2H, CH,), 1.42 (s, 9H, C(CH,)5), 1.28 (s, 9H,
C(CHs);) ppm.

[0246] LS5-a.Asolutionof18(0.10 g, 0.28 mmol, 2.2 equiv)
and Hiinig’s base (0.028 g, 0.28 mmol, 2.2 equiv) in THF (7
ml.) was cooled in an ice bath and 17-a (0.078 g, 0.13 mmol,
1 equiv) in THF (6 mL) was dripped into the solution over 5
minutes. The mixture was stirred while gradually warming to
room temperature over 4 h, filtered over celite and concen-
trated in vacuo. The solid was washed over silica gel with 5:1
EtOAC/hexanes and concentrated in vacuo after which the
product was isolated by column chromatography (1:3 EtOAc/
hexanes) as a pale solid in 85% purity and 42% yield (0.06 g).
'"H NMR (300 MHz, C4Dy): 8 10.13 (s, 4H), 7.49 (d, ]=2.4,
2H), 7.13 (d, I=2.6, 2H), 7.04 (d, J=2.7, 2H), 6.92 (d, ]=2.5,
2H), 3.59 (m, 8H), 3.26 (m, 2H), 2.64 (s, 6H), 2.38 (s, 6H),
2.24 (m, 8H), 2.02 (s, 6H), 1.82 (s, 6H), 1.61 (s, 18H), 1.34 (s,
36H), 0.74 (m, 10H) ppm.

[0247] LS-s. Formation of L°-s was accomplished via the
same procedure as the anti and the product was purified by
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column chromatography (1:2 EtOAc/hexanes) to yield the
desired product as a pale solid in 80% purity (0.05 g, 32%
yield). "H NMR (300 MHz, CDy): 8 9.95 (s, 4H), 7.50 (d,
J=2.4, 2H), 7.30 (d, J=2.6, 2H), 7.16 (d, 2H), 6.96 (d, ]=2.4,
2H),3.59 (m, 3H), 2.53 (s, 6H),2.32 (s, 6H), 2.10 (s, 6H), 1.94
(s, 6H), 1.64 (s, 9H), 1.36 (s, 9H), 1.35 (s, 9H), 0.80 (m, 10H)
ppm.

[0248] 19.2-methoxy ethylamine (0.50 mL, 5.75 mmol, 1
equiv), 3,5-ditertbutyl-2-hydroxybenzaldehyde (1.35 g, 5.75
mmol, 1 equiv) and MeOH (20 mL) were added to a round
bottom flask equipped with a stirbar and a reflux condenser
and heated to reflux with stirring for 5 hours over which time
the reaction mixture turned bright yellow. The reaction mix-
ture was cooled to room temperature and volatiles were
removed under vacuum to yield 1.67 g of imine 19 as a bright
yellow oil (99% yield). '"H NMR (300 MHz, CDCL,): § 8.38
(t,J=1.2, 1H,NCH), 7.38 (d, J=2.4, 1H, ArH), 7.09 (d, J=2 4,
1H, ArH), 3.76 (t, J=5.1, 2H, CH,), 3.68 (t, J=5.1, 2H, CH,),
3.38 (s, 3H, OCH,), 1.42 (s, 9H, C(CH,),), 1.31 (s, 9H,
C(CH,);) ppm. *C NMR (101 MHz, CDCl,): 8 167.56
(NCH), 158.24 (Ar), 140.10 (Ar), 136.75 (Ar), 127.01 (Ar),
126.12 (Ar), 118.02 (Ar), 72.16 (OCHs,), 59.23 (CH,), 59.12
(CH,), 35.16 (C(CHs;),), 34.26 (C(CH,;)5), 31.65 (C(CH,)5),
29.58 (C(CHs;);) ppm.

[0249] 20.19(1.65 g, 5.66 mmol, 1 equiv), NaBH, (0.86 g,
22.65 mmol, 4 equiv) and MeOH (20 mL) were added to a
round bottom flask equipped with a stirbar. The bright yellow
suspension was stirred at room temperature, turning colorless
and mostly clear within 0.5 h. After a total of 2 h of stifling,
1M HCI was added to quench the reaction and the product
was extracted with DCM (3x). The combined organic frac-
tions were dried with MgSO,, filtered, and volatiles were
removed under vacuum to yield 1.60 g of amine 20 as a
colorless oil (96% yield). 'HNMR (300 MHz, CDCl,): § 7.22
(d, I=2.5, 1H, ArH), 6.86 (d, J=2.5, 1H, ArH), 3.97 (s, 2H,
ArCH,N), 3.52 (t,2H, CH,), 3.37 (s, 3H, OCH,), 2.84 (t, 2H,
CH,), 1.40 (s, 9H, C(CH,)5), 1.28 (s, 9H, C(CH,);) ppm. >C
NMR (101 MHz, CDCl,): 8 154.83 (Ar), 140.50 (Ar), 135.94
(Ar), 123.30 (Ar), 123.01 (Ar), 122.05 (Ar), 71.22 (OCH,),
58.96 (CH,), 58.94 (CH,), 53.33 (CH,), 48.08 (CH,), 35.02
(C(CH,)3), 3426 (C(CH;),), 31.82 (C(CH,);), 29.78
(C(CH;)5) ppm.

[0250] L7-a. A round bottom flask equipped with a stirbar
was charged with 17-a (0.588 g, 0.954 mmol), ("Pr),NEt (0.29
ml, 2.099 mmol, 2.2 equiv) and THF (60 ml.) was cooled in
an ice bath to 0° C. 20 (0.700 g, 2.386 mmol, 2.5 equiv) in
THF (35 mL) was added dropwise over 3 minutes to the
cooled reaction vessel. The reaction was stirred for 4 h and
then concentrated. L”-a was isolated via precipitation from
cold EtOAc and extraction of the ammonium salt byproduct
with potassium carbonate, water, and DCM. The organic
fractions were dried with MgSQ,, filtered and concentrated
under vacuum to yield 0.19 g ofa colorless solid (19% yield).
'"HNMR (600 MHz, CDCl,): 87.22 (d, I=2.5, 2H, ArH), 7.21
(d, I=2.4,2H, ArH), 7.04 (d, J=2.4, 2H, ArH), 6.90 (d, J=2.3,
2H, ArH), 3.85 (d, J=3.3, 8H, ArCH,N), 3.58 (t, ]=5.7, 4H,
CH,), 3.34 (s, 6H, OCH,), 2.77 (t, J=5.7, 4H, CH,), 1.99 (s,
12H, ArCH,), 1.41 (s, 18H, C(CH,),), 1.33 (s, 18H, C(CH,)
3, 1.29 (s, 18H, C(CH,);) ppm. *C NMR (151 MHz,
CDCl,): d 164.89 (Ar), 154.17 (Ar), 149.90 (Ar), 142.73
(Ar), 140.51 (Ar), 136.52 (Ar), 135.79 (Ar), 133.72 (Ar),
128.59 (Ar), 127.47 (Ar), 127.32 (Ar), 124.10 (Ar), 123.10
(Ar), 122.01 (Ar), 121.67 (Ar), 110.15 (Ar), 71.07 (OCH,),
58.97 (CH,), 58.50 (CH,), 55.42 (CH,), 51.84 (CH,), 35.03
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(C(CH,);), 34.28 (C(CH,),), 31.87 (C(CH;);), 31.82
(C(CHs,)5), 29.74 (C(CH,)5), 17.91 (ArCH;) ppm.

[0251] L7-s. A round bottom flask equipped with a stirbar
was charged with 17-s (0.588 g, 0.954 mmol), ("Pr),NEt (0.29
ml, 2.099 mmol, 2.2 equiv) and THF (60 mL) was cooled in
an ice bath to 0° C. 20 (0.700 g, 2.386 mmol, 2.5 equiv) in
THF (35 mL) was added dropwise over 3 minutes to the
cooled reaction vessel. The reaction was stirred for 4 h and
then concentrated. Removal of the ammonium salt byproduct
by precipitation from EtOAc left L”-s and some organic
impurities in the filtrate. L”-s was isolated in 80% purity as a
colorless solid from this filtrate via column chromatography
(eluent=9:1 hexanes/EtOAc, r~0.3) (0.52 g, 52% yield). 'H
NMR (600 MHz, C;Dq): 8 7.50 (d, J=2.4, 2H, ArH), 7.37 (d,
J=2.5,2H, ArH),7.21 (d,J=2.5,2H, ArH), 6.98 (d, J=2.4, 2H,
ArH), 3.75 (d, J=14.8, 8H, ArCH,N), 3.17 (t, J=5.4, 4H,
CH,), 2.91 (s, 6H, OCH,), 2.56 (t, J=5.4, 4H, CH,), 2.24 (s,
12H, ArCH,), 1.69 (s, 18H, C(CH,),), 1.38 (s, 18H, C(CH,)
5), 1.34 (s, 18H, C(CH,);) ppm.

Example 19

Preparation of Group 10 Metal Complexes (FIG. 10)

[0252] NiMe,(tmeda) [Ref 43] and Ni(PMe;),MeCl [Ref
44, 45] were synthesized according to literature procedures.
[0253] Ni'-a-pyridine Synthesis of the anti-dinickelphe-
noxyiminato complex was achieved by a method similar to
that of Mecking, et al.[Ref 46] A solution of L'-a (0.20 g,
0.2484 mmol, 1 equivalent) in 5 mL of diethyl ether and a
solution of NiMe,(tmeda) (0.11 g, 0.55 mmol, 2.2 equiv) in 3
ml of diethyl ether were cooled in the glove box freezer to
about -35° C. The solution of the ligand was added to the
solution of nickel precursor. Pyridine (0.40 mL, 4.97 mmol,
20 equiv) was syringed into the mixture causing a color
change to reddish orange. The reaction became gradually
cloudier over 5 h of stifling at room temperature, at which
point volatiles were removed under vacuum. The orange
brown solid was washed over Celite with hexanes and the
desired product was collected by flushing it through the Celite
with THF. Black precipitate was left on the Celite. The solu-
tion of the product was placed under vacuum to remove
volatiles leaving 0.21 g (76% yield) of bright orange solid.
X-ray quality crystals were grown from a room temperature
vapor diffusion of hexanes into THF (FIG. 12). 'HNMR (400
MHz, CDy): 8 8.35 (d, 4H, PyH), 7.72 (s, 2H, ArH), 7.41 (s,
2H, ArH), 7.16 (bs, 6H,N—ArH), 7.14 (s, 2H, ArH), 6.87 (m,
2H, PyH), 6.27 (m, 4H, PyH), 4.32 (septet, J=6.6, 4H,
CH(CH,),), 1.97 (s, 12H, ArCH,), 1.53 (d, J=6.6, 12H,
CH(CHs,),), 1.43 (s, 18H, C(CH,);), 1.13 (d, I=6.6, 12H,
CH(CH,),), —0.69 (s, 6H, NiCH,) ppm. >C NMR (shifts
determined from gHSQCAD and gHMBC experiments,
CgDg): 8 166.0 (ArCHN), 163.5 (Ar), 151.6 (Py), 150.1 (Ar),
140.9 (Ar), 138.6 (Ar), 134.7 (Py), 132.6 (Ar), 131.6 (Ar),
127.0 (Ar), 123.2 (Ar), 122.1 (Py), 118.7 (Ar), 33.4 (ArC
(CH,;)3), 313 (ArC(CH,);), 28.2 (ArCH(CH,),), 24.6
(ArCH(CH,),), 22.8 (ArCH(CH,),), 18.0 (ArCH,), -7.9
(NiCH,) ppm. Anal. Caled for C4Hg [N,Ni,O,: C, 73.66; H,
7.82; N, 5.05. Found: C, 72.76; H, 7.72; N, 4.96.

[0254] Ni'-s-pyridine Metallation of L'-s with NiMe,
(tmeda) was accomplished with the same procedure as the
metallation of the anti-analog, though due to differences in
solubility, the purification method was changed. After the
reaction, volatiles were removed under vacuum and the
resulting oily solid was dissolved in pentane and filtered over
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Celite to remove nickel (0). Precipitation from cold pentane
yielded 0.20 g (73% yield) of ca. 92% pure desired complex.
The remaining impurity was the mono-nickel complex. Sub-
sequent precipitations yielded only minimal increase in
purity. Analytically pure Ni'-s-pyridine was obtained by
treating the nearly pure complex with half an equivalent of
NiMe,(tmeda) and 5 equivalents of pyridine using the same
conditions as the initial reaction. Volatiles were removed
under vacuum and the resulting oily solid was dissolved in
pentane and filtered over Celite to remove nickel (0). Precipi-
tation from cold pentane yielded 0.084 g (30% yield) of pure
desired complex. X-ray quality crystals were grown from a
cold pentane solution (FIG. 13). "H NMR (400 MHz, C,D,):
8 8.00 (d, 4H, PyH), 7.66 (s, 2H, ArH), 7.54 (m, 2H, PyH),
7.48 (s, 2H, ArH), 7.16 (bs, 6H, N—ArH), 7.10 (s, 2H, ArH),
6.60 (m, 4H, PyH), 4.27 (septet, 4H, CH(CH,),), 1.98 (s,
12H, ArCH,), 1.53 (d, 12H, CH(CH,),), 1.33 (s, 18H,
C(CH,),), 1.09 (d, 12H, CH(CH,),), -0.75 (s, 6H, NiCH,)
ppm. *C NMR (101 MHz, CDy): 8 166.62 (ArCHN), 163.
71 (Ar), 151.80 (Ar), 150.52 (Ar), 141.23 (Ar), 138.92 (Ar),
136.07 (Ar), 135.76 (Ar), 135.01 (Ar), 134.11 (Ar), 132.31
(Ar), 127.52 (Ar), 126.48 (Ar), 123.69 (Ar), 119.28 (Ar),
33.94 (ArC(CH,),), 31.66 (ArC(CH,),), 28.65 (ArCH(CH,)
5), 25.05 (ArCH(CH,),), 23.34 (ArCH(CH,),), 18.70
(ArCH;), -733 (NiCH;) ppm. Anal. Caled for
CesHygNLNi,O,: C,73.66; H, 7.82; N, 5.05. Found: C, 73.44;
H, 7.66; N, 5.03.

[0255] Deprotonation of L'-a. A scintillation vial equipped
with a stir bar was charged with Na(N(SiMe,),) (0.018 g,
0.099 mmol, 2 equiv) and toluene (1 mL). A solution of L'-a
(0.040 g, 0.050 mmol) in toluene (2 mL.) was added and the
mixture was stirred at room temperature for 2 h, and then
concentrated in vacuo to yield a bright yellow solid. The
amine side product was removed by two cycles of suspending
the product in hexanes and removing the volatiles under
vacuum. The solid was used without further purification. *H
NMR (400 MHz, CDCl,): § 8.36 (s, 2H, NCH), 7.38 (d,
J=2.5,2H, ArH), 7.30 (d, J=2.5, 2H, ArH), 7.17 (m, 6H, ArH),
3.05 (hept, J=6.7,4H, CH(CH,),), 2.09 (s, 12H ArCHy,), 1.34
(s, 18H, C(CH,),), 1.18 (d, J=6.7, 24H, CH(CH,),) ppm.
[0256] Deprotonation of L'-s. A scintillation vial equipped
with a stir bar was charged with KH (0.005 g, 0.117 mmol, 2
equiv) and THF (1 mL) and cooled in the glovebox cold well.
A solution of L'-s (0.050 g, 0.059 mmol) in THF (2 mL) was
also cooled in the cold well. The solution of L' -s was added
and the solution of KH while thawing, and the mixture was
stirred at room temperature for 2 h, and then concentrated in
vacuo to yield a bright yellow solid. The solid was taken up in
Et,0, filtered over celite, concentrated in vacuo, and used
without further purification. 'H NMR (300 MHz, CDCL,): &
8.17 (s, 2H, NCH), 7.37 (d, J=3.0, 2H, ArH), 7.30 (s, 2H,
ArH), 7.07 (m, 6H, ArH), 3.07 (hept, J=6.7, 4H, CH(CH,),),
2.06 (s, 12H, ArCH,), 1.32 (s, 18H, C(CH,)5), 1.09 (d, J=6.7,
24H, CH(CH,),) ppm.

[0257] Ni'-a-PMe,. Metallations with Ni(PMe,),MeCl
were carried out using literature conditions.’*¥#7J A solution
of deprotonated L*-a (0.114 g, 0.134 mmol, 1 equiv) in Et,O
(4 mL) was added dropwise to a solution of Ni(PMe,),MeCl
(0.070 g, 0.266 mmol, 1.98 equiv) in Et,O (3 mL) and the
resulting solution was stirred for 14 h, and then concentrated
in vacuo to yield a dark orange brown solid. The solid was
suspended in hexanes and filtered over Celite. The hexanes
washes were discarded and the desired product was flushed
thru the Celite with benzene and then concentrated in vacuo to



US 2013/0066029 Al

yield 0.12 g of bright orange solid (81% yield). 'HNMR (300
MHz, C¢Dy): 8 8.03 (d, J=8.9, 2H, NCH), 7.39 (d, J=2.7, 2H,
ArH), 7.15 (multiple overlapping peaks, 8H, ArH), 3.93
(hept, J1=6.8, 4H, CH(CH,),), 2.16 (s, 12H, ArCH,), 1.39 (s,
18H, C(CH,),), 1.37 (d, J=6.8, 12H, CH(CH,),), 1.06 (d,
J=6.8,12H, CH(CH,),),0.70(d, J=9.7, 18H, P(CH,),), -1.13
(d, I=7.3, 6H, NiCH,) ppm. *'P NMR (121 MHz, C,Dy):
8-8.33 (s) ppm.

[0258] Ni'-s-PMe,. A solution of deprotonated L.'-s (0.151
g, 0.171 mmol, 1 equiv) in Et,O (5§ mL) was added dropwise
to a solution of Ni(PMe,),MeCl (0.089 g, 0.340 mmol, 1.98
equiv) in Et,O (4 mL) and the resulting solution was stirred
for 14 h, filtered over Celite, and then concentrated in vacuo
to yield a red orange solid. The *H and *'P NMR spectra still
indicated the presence of Ni(PMe;),MeCl so an additional
0.15 equiv of deprotonated L' -s was added to the red orange
solid in Et,O (9 mL) and the reaction was stirred an additional
141.0.16 g of red orange solid was collected (84% yield). 'H
NMR (400 MHz, C¢Dy): 8 8.05 (s, 2H, NCH), 7.35 (d, J=2.7,
2H, ArH), 7.17 (bs, 6H, ArH), 7.11 (d, J=2.7, 2H, ArH), 3.95
(hept, J=6.9, 4H, CH(CHs,),), 2.25 (s, 12H, ArCHy,), 1.35 (d,
J=6.9, 12H, CH(CH,),), 1.25 (s, 18H, C(CH,),), 1.04 (d,
J=6.9,12H, CH(CH,),), 0.80(d, J=9.5, 18H, P(CH,),), -1.05
(s, 6H, NiCH,) ppm. *'P NMR (162 MHz, C4Dy): 8-8.15 (s)
ppm.

[0259] Ni*-a-PMe,. Deprotonated with I.>-a with KHusing
the same procedure as was used to deprotonate L'-s. The
deprotonated material was then metallated with Ni(PMe,)
>MeCl using the same procedure as for Ni'-a-PMe,. Ni*-a-
PMe, was purified by precipitation from pentane. 'H NMR
(300 MHz, C;Dg): 8 7.99 (s, 2H, NCH), 7.34 (d, I=2.7, 2H,
ArH), 7.14 (bs, 6H, ArH), 7.10 (d, J=2.7, 2H, ArH), 7.03 (s,
1H, ArH), 3.90 (hept, J=6.8, 4H, CH(CH,),), 2.26 (s, 6H,
ArCH,), 2.14 (s, 3H, ArCH,), 1.37 (2d, 12H, CH(CH,),),
1.34 (s, 18H, C(CH,),), 1.03 (2d, 12H, CH(CH,),), 0.76 (d,
J=9.5, 18H, P(CH,),), —1.14 (s, 6H, NiCH;) ppm.

[0260] Ni*-s-PMe,. Deprotonated with [.>-s with KH using
the same procedure as was used to deprotonate L'-s. The
deprotonated material was then metallated with Ni(PMe,)
>MeCl using the same procedure as for Ni'-s-PMe,. Ni*-s-
PMe, was purified by precipitation from pentane. 'H NMR
(300 MHz, C,Dy): 8 8.01 (d,J=8.2,2H,NCH), 7.42 (d,J=2.9,
2H, ArH), 7.16 (m, 6H, ArH), 7.07 (d, J=2.9, 2H, ArH), 7.02
(s, 1H, ArH), 3.97 (hept, J=6.8, 4H, CH(CH,),), 2.35 (s, 6H,
ArCH,), 2.25 (s, 3H, ArCH,), 1.41 (dd, J=9.7, 6.7, 12H,
CH(CHs,),), 1.22 (s, 18H, C(CH,)5), 1.05 (dd, J=15.7, 6.7,
12H, CH(CH,;),), 0.92 (d, J=9.6, 18H, P(CH,),), -1.06 (d,
J=6.4, 6H, NiCH,) ppm.

Example 20

Preparation of Group 4 Metal Complexes (FIG. 11)

[0261] TiBn,,[Ref48] ZrBn,,[Ref 49] TiCL(THF), 1550,
and Me,Mg(tmeda)[Ref 51] were synthesized according to
literature procedures.

[0262] Ti'-a-OPr. A solution of L'-a (0.050 g, 0.062 mmol)
in THF (3 mL) was added dropwise to a solution of Ti(O’Pr),,
(0.039 g, 0.137 mmol, 2.2 equiv) in THF (2 mL) and the
resulting solution was stirred for 20 h, and concentrated in
vacuo. The material was then dissolved in hexanes and fil-
tered over celite. The volatiles were removed under vacuum
to yield Ti'-a-OPr as a yellow solid. X-ray quality single
crystals were grown by evaporation of hexanes at -35° C.
(FIG. 14). '"H NMR (300 MHz, C4Dy): 8 8.25 (s, 2H, NCH),
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7.61 (d, I=2.6, 2H, ArH), 7.25 (d, J=2.6, 2H, ArH), 7.16 (bs,
6H, ArH), 4.58 (hept, J=6.1, 6H, OCH(CH,),), 3.47 (hept,
J=6.8, 4H, CH(CH,),), 2.26 (s, 12H, ArCH,), 1.28 (s, 18H,
C(CH,),), 1.10 (d, J=6.1, 60H, OCH(CH,), and CH(CH,),)
ppm.

[0263] Ti'-s-O'Pr. A solution of L'-s (0.092 g, 0.115 mmol)
in THF (5 mL) was added dropwise to a solution of Ti(O’Pr),,
(0.072 g, 0.252 mmol, 2.2 equiv) in THF (4 mL) and the
resulting solution was stirred for 22 h, and concentrated in
vacuo. The material was then dissolved in hexanes and fil-
tered over celite. The volatiles were removed under vacuum
to yield a yellow solid. This solid was reprecipitated from
hexanes to yield Ti'-s-O’Pr. X-ray quality single crystals were
grown by evaporation of hexanes at -35° C. (FIG. 14). 'H
NMR (300 MHz, C¢Dy): 8 8.27 (s, 2H, NCH), 7.56 (d, J=2.7,
2H, ArH), 7.29 (d, J=2.7, 2H, ArH), 7.19 (bs, 6H, ArH), 4.76
(hept, J=6.0, 6H, OCH(CH,),), 3.59 (hept, J=6.7, 4H,
CH(CHs,),), 2.40 (s, 12H, ArCH,), 1.24 (s, 18H, C(CH,)5),
1.15 (d, 60H, OCH(CHj,), and CH(CH,),) ppm.

[0264] Ti'-a-Bn and Ti'-s-Bn. A cooled solution of L'
(0.050 g, 0.062 mmol) in toluene (3 mL.) was added dropwise
to a solution of TiBn, (0.064 g, 0.155 mmol, 2.5 equiv) in
toluene (2 mL) at -35° C. and the resulting solution was
stirred for 20 h covered, and concentrated in vacuo to yield a
deep red solid. Ti'-a-Bn was purified by washing the solid
with hexanes, Et,O, and THF. The remaining deep red mate-
rial was 90% pure by 'H NMR spectroscopy. Ti*-s-Bn was
purified by reprecipitation of the solid from hexanes to yield
a single major species in 80% purity by 'H NMR spectros-
copy. Ti*-a-Bn 'H NMR (400 MHz, CDCl,): & 8.56 (s, 2H,
NCH), 7.63 (d, J=2.5, 2H, ArH), 7.38 (d, J=2.5, 2H, ArH),
7.19 (m, 6H, ArH), 6.94 (m, 12H, CH,ArH), 6.84 (m, 6H,
CH,ArH), 6.41 (m, 12H, CH,ArH), 2.60 (s, 12H, CH,Ar),
2.34 (hept, 4H, CH(CH,),), 2.13 (s, 12H, ArCH,), 1.31 (s,
18H, C(CHs,),), 1.18 (bs, 12H, CH(CH,),), 1.03 (bs, 12H,
CH(CH,),) ppm. Ti'-s-Bn 'HNMR (400 MHz, C,Dy): § 8.33
(s, 2H, NCH), 7.54 (d, J=2.5, 2H, ArH), 7.24 (d, I=2.5, 2H,
ArH), 7.09 (m, 6H, ArH), 7.01 (m, 12H, CH,ArH), 6.84 (m,
6H, CH,ArH), 6.74 (m, 12H, CH,ArH), 2.99 (s, 12H,
CH,Ar), 2.41 (hept, 4H, CH(CHs,),), 2.37 (s, 12H, ArCH,),
1.21 (s, 18H, C(CH,),), 1.07 (bs, 12H, CH(CH,),), 1.00 (bs,
12H, CH(CH,),) ppm.

[0265] Zr'-a-Bn and Zr'-s-Bn. A cooled solution of L*
(0.050 g, 0.062 mmol) in toluene (3 mL.) was added dropwise
to a solution of ZrBn, (0.071 g, 0.155 mmol, 2.5 equiv) in
toluene (2 mL) at -35° C. and the resulting solution was
stirred for 20 h, and concentrated in vacuo to yield a bright
orange solid. To purify Zr'-a-Bn, the solid was washed over
Celite with benzene and the product was flushed thru with
dichloromethane. Then volatiles were removed in vacuo. The
resulting bright orange solid was clean by 'H NMR spectros-
copy. To purify Zr'-s-Bn, the solid was washed over Celite
with hexanes and the product was flushed thru with benzene.
Then volatiles were removed in vacuo. The residue was sus-
pended in hexanes and cooled to -35° C. overnight. Bright
orange solid was collected via filtration. Zr'-a-Bn ‘H NMR
(400 MHz, CDCl,): 8 8.41 (s, 2H, NCH), 7.56 (d, J=2.5, 2H,
ArH), 7.31 (d, JI=2.5, 2H, ArH), 7.18 (m, 6H, ArH), 6.86 (m,
18H, CH,ArH), 6.27 (m, 12H, CH,ArH), 2.51 (hept, J=6.6,
4H, CH(CH,),), 2.36 (s, 12H, CH,Ar), 2.09 (s, 12H, ArCH,,),
1.29(s, 18H, C(CH,),), 1.22(d, J=6.6, 12H, CH(CH,),), 1.04
(d, J=6.6, 12H CH(CH,),) ppm. Zr'-s-Bn 'H NMR (400
MHz, C,Dy): 8 8.25 (s, 2H, NCH), 7.49 (d, I=2.6, 2H, ArH),
7.22 (d, J=2.6, 2H, ArH), 7.09 (m, 6H, ArH), 6.87 (m, 18H,
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CH,ArH), 6.62 (m, 12H, CH,ArH), 2.57 (hept, J=6.7, 4H,
CH(CHs,),), 2.33 (s, 12H, CH,Ar), 1.93 (s, 12H, ArCH,),
1.18(s, 18H, C(CH,),), 1.17(d, J=6.7,12H, CH(CH,),), 1.02
(d, J=6.7, 12H CH(CH,),) ppm.

[0266] Deprotonation of L*-a and L*-s. A scintillation vial
equipped with a stir bar was charged with KH (0.006 g, 0.159
mmol, 2 equiv) and THF (1 mL) and cooled in the glovebox
cold well. A solution of L (0.068 g, 0.079 mmol) in THF (2
mL) was also cooled in the cold well. The solution of L* was
added and the solution of KH while thawing, and the mixture
was stirred at room temperature for 2 h during which time the
reaction with the anti atropisomer stayed cloudy while the
reaction with the syn atropisomer turned clear, and then con-
centrated in vacuo to yield a bright yellow solid for the anti
atropisomer and a bright orange solid for the syn atropisomer.
'H NMR spectroscopy indicated that the anti atropisomer
was not fully deprotonated as evidenced by a phenol peak in
the spectrum so the solid was resubmitted to the reaction
conditions with another equivalent of KH. After an hour of
stirring the reaction mixture turned clear. The resubmitted
reaction was stirred for a total of 14 h and then concentrated
in vacuo to yield a bright yellow solid. Deprotonated I.*-a 'H
NMR (300 MHz, C;Ds): § 8.09 (s, 2H, NCH), 7.20 (bs, 2H,
ArH), 7.04 (m, 6H, ArH), 6.91 (m, 4H, ArH), 6.82 (m, 6H,
ArH), 6.71 (m, 2H, ArH), 6.63 (m, 2H, ArH), 2.50 (s, 6H,
ArCH,), 1.89 (s, 6H, ArCH,), 1.36 (m, 18H, C(CH,),) ppm.
Deprotonated L?-a 'H NMR (300 MHz, C4D,):  8.04 (s, 2H,
NCH), 7.40 (bs, 2H, ArH), 7.19 (m, 8H, ArH), 6.92 (m, 6H,
ArH), 6.82 (m, 2H, ArH), 6.68 (m, 2H, ArH), 6.35 (m, 2H,
ArH), 1.99 (s, 12H, ArCH,), 1.42 (m, 18H, C(CH,);) ppm.
[0267] Ti*-a-Cland Ti*-s-Cl. After the deprotonation of L
with KH, the solid was metallated without further purification
and assuming quantitative yield of the deprotonated product.
Deprotonated L? (0.079 mmol) in toluene (5 mL) was added
dropwise to TiCl,(THF), (0.058 g, 0.174 mmol, 2.2 equiv) in
toluene (5 mL) and left stirring at room temperature for 12 h.
The reaction was then concentrated in vacuo to yield a deep
red solid. Ti*-a-CI was purified by precipitation from DCM
by the addition of hexanes and cooling to =35° C. The red
solid was collected via filtration over a frit. Ti*>-s-Cl was
partially purified (to 90% purity) by washing over Celite with
hexanes and benzene before flushing the desired product
through with DCM. The product is partially soluble in ben-
zene, so some material is lost in this method of purification.
Other precipitations and recrystallizations also proved inef-
fective for further purification of Ti-s-Cl. Ti*-a-Cl '"H NMR
(400 MHz, CDCl,): 8 8.96 (s, 2H,NCH), 7.68 (m, 10H, ArH),
7.50(m, 2H, ArH), 7.31 (m, 10H, ArH), 2.00 (s, 12H, ArCH,,),
1.38 (s, 18H, C(CH,);) ppm. Ti*-s-C1 "H NMR (300 MHz,
CDCl,): 8 8.91 (s,2H,NCH), 7.64 (m, 8H, ArH), 7.54 (m, 2H,
ArH), 7.46 (m, 2H, ArH), 7.29 (m, 10H, ArH), 2.09 (s, 12H,
ArCHs,), 1.37 (s, 18H, C(CH,);) ppm.

[0268] Ti*-s-Cl. Metalation of L*-s was accomplished by
dissolving L*-s (0.200 g, 0.23 mmol, 1 equiv) in 10 mL of
Et,0 and cooling to —35° C. at which time, “Bul.i (0.380 mL,
0.95 mmol, 4.1 equiv) was added by syringe. The mixture was
allowed to warm to ambient temperature and stirred for 3 h.
Volatiles were removed in vacuo. The remaining material was
dissolved in THF (20 mL). This solution was added cold
(-35° C.) to a solution of TiCl,(THF), (0.154 g, 0.46 mmol,
2.0 equiv) in THF (20 mL) at -35° C. The mixture was
allowed to reach ambient temperature and then was heated in
a95°C. oil bath for 4 h. Volatiles were removed in vacuo. The
material was taken up in pentane (20 mL) and filtered through
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Celite to remove lithium salts. The material was isolated by
crystallization from pentane/hexamethyldisiloxane (0.015 g,
6.4% yield). Yellow, X-ray quality crystals of Ti*-s-Cl were
obtained by vapor-diffusion of pentane out of hexamethyld-
isiloxane (FIG. 15). "H-NMR (300 MHz, C,Dy): 8 7.63 (d,
2H,J=2.5Hz,Ar—H) 7.37 (d, 2H, J=2.4 Hz, Ar—H) 2.28 (s,
12H, Ar—CH,) 1.98 (s, 12H, Cp*—CH,) 1.95 (s, 12H,
Cp*—CH,) 1.31 (s, 18H, C(CH,);) 0.53 (s, 12H, Si—CH;)
ppm.

[0269] Ti*-s-Me. The titanium dichloride complex Ti*-s-Cl
(0.0084 g, 0.008 mmol) was dissolved in S mL of diethyl ether
and cooled to -35° C. A solution of Me,Mg(tmeda) (2.72 mg,
0.016 mmol) was prepared by dissolving the material in 5 mL
of Et,0O and cooling to -35° C. The solution containing the
titanium complex was added to the solution of Me,Mg
(tmeda) and warmed to room temperature. The mixture was
stirred for 1 h before removing volatiles in vacuo. The mate-
rial was taken up in pentane and filtered through Celite to
remove magnesium salts. The product was isolated as color-
less oil (8 mg, 90%). '"H NMR (300 MHz, C,D,) 7.64 (s, 2H,
ArH) 7.44 (s, 2H, ArH) 2.34 (s, 12H, ArCH,) 1.88 (s, 12H,
Cp*Me) 1.74 (s, 12H, Cp*Me) 1.37 (s, 18H, C(CH,)5;) 0.59
(s, 12H, TiCH,) 0.51 (s, 12H, SiCH,) ppm.

[0270] Zr"-a-Bn and Zr’-s-Bn. A solution of L7 (0.044 g,
0.042 mmol) in toluene (2 mI) and a solution of ZrBn, (0.038
g, 0.084 mmol, 2 equiv) in toluene (1 mL) were frozen in the
cold well in the glovebox. The solution of L7 was added
dropwise to the ZrBn, while thawing in the dark and the
resulting solution was stirred for 5 h, filtered over Celite, and
concentrated in vacuo to yield a pale yellow solid. Zr”-s-Bn
was partially purified by precipitation from cold hexanes.
Zr’-a-Bn '"H NMR (300 MHz, C4Dy): 8 7.61 (m, 4H), 7.32
(m, 4H), 7.01 (m, 20H), 3.62 (m, 2H), 3.28 (m, 2H), 2.75 (s,
6H), 2.69 (m, 4H), 2.58 (s, 4H), 2.47 (m, 2H), 2.42 (d, 6H),
2.22(d,2H), 2.11 (s, 4H), 1.97 (d, 4H), 1.84 (s, 18H), 1.38 (s,
18H), 1.31 (s, 18H), 1.12 (m, 6H) ppm. Zr’-s-Bn 'H NMR
(300 MHz, C,Dy): 8 7.54 (d, J=2.5, 2H), 7.48 (d, ]=2.5, 2H),
7.21(d, I=7.1, 8H), 7.09 (d, J=2.4, 2H), 6.88 (m, 12H), 6.62
(t,J=7.1,2H),3.60 (m, 4H), 2.76 (s, 6H), 2.67 (d, 2H), 2.61 (s,
6H), 2.50 (s, 6H), 2.42 (s, 6H), 2.31 (m, 4H), 2.18 (m, 4H),
1.97 (m, 4H), 1.61 (s, 18H), 1.40 (s, 18H), 1.36 (s, 18H) ppm.

Example 21

Ethylene Homopolymerization

[0271] A 3 oz. Andrews glass pressure reaction vessel
equipped with Swagelock valves and a gauge was used for all
high pressure polymerizations. The high-pressure setup was
brought into the glove box with a magnetic stirbar and
charged with the desired amount of solvent. A syringe was
loaded with a solution of the desired organometallic precata-
lyst and activator or scavenger, if applicable, and the needle
was sealed with a rubber septum. The syringe and setup were
brought out of the box and the setup was clamped firmly over
a hot plate with a mineral oil bath previously regulated to the
desired temperature (generally 25° C.). The solution was
stirred vigorously (1200 rpm). A nylon core hose equipped
with quick connect adaptors was purged with ethylene for 1
minute and the pressure was set to 15 psig. The hose was
connected to the setup and the setup was filled with ethylene.
A bleed needle was inserted into a Teflon septum at the top of
the high pressure setup and flushed with ethylene. The solu-
tion of organometallic precatalyst and any applicable activa-
tor or scavenger was added via syringe and the top of the setup
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was closed. The pressure was increased to the desired level.
After the desired time, the ethylene hose was disconnected,
the setup was vented and the reaction mixture was quenched
with acidified methanol (3 times the reaction volume) to
precipitate the polymer, which was collected as a white solid
by filtration over a fine frit. If only a small amount of polymer
was precipitated, the entire mixture was collected and volatile
materials were removed under vacuum. All polymers were
dried on the Schlenk line for a minimum of 8 hours before a
mass was recorded.

Example 22

Ethylene Homopolymerization in the Presence of
Polar Additives

[0272] Homopolymerizations of ethylene with polar addi-
tives were completed via the same methods as the homopo-
lymerization of ethylene except that the desired amount of
additive was added to the solvent in the high pressure setup
before sealing and removing from the glovebox.

Example 23

Polymerization Procedure for the Copolymerization
of Ethylene and Alpha-Olefins

[0273] Copolymerizations of ethylene and alpha-olefins
were completed via the same methods as the homopolymer-
ization of ethylene except that the desired amount of comono-
mer was added to the solvent in the high pressure setup before
sealing and removing from the glovebox.

Example 24

Polymerization Procedure for the Copolymerization
of Ethylene and Polar Olefins

[0274] Copolymerizations of ethylene and polar olefins
were completed via the same methods as the homopolymer-
ization of ethylene except that the desired amount of comono-
mer was added to the solvent in the high pressure setup before
sealing and removing from the glovebox.

Example 25

Polymerization Procedures for 1-hexene Homo- and
Copolymerizations (Not with Ethylene)

[0275] For homopolymerizations of 1-hexene with nickel
complexes, the nickel complex, Ni(COD),, if applicable, and
solvent were added to a Schlenk tube equipped with a stirbar
in the glovebox. The 1-hexene was added last and the timer
for the polymerization was started upon addition of 1-hexene.
The Schlenk tube was sealed, brought out of the glovebox,
and clamped over a stirplate with mineral oil bath set to 25° C.
After the desired time, the Schlenk flask was opened to airand
the reaction mixture was quenched with acidified methanol.
Poly-1-hexene was extracted with hexanes, volatiles were
removed on the rotary evaporator and the sticky residue was
dried under vacuum on the Schlenk line for more than 12
hours.

[0276] For homopolymerizations of 1-hexene with zirco-
nium complexes, the zirconium complex, half of the solvent,
if applicable, and half of the 1-hexene were added to a
Schlenk tube equipped with a stirbar in the glovebox. Trityl
borate suspended/dissolved in the remainder of the solvent
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and 1-hexene was added dropwise and the timer for the poly-
merization was started upon addition. The Schlenk tube was
sealed, brought out of the glovebox and clamped over a stir-
plate. After the desired time, the Schlenk flask was opened to
air and the reaction mixture was transferred to a tared round
bottom flask with hexanes, volatiles were removed on the
rotary evaporator and the sticky residue was dried under
vacuum on the Schlenk line for more than 12 hours.

Example 26

Synthesis of Mononucleating Salicylaldimine
Ligands Based on Biphenyl and Terphenyl
Frameworks [Ref 52]

[0277] For comparison with the dinuclear systems, mono-
nucleating ligands were also prepared. Several aspects of the
terphenyl framework were investigated. The steric effect
close to the metal center was tested by targeting catalysts
based on a salicylaldimine substituted with pentamethylphe-
nyl ortho to the oxygen (13). A previously reported variant
(29)[Ref 53] of this ligand includes a phenyl group instead of
pentamethylphenyl and was studied as a more sterically open
version of 13. Dinucleating ligand precursors 7-s and 7-a bear
steric bulk on both peripheral rings of the terphenyl unit.
Three mononucleating terphenyl ligands were prepared to
mimic the remote steric environment of 7-s and 7-a. All are
fully substituted on the central ring. Two have oxygen sub-
stitution on both peripheral aryls in the position ortho to the
central ring. This substitution pattern blocks the aryl-aryl
rotation and leads to syn and anti isomers (19-s and 19-a,
respectively). The third mononucleating terphenyl ligand
(24) has 3,5-di-tert-butyl substitution on the second periph-
eral ring.

[0278] The synthesis of salicylaldimine 13 was accom-
plished in five steps (FIG. 21). Negishi cross-coupling of 1
and pentamethylbromobenzene[Ref 54| afforded biphenyl
species 9. Subsequent steps are similar to the synthesis of
ligands 7-s and 7-a. Bromination, followed by lithium-halo-
gen exchange and DMF treatment installed the formyl moiety
to give 11. Deprotection of the ether group and condensation
with 2,6-diisopropyl aniline provided 13 in 14% overall yield.
[0279] The synthesis of the mononucleating terphenyl
ligand analogs was accomplished via a modification of the
procedure in FIG. 20. Negishi cross-coupling of 2 with 2.2
equivalents of zinc reagent stemming from methoxymethyl
(MOM)-protected 2-bromo-4-tert-butylphenol afforded both
the expected terphenyl species as well as a bromo-substituted
biphenyl species 15 (FIG. 22). The isolation of the mono-
cross-coupled product (15) was instrumental to the prepara-
tion of asymmetric terphenyl ligands. A second cross-cou-
pling, with orthogonally protected 2-bromo-4-tert-
butylanisole (1), afforded the syn and anti atropisomers of
terphenyl species 16 in a ratio of 1:1. Deprotonation directed
by the MOM-protected ether using n-butyllithium and N,N,
N'.N'-tetramethylethylenediamine (tmeda) led, upon reaction
with DMF and aqueous workup, to the installation of a single
formyl group. Acid-catalyzed removal of the MOM group
followed by condensation with 2,6-diisopropylaniline
afforded 19-a and 19-s in 35 and 37% yield, respectively,
starting from compounds 16. Separation of the two atropiso-
mers was accomplished by column chromatography after the
second Negishi cross-coupling (compounds 16). The third
mononucleating terphenyl ligand was synthesized starting
from the Negishi cross-coupling of 15 with the aryl-zinc



US 2013/0066029 Al

reagent derived from 3,5-di-tert-butylbromobenzene to yield
asymmetric terphenyl 21 (FIG. 23). Adapting the protocols
from the synthesis 0f 19, 21 was converted to monophenol 24
in 34% overall yield from 15. A single isomer is expected
because ofthe lack of substitution ortho to the central ring and
due to the symmetrical substitution pattern on the peripheral

aryl.
Example 27

Studies of the Interconversion of Atropisomers [Ref
52]

[0280] In the context of preserving the steric environment
and the metal-metal separation in complexes supported by
ligands with restricted rotation around aryl-aryl bonds, it is of
interest to determine the kinetic and thermodynamic behavior
of the atropisomers. Because the nickel complexes decom-
pose before isomer interconversion (vide infra), kinetics stud-
ies of the interconversion of ligand precursor 7-a to 7-s were
performed in [Dg]-1-bromonaphthalene at 140, 150, 160 and
170° C. and were monitored by *H NMR spectroscopy. Start-
ing from either 7-s or 7-a, equilibrium was reached over 20 h
at140°C.,8hat 150°C.,3.5hat 160° C.,and 1.75 h at 170°
C. At these temperatures, the equilibrium constant is K, =[7-
s]/[7-a]=0.61 (eq 1). The studied processes fit the integrated
rate expression for approach to equilibrium of first-order
kinetics (eq 2; X_=concentration at equilibrium;
X=concentration at time t).[Ref 55] An Eyring plot using the
determined rate constants provided activation energy param-
eters: AH¥=28.0+0.4 kcalxmol™* and AS¥=-12.3+0.4 calx
mol'xK™* (FIG. 24). As expected, the calculated free energy
barrier to rotation for 7-a (AG*=32 kcalxmol ™" at 298 K) is
significantly higher than for a recently reported terphenyl
system without permethylation of the central arene (14.6
kcalxmol™).[Ref 56] Although the entropy of activation for
conformational dynamic processes is typically close to zero,
the larger absolute value determined here is still in the range
reported for related fluxional processes, for example rotation
around the C—NMe, bond of a N,N-dimethylthiourethane
(AS*=-8=x2 calxmol~!xK~!).[Ref 57] The significantly nega-
tive value suggests a relatively ordered transition state likely
corresponding to the geometry with two aryl rings coplanar.
This geometry can require significant distortions of the ring
substituents. The barrier for isomerization for 7-a is compa-
rable to the reported value for the restricted rotation in
hexaarylbenzenes (ca. 33 kcalxmol™ at 419 K).[Ref 58]
Extrapolating to 25° C. (the temperature at which most of the
polymerizations discussed herein were run), the rate constant
for the interconversion of 7-a and 7-s is approximately 107!
s~ indicating that virtually no isomerization takes place over
the course of the polymerization experiment.

ks M
T-a =T7-5
ksa

In(X, = X) = = (ks + ko) -7 @

Example 28

Synthesis of Nickel Complexes [Ref 52]

[0281] Nickel complexes were prepared via alkane elimi-
nation. Reaction of phenols with a 10% excess of NiMe,
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(tmeda) in diethyl ether in the presence of excess pyridine
allowed for the isolation of the nickel-methyl species sup-
ported by the corresponding phenoxyiminato ligands with a
bound pyridine (FIG. 25). If acetonitrile or tertiary amine
(N,N-dimethylbutylamine or N,N-dimethylethylamine) were
utilized instead of pyridine or if no additional labile ligand
was added, the desired nickel complexes were not isolated
cleanly. The 'H NMR spectra of the isolated nickel com-
plexes each display a single peak around -0.5 ppm, diagnos-
tic of the N,—CH; moiety. The atropisomers were assigned
by 'H-"HNOESY and ROESY NMR studies. Through-space
cross peaks are observed between the meta proton of the
Ni-bound pyridine and the proton ortho to the aryl-aryl link-
age for only one of the isomers. This isomer was assigned as
the anti atropisomer (25-a and 27-a).

[0282] NMR spectra of the nickel complexes are each
indicative of a single ligand environment, suggesting that for
complexes with atropisomers no isomerization occurs during
synthesis. Heating solutions of 25-s and 25-a in benzene at
50° C. for 13 h did not cause isomerization of 25-s to 25-a or
25-a to 25-s, respectively (*H NMR spectroscopy). No
decomposition was observed for 25-a, though 70% decom-
position of 25-s was observed, based on the disappearance of
the N,—CH, peak in the "H NMR spectrum. Heating of 25-s
and 25-a at 70° C. for 8 h led to 100% and 10% decomposi-
tion, respectively, but no isomerization. Further heating of
25-a at 90° C. for 12 h caused significant decomposition, but
no isomerization to 25-s. Analogous results were seen when
heating 27-a and 27-s to 90° C. for 6 h resulting in about 60%
decomposition of 27-s and 80% decomposition of 27-a.
These studies indicate that the energetic barrier is too high for
isomerization to occur at any appreciable rate at 25° C.,
consistent with the kinetics studies completed with the bis-
salicylaldimines 7-a and 7-s (vide supra).

Example 29

Structure of Dinickel Complexes [Ref 52]

[0283] X-ray quality single crystals were obtained from a
concentrated pentane solution cooled at -35° C. for 25-s and
by vapor diftfusion of hexanes into tetrahydrofuran at room
temperature for 25-a. X-ray diffraction studies provided
structural confirmation of the identity of the isomers (FIG.
13) as assigned by NMR spectroscopy above. The methyl
groups are located trans to the phenoxide and the pyridine
trans to the imine, as reported for similar coordination envi-
ronments.[Ref 59] The Ni—Ni distance is 7.1 A (average for
the two molecules in the asymmetric unit) for the syn isomer
(25-s). A slight distortion from square planar geometry is
observed, probably due to the pyridine ligands that extend
towards each other and tilt to avoid steric interaction. The
planes of the two pyridines are about 3.86 A apart, possibly
indicative of a weak  interaction.[Ref 60] The direction of
binding of the pyridine ligands indicates that appropriate
substrates can reach both metal centers for cooperative inter-
action. Conversely, for the anti atropisomer (25-a) intramo-
lecular cooperativity is not possible because of the large
metal-metal distance (11.1 A), and because the nickel centers
are on opposite faces of the central arene ring. The N(1)-Ni
(1)-N(2) and N(3)-Ni(2)-N(4) angles in the syn isomer of
173° and 166°, respectively (average for the two molecules in
the asymmetric unit), and the N(1)-Ni(1)-N(2) angle of 177°
in the anti isomer is nearly linear. Ni—N, Ni—O, and Ni-Me
distances are similar to known complexes.[Ref 53, 59, 61-64]
(See also Example 11).
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Example 30

Ethylene Polymerization ([Ref 52]; See Also
Example 12)

[0284] Ethylene homopolymerization trials were per-
formed to determine the effect of reaction scale, reaction
time, catalyst loading, and solvent (Table 6). Duplicate poly-
merization trials show changes in turnover frequencies (TOF)
of'less than 50% in the majority of cases. Increased reaction
time led to increased polymer yield indicating that the cata-
lyst remains active over extended periods (e.g. entries 3,4, 5,
Table 6). Ethylene polymerizations in 25 mL of toluene with
25-a and mononuclear counterparts 26, 27-a, 28, and 30
resulted in similar catalytic activities (TOFs 1200-3700 (mol
C,H,)x(mol Ni)"'xh™') (e.g. entries 3, 18, 23, 33, 37, Table
6). This level of activity is similar or lower than seen with
nickel salicylaldimines that have a phosphine or nitrile ligand
in place of the pyridine, which can be due in part to the
stability of the pyridine-bound complex. [Ref 4] The highest
TOFs were observed using 25-a and 26 (entries 3,18, Table 6).
25-s exhibits catalytic activity one order of magnitude less
than 25-a (entries 10-13, Table 1), and is generally less active
than the other investigated catalysts. Similarly, 27-s has activ-
ity three-fold lower than 27-a (entries 28, 29, Table 6). The
observed difference in TOFs between 25-s and 25-a can be
due to the effect of crowding of the catalytic pocket by the
second nickel center. Similarly, steric bulk on the remote aryl
of the terphenyl unit can be responsible for the difference
between 27-s and 27-a.

[0285] Decreasing the scale of the polymerization reaction
by five times (5 mL toluene) caused a significant drop in
activity (e.g. entry 4 versus entry 7, Table 6). The concentra-
tion of nickel complex was doubled in order to collect enough
polymer for analysis when running polymerizations at this
scale. These changes in scale and concentration resulted in a
reduction of TOF by two- to ten-fold (entries 4, 7; 12-15;
18-20; 23-25; 28-30; 33, 34; 37, 38, 40; Table 6). This effect
is not well understood, but can be caused by changes in
mixing of the solution and mass transfer problems, which
could lower the effective concentration of ethylene in solu-
tion. To test the effect of mixing, a polymerization with 25-a
was run with stirring at one third the rate used for all other
polymerizations (entry 6, Table 6). The TOF in this polymer-
ization was reduced by two-fold from an identical trial with
the higher stirring rate (entries 4, 6, Table 6), supporting the
hypothesis that insufficient mixing in the smaller scale poly-
merizations could contribute to the drop in activity. Changing
the solvent from toluene to tetrahydrofuran (THF), did not
significantly affect the activity of 25-28, but decreased the
activity of 30 by four-fold (entries 7-9; 14-17; 20, 21; 30-32;
34-36; 40-42; Table 6). This drop in activity for 30 is similar
to the three- to five-fold drop in TOF reported for polymer-
izations with phosphine-ligated nickel salicylaldimine com-
plexes in the presence of excess ethers.[Ref 4, 65, 66] The
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notable lack of inhibition by THF of catalysts 25-28 can be
due to the steric bulk of the fully substituted aryl group ortho
to oxygen disfavoring ether coordination.

[0286] Polymer characterization by *H and '*C NMR spec-
troscopy showed only methyl branch formation with peaks in
the D,-tetrachloroethane *C NMR spectrum at 8 20.1, 27.5,
30.4, 33.4 and 37.6 ppm assigned to the methyl branch car-
bon, the 13 carbon, the 7 carbon, the methyne carbon and the
a carbon, respectively.[Ref 67] The variation in polymer
branching level (determined by *H NMR spectroscopy) was
less than 35% for repeated trials, indicating good reproduc-
ibility.[Ref 68, 69] Polymers resulting from 25-s have the
highest level of branching by at least two-fold compared to
products from other catalysts under the same catalytic con-
ditions (up to 70 branches/1000 C, entry 16, Table 6). Increase
in polymer branching was also observed upon the combina-
tion of scale reduction, catalyst concentration increase, and
the solvent change to THF (e.g. compare entries 12, 16, Table
6). Polymer branching is caused by chain walking processes
that are dependent on relative rates of olefin insertion and §-H
elimination/isomerization.[Ref 70-73] Increased ecthylene
concentration allows for faster olefin insertion compared to
isomerization and leads to lower levels of branching. Higher
branch density in the small-scale experiments is consistent
with lower concentration of monomer due to inefficient mix-
ing (as proposed for the decreased yield) and with the lower
solubility of ethylene in THF.

[0287] The selectivity for methyl branches is notable. Pre-
viously reported dinuclear nickel polymerization catalysts
based on system h (FIG. 40) also generate polyethylene with
only methyl branches and there are a few additional accounts
of dinuclear nickel systems producing polyethylene with pre-
dominantly methyl branches.[Ref 65, 74] This contrasts with
previously reported mononickel systems that show longer
branches as well.[Ref 62, 63, 66, 75, 76] Catalysts 25-28 and
30 generate polyethylene with only methyl branches (path A,
FIG. 26) suggesting that the proximal ligand environments
hinder the formation of ethyl (or longer) branches regardless
of'the contributions from a second metal center. Bulky ligands
can disfavor path B in FIG. 26, which involves species with
nickel bound to a secondary carbon substituted with an ethyl
group and the polymeryl chain. Similar to system h, the
dinuclear syn isomer 25-s generates increased branch density
compared to the mononuclear analogs. One explanation
invokes slower propagation kinetics for 25-s compared to
25-a and the mononuclear systems, allowing for more exten-
sive chain walking with 25-s. In THF, compound 27-s pro-
duced polymers with lower branching despite similar TOFs
compared with 25-s (entries 16, 17, 31, 32, Table 6); this
behavior suggests that the simple ligand sterics explanation is
not fully satisfactory. However, a direct bimetallic interaction
of'pendant C—H bonds in the chain walking intermediates, as
proposed for h, seems unlikely given the significant metal-
metal distance.

TABLE 6

Ethylene homopolymerization trials.”

mmol Volume
Entry Complex Ni  Solvent (mL) Time (h) Yield TOF® Branching®
1 25-a 0.0126 toluene 25 1 0.680 1924 3.4
2 25-a 0.0126 toluene 25 1 0.940 2660
3 25-a 0.0200 toluene 25 1 2.079 3705
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Ethylene homopolymerization trials.®

Branching®

mmol Volume
Entry Complex Ni  Solvent (mL) Time (h) Yield TOF?
4 25-a 0.0200 toluene 25 3 3415 2029
5 25-a 0.0200 toluene 25 1.5 1.893 2250
6 25 0.0200 toluene 25 3 1.875 1114
7 25-a 0.0080 toluene 5 3 0.118 280
8 25-a 0.0080 THF 5 3 0.101 150
9 25-a 0.0080 THF 5 3 0.224 333
10 25-s 0.0126 toluene 25 1 0.150 424
11 25-s 0.0126 toluene 25 1 0.110 311
12 25-s 0.0200 toluene 25 3 0574 341
13 25-s 0.0200 toluene 25 3 0.894 531
14 25-s 0.0080 toluene 5 3 0.047 69
15 25-s 0.0080 toluene 5 3 0.036 53
16 25-s 0.0080 THF 5 3 0.041 60
17 25-s 0.0080 THF 5 3 0.043 64
18 26 0.0200 toluene 25 3 5.532 3287
19 26 0.0200 toluene 25 3 4791 2846
20 26 0.0080 toluene 5 3 0.549 815
21 26 0.0080 THF 5 3 0.675 1003
22 26 0.0080 THF 5 1 0172 766
23 27-a 0.0200 toluene 25 3 3.113 1830
24 27-a 0.0200 toluene 25 3 2.901 1724
25 27-a 0.0080 toluene 5 3 0.083 123
26 27-a 0.0080 THF 5 3 0.122 182
27 27-a 0.0080 THF 5 3 0.170 253
28 27-s 0.0200 toluene 25 3 1.205 716
29 27-s 0.0200 toluene 25 3 1301 773
30 27-s 0.0080 toluene 5 3 0.047 70
31 27-s 0.0080 THF 5 3 0.037 54
32 27-s 0.0080 THF 5 3 0.041 61
33 28 0.0200 toluene 25 3 3.107 1846
34 28 0.0080 toluene 5 3 0.100 148
35 28 0.0080 THF 5 3 0.099 147
36 28 0.0080 THF 5 3 0.081 121
37 30 0.0200 toluene 25 3 1.975 1174
38 30 0.0200 toluene 25 3 2.879 1710
39 30 0.0200 toluene 25 1 0.720 1284
40 30 0.0080 toluene 5 3 0416 618
41 30 0.0080 THF 5 3 0.152 225
42 30 0.0080 THF 5 3 0.076 113

7.5
6.0

18.8
17.3
255
27.0
19.6
16.5

70.3
67.5

7.2
84

5.1
12.0
20.8
15.7

43
9.6
26.8
272

10.8
19.6
19.6

37.8
40.5

“All polymerizations were run in a glass reactor under 100 psig of ethylene at 25° C.
5TOF = turnover frequency in (mol C,Hy) x (mol Ni)’1 xhl,

“Branching was determined from H NMR spectroscopy and is reported as the number of branches per 1000

carbons.

“In this polymerization, the stirring was reduced to one third of the rate used for all other polymerizations.

Example 31

Ethylene/1-Hexene Copolymerization [Ref 52]

[0288] Ethylene/1-hexene copolymerization trials were
also performed to determine the effects of reaction scale,
comonomer concentration, reaction time, reaction tempera-
ture and solvent on the resultant copolymers (Table 7). As
with the ethylene homopolymerizations, polymerizations
with 25-s and 27-s produced the least polymer, and polymers
synthesized using 25-s display the largest amount of branch-
ing (e.g. entries 6, 16, 18,21, 24, 27,29, Table 7). The change
in activity from homopolymerizations of ethylene observed
in experiments performed on a 25 mL scale (Table 6, entry 1
versus Table 2, entry 1) was one order of magnitude matching
previous reports of one order of magnitude decrease in activ-
ity from ethylene homopolymerization upon addition of an
a-olefin comonomer in large excess.[Ref 61] The drop
observed on a 5 mL scale, however, was not as significant
(only up to 4.4 times). The decrease in activity was previously

explained by a slower insertion rate of the a-olefins.[Ref 61,
77] As expected, lower comonomer concentration led to
higher TOF (Table 7 entries 4 and 5). Extension of the reac-
tion time from 3 to 12 h resulted in a lowered TOF, presum-
ably due to catalyst decomposition over time. Increasing the
temperature resulted in a less than twofold decrease in activ-
ity in 3 h polymerization reactions and approximately no
change in activity in 12 h polymerization runs (Table 7,
entries 8 and 11 and entries 10and 12). Change of solvent also
had negligible effect on either the yield or the branching of the
resultant polymers. Overall, the behavior of catalysts 25-a,
25-s, 26, 27-a, 27-s, 28, and 30 is comparable to previously
reported monometallic systems.[Ref 61, 77] A noteworthy
trend is the higher branching with the syn catalysts 25-s and
27-s; this can also be a consequence of the bulkier environ-
ment, which slows propagation compared to chain walking.
Additionally, all of the polymers characterized by *C NMR
spectroscopy displayed only methyl and butyl branches,
which is a unique microstructure. Further study of this phe-
nomenon was accomplished by polymerization trials with
other a-olefins.
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Ethylene/1-hexene copolymerization trials.”

mmol  Equiv Volume Temp Time Yield Branch
Entry Complex Ni hexene Solvent (mL) (°C.) (h) (g9 TOF® Branching® type?
1 25-a 0.0200 8000 toluene 25 25 1 0107 191 36.3 m+b
2 25a 0.0040 8000 toluene 5 25 30030 89 49.1 m+b
3 25-a 0.0080 4000 toluene 5 25 30043 o4 33.0 m+b
4 25-a 0.0080 4000 THF 5 25 30051 76 347 m+b
5 25-a 0.0080 3200 THF 5 25 30112 167 31.1 m+b
6 25-a 0.0080 3200 THF 5 25 3 0.080 118 31.6 m+b
7 25 0.0040 8000 toluene 5 25 1 — = 92.2
8 25-s 0.0040 8000 toluene 5 25 30020 59 76.6 m+b
9 25s 0.0040 8000 toluene 5 25 12 0016 12 65.2 m+b
10 25-s 0.0040 8000 toluene 5 25 12 0040 30 784 m+b
11 25-s 0.0040 8000 toluene 5 40 30012 36
12 25 0.0040 8000 toluene 5 40 12 0044 32
13 25 0.0080 4000 toluene 5 25 30023 34 54.0 m+b
14 25-s 0.0080 4000 toluene 5 25 30017 25
15 25-s 0.0080 3200 THF 5 25 30018 26 63.7 m+b
16 25-s 0.0080 3200 THF 5 25 3 0016 23 62.9 m+b
17 26 0.0080 3200 THF 5 25 30193 287 32.8 m+b
18 26 0.0080 3200 THF 5 25 30078 116 33.1 m+b
19 27-a 0.0080 3200 toluene 5 25 30132 195 314 m+b
20 27-a 0.0080 3200 THF 5 25 30092 136 34.8 m+b
21 27-a 0.0080 3200 THF 5 25 30066 99 33.9 m+b
22 27-s 0.0080 3200 toluene 5 25 30017 26 333 m+b
23 27-s 0.0080 3200 THF 5 25 30028 42 38.9 m+b
24 27-s 0.0080 3200 THF 5 25 30028 42 393 m+b
25 28 0.0080 3200 toluene 5 25 30030 44 534 m+b
26 28 0.0080 3200 THF 5 25 30063 94 38.5 m+b
27 28 0.0080 3200 THF 5 25 3 0.108 160 38.8 m+b
28 30 0.0080 3200 THF 5 25 3 0.094 140 44.6 m+b
29 30 0.0080 3200 THF 5 25 30047 70 48.4 m+b

?All polymerizations were run in a glass reactor under 100 psig of ethylene.

5TOF = turnover frequency in (mol C,Hy) x (mol Ni)’1 x h™L, This value is not adjusted for the amount of 1-hexene incorporated.

“Branching was determined from H NMR spectroscopy and is reported as the number of branches per 1000 carbons.

“Determined from 13C NMR spectroscopy: m = methyl, b = butyl.
“Too little polymer to accurately mass.

Example 32

Ethylene/a-Olefin Copolymerization [Ref 52]

[0289] Ethylene/a-olefin copolymerization trials were per-
formed in duplicate with 25-a and 25-s and 1-pentene, 1-hex-
ene, 1-heptene, and 1-octene to evaluate the effects of nickel-
nickel proximity on branching, comonomer incorporation,
TOF, molecular weight and molecular weight distribution
(Table 8). Again, significantly more branching was observed
in polymers produced with 25-s than in polymers produced
with 25-a, but the percent incorporations of 1-pentene and
1-hexene were similar. This behavior suggests that the difter-
ence in the extent of branching was due to the presence of
additional methyl branches from chain walking rather than to
the incorporation of additional comonomer. With the longer
a-olefins, 1-heptene and l-octene, a greater degree of
comonomer incorporation was seen in polymers generated by
25-a than by 25-s, likely due to increased steric hindrance in
25-s.

[0290] Inall ofthe ethylene/a-olefin copolymers examined
by *C NMR spectroscopy (Table 7 and Table 8), only iso-
lated methyl branches and branches the length of the comono-
mer chain were present. These data suggest that chain walk-
ing along the polyethylene chain to methyl branches occurs,
but that after the insertion of a comonomer, no chain isomer-
ization takes place before the coordination and insertion of
the next ethylene monomer (paths C and D, FIG. 26; F1G. 27).
To the best of the applicants’ knowledge, this type of polymer
microstructure has not been previously reported for ethylene-
a-olefin copolymerization; it formally corresponds to an eth-

ylene-propylene-c.-olefin copolymer, without chain walking.
[Ref 61, 77] Mecking et al. specifically report a variety of
branch lengths including methyl, ethyl and butyl branches in
the copolymerization of ethylene and 1-butene, which are
attributed to various modes of insertion and subsequent chain
walking.[Ref 77] Assuming 1,2-insertions are favored (paths
D and F, FIG. 26), the difference in polymer microstructure
achieved in polymerizations with the current systems can
arise from the steric hindrance caused by the supporting
ligand, disfavoring path F in which nickel migration to a
tertiary carbon from a primary one.[Ref 77-79]

[0291] GPC analysis was performed on several of the eth-
ylene/a-olefin copolymers (Table 8). In all cases, the molecu-
lar weights of polymers produced with 25-a were higher than
of polymers produced with 25-s. The molecular weights for
polymers produced with both 25-a and 25-s generally
decreased with increasing comonomer size. The PDI values
were between 3 and 4 except for the homopolymerization of
ethylene with 25-a (PDI=7.5). Generally, lower PDI values
were observed for 25-s compared to 25-a. The observed
molecular weights and PDIs are in the range previously
reported for mono- and dinickel catalysts.[Ref 4, 59, 62, 74,
80] Notably, high PDIs (5-8) were reported previously for
bimetallic catalysts (c, f FIG. 40).[Ref 62, 63] The difference
in polymer molecular weight is indicative of the relative rates
of propagation vs chain termination, which depend on the
rates of olefin insertion and f-H elimination, respectively.
[Ref 81] The lower molecular weights for 25-s vs 25-a con-
trast with previous reports of a bimetallic catalsyt leading to
an increase in M, vs the monometallic version,[Ref 63] but
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are consistent with the trends in TOF and branching level.
Compared to 25-a, complex 25-s displays lower TOF and
higher branching consistent with lower olefin insertion rates
and higher -H elimination rates, which is in agreement with
the observed lower molecular weight polymers. Similar
agreement between trends of M,, vs TOF and polymer
branching (for 25-a) were observed upon variation of the
comonomer. The larger comonomers can lead to lower inser-
tion rates due to steric reasons and result in lower M, poly-
mers.[Ref 61, 77]

[0292] Copolymerizations of ethylene and polar monomers
were also attempted. Using a large excess of a comonomer
with a distal polar moiety, ethyl undecylenate (Table 8, entries
21 and 22; 2500 equivalents per nickel), led to a modest yield
of polymer and incorporation within the range of previous
reports for related catalysts.[Ref 61] Copolymerization
attempts with 225 equivalents of N,N-dimethylallylamine per
nickel resulted in polyethylene with no polar comonomer
incorporation observed by 'H or **C NMR spectroscopy, but
larger inhibitory effects for 25-a compared to 25-s.[Ref 82] In
contrast, copolymerization attempts with 225 equivalents of
methyl acrylate per nickel resulted in no observable polymer.
These data indicate that 25-a and 25-s tolerate some polar
monomers. Additional investigations of the copolymerization
of ethylene and polar monomers with these complexes are
ongoing.

TABLE 8
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Example 33

Ethylene Polymerization Trials [Ref 83]

[0293] Ethylene polymerization trials were performed with
the isolated nickel complexes in toluene at 25° C. (Table 9).
The present catalysts perform ethylene polymerization with
activities similar to previously reported pyridine-ligated
nickel-phenoxyiminato systems.[Ref 59, 77] These experi-
ments generate polyethylene with methyl branches (4 to 20
branches per 1000 carbon atoms).[Ref 67] Of the studied
complexes, 1-s is the slowest catalyst by five-fold, likely due
to the increased steric bulk at the active site compared to the
other systems. The neutral ligands coordinated to the nickel
centers in 1-s reach toward the second metal and hinder
coordination of olefin. This proposal is supported by the
distortion observed in the solid-state structure of 1-s.
Although the methoxy substitutent is located syn with respect
to nickel, the steric bulk in 2-s (FIG. 28) is likely not as large
as that caused by the pyridine ligand bound to the second
metal in the bimetallic system.

Ethylene/a-olefin copolymerization trials with 25-a and 25-s.9 (See also Table 2).

Yield Branch  Branch %  TOF TOF
Entry Complex Comonomer (g)  Branching® type® ratio®  inc? e co® M, M/ PDV
1 25-a 0.101 17.3 m 150
2 25-a 0.224 18.8 m 333 47591 6309 7.54
3 25 0.041 70.3 m 60
4 25 0.043 67.5 m 64 8114 2697 3.01
5 25-a 1-pentene 0.087 33.4 m+p 1:1.2 39 124 2.0 15238 4271 3.57
6 25-a 1-pentene 0.086 31.3 m+p 1:1.3 3.7 123 1.9
7 258 1-pentene 0.044 70.2 m+p 1:0.3 34 64 09 7707 2583 2.98
8 25-s 1-pentene 0.028 76.1 m+p 1:0.3 3.7 39 0.6
9 25-a 1-hexene 0.112 31.1 m+b 1:2.1 4.6 159 2.6 14088 3712 3.80
10 25-a 1-hexene 0.080 31.6 m+b 1:2.3 4.8 112 1.9
11 25-s 1-hexene 0.018 63.7 m+b 1:0.4 39 25 0.3
12 25-s 1-hexene 0.016 62.9 m+b 1:0.3 31 22 02 2759 893  3.09
13 25-a 1-heptene 0.053 36.0 m + pn 1:2.7 6.0 74 14 9097 3037 3.00
14 25-a 1-heptene 0.045 40.7 m+ pn 1:3.2 73 61 1.4
15 25-s 1-heptene 0.022 68.0 m + pn 1:0.5 51 31 0.5 3619 1196 3.03
16 25-s 1-heptene 0.006 61.3
17 25-a 1-octene 0.017 49.4 m+h 1:41 104 22 07 4472 1068 4.19
18 25-a 1-octene 0.017 49.5 m+h 1:62 115 22 0.7
19 25-s 1-octene 0.012 61.0 m+h 1:0.6 53 17 02 2030 559 3.63
20 25-s 1-octene 0.009 511
21 25-a Cy3H5405% 0.037 27 45 1.3
22 25-s C,3H,,05% 0.002 1.6 1.7 0.03

?All polymerizations were run for 3 h in a glass reactor with 0.0080 mmol of nickel in THF under 100 psig of ethylene with 3200 equivalents of

comonomer at 25° C. The total reaction volume was 5 mL.

bBranching was determined from 'H NMR spectroscopy and is reported as the number of branches per 1000 carbons.

“Determined from '*C NMR spectroscopy: m = methyl, p = propyl, b = butyl, pn = pentyl, h = hexyl.

o4 incorporation was calculated from the overall branching and the branch ratio.
°TOF = turnover frequency in (mol monomer) X (mol Ni)’1 xh7l “e”
of comonomer.

/Caleulated from GPC results.

¢” = ethylene, “co” = comonomer. Calculated from the yield and the % incoporation

2Ethyl undecylenate; used 2500 equivalents (4.8 mL) with 0.2 mL THF for a total volume of S mL.
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TABLE 9
Ethylene polymerization trials with 1-s and 1-a and polar additives.”
(See also Table 3).
Yield (g) TOF®

Additive Equiv 1-s 1-a 1-s 1-a R®
1 none na 0.574 3415 341 2029 —
2 none n/a  0.8904  1.893¢ 531 22509 —
3 NMe,Et 500 0.150  1.440 89 8356 0.5
4 NMe,Et 500 0.148  1.032 88 613 0.7
5 NMe,Et 5000 0.068  0.103 41 61 3.3
6 NMeEt, 500 0.128  0.181 76 108 3.5
7 NEt, 500 0.039  0.016 23 9 12.2
8 NEt; 500 0.010¢  0.0069 129 79 8.0
9 NMe,R'¥ 225 0.058  0.071 103 126 4.0
10 NMe,R'¢ 500 0.062  0.111 36 66 27
11 NMe,"Pr 500 0.036  0.025 21 15 7.2
12 NMe"Pr, 500 0.070  0.019 41 11 18.4
13 N"Pr; 500 0.055  0.001 33 1 269
14 NMe,”Bu 500 0.047  0.019 25 10 12.1
15 NMe,”Bu 500 0.066  0.028 39 17 11.6
16 NMe"Bu, 500 0.012  0.009 7 5 6.3
17 N"Bu, 500 0.003 — 2 — —
18 NMe,Ph 500 0.619  2.867 367 1703 1.1
19 NMe,Bz 500 0.252 1330 150 790 0.9
20 HN"Pr, 20 — — — —
21 HNMe"Bu 20 — — — —
22 HN"Bu, 20 — — — —
23 HN'Pr, 20 0299  0.149 178 88 9.9
24 H,N"Bu LR — — —
25 H,NR?* 50 0.011 — 7 — —
26 H,NR?*® 20 0.022 — 13 — —
27 H,NR?*® 5 0.080  0.003 48 2 136
28 H,NR* 5 0.08  0.006 51 4 69.4
29 Pyridine 0 — — — —

“All polymerizations were run for 3 hours at 25° C. under 100 psig of ethylene in 25 ml of
toluene with 10 pmol of dinickel complex. The number of equivalents of base listed is the
number of equivalents per nickel.

'TOF = turnover frequency = (mol CoHy) x (mol Ni)’1 xhl
“R = ([TOF for 1-a with no additive/[TOF for 1-a with additive])/([TOF for 1-s with no
gdditive]/[TOF for 1-s with additive]).

Polymerization was run for 1.5 hours.

“R! =allyl.

fPolymerization was run for 1 hour.

2R? = 1,1-dimethylpropyl.

R3 =1,1,3,3-tetramethylbutyl,

‘Insufficient product to accurately mass (<1 mg).

[0294] Ethylene polymerization trials in the presence of
excess primary, secondary, and tertiary amines showed dis-
tinct inhibition trends (Table 9, Table 10). Complexes 1-a,
2-a, and 2-s were inhibited by two orders of magnitude upon
the addition of N,N-dimethylbutylamine (Table 2). This deac-
tivation effect in the presence of added amines is similar to
that reported previously for related mononickel systems.[Ref
4] In contrast, 1-s was inhibited by only one order of magni-
tude. Consequently, in some cases (Table 9, entries 7, 8,
11-17), addition of a tertiary amine affords a syn catalyst that
is more productive than the anti analog. The inhibition of the
deactivation by amines observed only with 1-s is hereafter
referred to as the bimetallic effect. The ratio between the
deactivation of 1-a vs 1-s isomers (R) provides a quantitative
measure of this effect. Compared to 1-s, catalyst 1-a is inhib-
ited 10-25 times more by triethylamine, N-methyldipropy-
lamine, and N,N-dimethylbutylamine and up to 270 times
more by tripropylamine. Inhibition by triethylamine was also
observed at a shorter polymerization time resulting in lower
polymer yields for both 1-s and 1-a as well as a similar R,
indicating that the calculated R is not due decomposition of
the catalysts (Table 1 entry 8). The use of secondary or pri-
mary amines resulted in greater inhibition than the tertiary
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amines and, in all cases that yielded polymer, also displayed
greater inhibition of 1-a than of 1-s (Table 9, entries 23,
25-28). Compared to 1-s, catalyst 1-a is inhibited approxi-
mately 10 times more with diisopropylamine and between 70
and 100 times more with 1,1-dimethylpropylamine and 1,1,
3,3-tetramethylbutylamine (Table 9, entries 23, 25-28).

TABLE 10

Ethylene polymerization trials with 500 equivalents of
N.N-dimethylbutylamine per nickel.“

Complex Yield (g) TOF® R4
1 1-s 0.047 28 15
2 1-s 0.066 39 11
3 1-a 0.019 11 190
4 1-a 0.028 17 130
5 2-s 0.012 7 105
6 2-s 0.010 6 121
7 2-a 0.053 31 57
8 2-a 0.048 29 62

“All polymerizations were run for 3 hours at 25° C. under 100 psig of ethylene in 25 ml of
toluene with 20 umol of nickel.
5TOF = turnover frequency = (mol CoHy) x (mol Ni)’1 xh!

R = (TOF with no additive)/(TOF with additive).

[0295] The effect of amines on 1-s and 1-a was studied by
'H NMR spectroscopy. New N,—CH, peaks were observed
upon addition of one equivalent of 1,1-dimethylpropylamine,
orofalarge excess (2100 equiv) of N,N-dimethylbutylamine
or N,N-dimethylethylamine to 1-a and 1-s, indicating com-
petitive substitution of pyridine. N,N-dimethylbenzylamine
does not displace pyridine even upon addition of 100 equiva-
lents. All investigated amines displaced more pyridine from
1-athan from 1-s. Qualitatively, the binding ability was found
to vary in the following order: pyridine~1,1-
dimethylpropylamine>>N,N-dimethylbutylamine>N,N-
dimethylethylamine>>N,N-dimethylbenzylamine. This
trend mirrors the degree of inhibition recorded in ethylene
polymerizations (Table 9, entries 4, 14, 19, 27, 29). The
correlation suggests that stronger amine binding to nickel
increases the bimetallic effect.

[0296] The observed catalytic behavior suggests a bimetal-
lic effect on the extent of inhibition by added base. Polymer
formation is dependent on coordination of olefin and turnover
limiting olefin insertion into the metal-polymeryl bond.[Ref
70, 84] Lewis bases compete with olefin for coordination to
the metal and decrease the overall polymerization rate and
polymer yield. [Ref'72, 73, 85, 86] While steric bulk from the
ligand framework could cause a decrease in deactivation by
hindering the binding of amine, the studied complexes show
similar inhibition profiles for 1-a, 2-a, and 2-s in contrast to
1-s. The proximal arrangement of the two metal centers in
compound I-s is proposed to cause the difference in deacti-
vation compared to 1-a, 2-a, or 2-s (FIG. 29). Simultaneously
binding a bulky base to each nickel center of 1-s is expected
to be sterically disfavored compared to binding bases to all
metal centers of 1-a, 2-a, or 2-s. Hence, for 1-s, ethylene can
compete successfully with the amine for coordination to
nickel. This has the net effect of inhibiting deactivation by the
base for 1-s compared to 1-a, 2-a, or 2-s. Intriguingly, the
proposed mechanism might also be relevant to the polymer-
ization of olefins with binuclear cationic early transition
metal catalysts, with the couteranions acting as inhibiting
bases instead of amines.[Ref 87-90]

[0297] In agreement with the above mechanistic proposal,
the extent of inhibition is dependent on the nature of the
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amine. The smallest amines induced a smaller difference
between 1-s and 1-a. Binding of a smaller amine to one of the
nickel centers of 1-s leaves space to bind a second amine to
the other nickel center, thereby effecting inhibition similar to
that seen for 1-a. For several of the secondary and primary
amines (dipropylamine, N-methylbutylamine, dibutylamine,
and butylamine), tight coordination and insufficient bulk
result in no polymerization (Table 9, entries 20-22,24). With
intermediate-size tertiary amines, as the size increases, the
inhibition of 1-s is lowered compared to 1-a (NMeEt, vs NEt,
and NMe,"Bu vs NMe,” Pr vs NMe"Pr, vs N”Pr;). This is
consistent with the first coordinated amine hindering the
binding of the second. Although X-ray quality crystals of the
corresponding syn isomer have not been obtained, the solid-
state structure of the 1,1-dimethylpropyl adduct of the bime-
tallic anti isomer highlights how the alkyl substituent of the
primary amine extends toward the opposite aryl group, likely
blocking the binding of a second amine in 1-s. With larger
amines (NMe”Bu, and N"Bus), it is proposed that binding of
an amine at one nickel prevents the binding of ethylene at the
second nickel of 1-s; hence, the bimetallic effect is not appar-
ent. Bulky and less basic N,N-dimethylbenzylamine and
N,N-dimethylaniline show low inhibition likely because of
weak binding to either isomer.

[0298] Insummary, new mono- and dinickel ethylene poly-
merization catalysts are reported. The supporting ligands
based on atropisomers of a locked terphenyl backbone allow
for control of the relative position of the two catalytic centers.
The syn bimetallic isomer shows less inhibition by added
amines compared to the anti bimetallic and monometallic
catalysts. The bimetallic effect observed with 1-s is proposed
to arise from the close proximity of the nickels disfavoring
simultaneous ligation of base to both of the metal centers.
This behavior is expected to have applications in the design of
olefin polymerization catalysts with increased functional
group tolerance and with potential for copolymerization of
polar olefins. Future studies will explore these areas along
with extending the terphenyl motif with restricted rotation to
other multimetallic catalyst systems.

Example 34

Alternative Synthesis of Binucleating
Salicylaldimine Ligands ([Ref 52]; FIG. 20)

[0299] The synthesis of the binucleating ligands is based on
well-documented procedures. 2-Bromo-4-tert-butyl-anisole
(1) and 1,4-dibromo-2,3,5,6-tetramethylbenzene (2) starting
materials were made using published syntheses.[Ref 91-93]
Lithium-halogen exchange of 1, followed by treatment with
ZnCl, afforded an aryl-zinc reagent suitable for a double
Negishi cross-coupling with 2 (FIG. 20). The palladium-
catalyzed coupling reaction led to a mixture of two atropiso-
mers, syn (3-s) and anti (3-a). Bromination of 3 with Br, ortho
to the methoxy groups generated dibromide 4. Column chro-
matography was used to separate the two atropisomers, which
were then carried forward to the final ligand precursors, 7-s
and 7-a, by the same synthetic procedures. Lithium-halogen
exchange followed by addition of excess N,N-dimethylfor-
mamide (DMF) provided the diformyl species 5 upon aque-
ous work-up. Removal of the methyl protecting groups was
accomplished with excess BBr; to afford compounds 6. Con-
densation with aniline generated the binucleating ligand pre-
cursors 7. The syntheses were high yielding overall: approxi-
mately 40% yield for the anti-analog (7-a) and 25% yield for
the syn-analog (7-s).
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[0300] In summary, in several embodiments, described
herein are multi-metallic organometallic complexes that
allow performance of olefin based reaction and in particular
polymerization of olefins to produce polyolefin polymers,
and related methods and systems are described.

[0301] The examples set forth above are provided to give
those of ordinary skill in the art a complete disclosure and
description of how to make and use the embodiments of
multi-metallic organometallic complexes, and related poly-
mers, methods and systems of the disclosure, and are not
intended to limit the scope of what the Applicants regard as
their disclosure. Modifications of the above-described modes
for carrying out the disclosure can be used by persons of skill
in the art, and are intended to be within the scope of the
following claims.

[0302] The entire disclosure of each document cited (in-
cluding patents, patent applications, journal articles includ-
ing related supplemental and/or supporting information sec-
tions, abstracts, laboratory manuals, books, or other
disclosures) in the Background, Summary, Detailed Descrip-
tion, and Examples is hereby incorporated herein by refer-
ence. All references cited in this disclosure are incorporated
by reference to the same extent as if each reference had been
incorporated by reference in its entirety individually. How-
ever, if any inconsistency arises between a cited reference and
the present disclosure, the present disclosure takes prece-
dence.

[0303] The terms and expressions which have been
employed herein are used as terms of description and not of
limitation, and there is no intention in the use of such terms
and expressions of excluding any equivalents of the features
shown and described or portions thereof, but it is recognized
that various modifications are possible within the scope of the
disclosure claimed. Thus, it should be understood that
although the disclosure has been specifically disclosed by
preferred embodiments, exemplary embodiments and
optional features, modification and variation of the concepts
herein disclosed can be resorted to by those skilled in the art,
and that such modifications and variations are considered to
be within the scope of this disclosure as defined by the
appended claims.

[0304] Itis also to be understood that the terminology used
herein is for the purpose of describing particular embodi-
ments only, and is not intended to be limiting. As used in this
specification and the appended claims, the singular forms “a,”
“an,” and “the” include plural referents unless the content
clearly dictates otherwise. The term “plurality” includes two
or more referents unless the content clearly dictates other-
wise. Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which the
disclosure pertains.

[0305] The term “alkyl” as used herein refers to a linear,
branched, or cyclic saturated hydrocarbon group typically
although not necessarily containing 1 to about 15 carbon
atoms, or 1 to about 6 carbon atoms, such as methyl, ethyl,
n-propyl, isopropyl, n-butyl, isobutyl, t-butyl, octyl, decyl,
and the like, as well as cycloalkyl groups such as cyclopentyl,
cyclohexyl and the like. Generally, although again not neces-
sarily, alkyl groups herein contain 1 to about 15 carbon atoms.
The term “cycloalkyl” intends a cyclic alkyl group, typically
having 4 to 8, or 5 to 7, carbon atoms. The term “substituted
alkyl” refers to alkyl substituted with one or more substituent
groups, and the terms “heteroatom-containing alkyl” and
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“heteroalkyl” refer to alkyl in which at least one carbon atom
is replaced with a heteroatom. If not otherwise indicated, the
terms “alkyl” and “lower alkyl” include linear, branched,
cyclic, unsubstituted, substituted, and/or heteroatom-con-
taining alkyl and lower alkyl, respectively.

[0306] The term “heteroatom-containing” as in a “heteroa-
tom-containing alky group” refers to a alkyl group in which
one or more carbon atoms is replaced with an atom other than
carbon, e.g., nitrogen, oxygen, sulfur, phosphorus or silicon,
typically nitrogen, oxygen or sulfur. Similarly, the term “het-
eroalkyl” refers to an alkyl substituent that is heteroatom-
containing, the term “heterocyclic” refers to a cyclic substitu-
ent that is heteroatom-containing, the terms “heteroaryl” and
“heteroaromatic” respectively refer to “aryl” and “aromatic”
substituents that are heteroatom-containing, and the like. It
should be noted that a “heterocyclic” group or compound may
or may not be aromatic, and further that “heterocycles” may
be monocyclic, bicyclic, or polycyclic as described above
with respect to the term “aryl” Examples of heteroalkyl
groups include alkoxyaryl, alkylsulfanyl-substituted alkyl,
N-alkylated amino alkyl, and the like. Examples of heteroaryl
substituents include pyrrolyl, pyrrolidinyl, pyridinyl, quino-
linyl, indolyl, pyrimidinyl, imidazolyl, 1,2,4-triazolyl, tetra-
zolyl, etc., and examples of heteroatom-containing alicyclic
groups are pyrrolidino, morpholino, piperazino, piperidino,
etc.

[0307] The term “alkoxy” as used herein intends an alkyl
group bound through a single, terminal ether linkage; that is,
an “alkoxy” group may be represented as —O-alkyl where
alkyl is as defined above. A “lower alkoxy” group intends an
alkoxy group containing 1 to 6 carbon atoms. Analogously,
“alkenyloxy” and “lower alkenyloxy” respectively refer to an
alkenyl and lower alkenyl group bound through a single,
terminal ether linkage, and “alkynyloxy” and “lower alkyny-
loxy” respectively refer to an alkynyl and lower alkynyl group
bound through a single, terminal ether linkage.

[0308] Theterm “aryl”asused herein, and unless otherwise
specified, refers to an aromatic substituent containing a single
aromatic ring or multiple aromatic rings that are fused
together, directly linked, or indirectly linked (such that the
different aromatic rings are bound to a common group such as
amethylene or ethylene moiety). Aryl groups can contain 5 to
24 carbon atoms, or aryl groups contain 5 to 14 carbon atoms.
Exemplary aryl groups contain one aromatic ring or two fused
or linked aromatic rings, e.g., phenyl, naphthyl, biphenyl,
diphenylether, diphenylamine, benzophenone, and the like.
“Substituted aryl” refers to an aryl moiety substituted with
one or more substituent groups, and the terms “heteroatom-
containing aryl” and “heteroaryl” refer to aryl substituents in
which at least one carbon atom is replaced with a heteroatom,
as will be described in further detail infra.

[0309] The terms “cyclic”, “cyclo-”, and “ring” refer to
alicyclic or aromatic groups that may or may not be substi-
tuted and/or heteroatom containing, and that may be mono-
cyclic, bicyclic, or polycyclic. The term “alicyclic” is used in
the conventional sense to refer to an aliphatic cyclic moiety, as
opposed to an aromatic cyclic moiety, and may be monocy-
clic, bicyclic or polycyclic.

[0310] The terms “halo”, “halogen”, and “halide” are used
in the conventional sense to refer to a chloro, bromo, fluoro or
iodo substituent or ligand.

[0311] The term “olefins” as used herein indicates two car-
bons covalently bound to one another that contain a double
bond (sp2-hybridized bond) between them. The other func-
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tional groups bound to each of these two carbons can be, for
example, additional carbons, hydrogen atoms, or heteroat-
oms.

[0312] The term “substituted” as in “substituted alkyl,”
“substituted aryl,” and the like, is meant that in the, alkyl, aryl,
or other moiety, at least one hydrogen atom bound to a carbon
(or other) atom is replaced with one or more non-hydrogen
substituents.

[0313] Examples of such substituents include, without
limitation: functional groups such as halo, hydroxyl, sulthy-
dryl, C1-C24 alkoxy, C2-C24 alkenyloxy, C2-C24 alkyny-
loxy, C5-C24 aryloxy, C6-C24 aralkyloxy, C6-C24 alkary-
loxy, acyl (including C2-C24 alkylcarbonyl (—CO-alkyl)
and C6-C24 arylcarbonyl (—CO-aryl)), acyloxy (—O-acyl,
including C2-C24 alkylcarbonyloxy (—O—CO-alkyl) and
C6-C24 arylcarbonyloxy (—O—CO-aryl)), C2-C24 alkoxy-
carbonyl (—(CO)—O-alkyl), C6-C24 aryloxycarbonyl
(—(CO)—O-aryl), halocarbonyl (—CO)—X where X is
halo), C2-C24 alkylcarbonato (—O—(CO)—O-alkyl),
C6-C24 arylcarbonato (—O—(CO)—O-aryl), carboxy
(—COOH), carboxylato (COO7), carbamoyl (—(CO)—
NH2), mono-(C1-C24  alkyl)-substituted carbamoyl
(—(CO)—NH(C1-C24 alkyl)), di-(C1-C24 alkyl)-substi-
tuted carbamoyl (—(CO)—N(C1-C24 alkyl),), mono-(C5-
C24 aryl)-substituted carbamoyl (—(CO)—NH-aryl), di-
(C5-C24 aryl)-substituted carbamoyl (—(CO)—N(C5-C24
aryl),), di-N—(C1-C24 alkyl), N—(C5-C24 aryl)-substi-
tuted carbamoyl, thiocarbamoyl (—(CS)—NH2), mono-
(C1-C24 alkyl)-substituted thiocarbamoyl (—(CO)—NH
(C1-C24 alkyl)), di-(C1-C24 alkyl)-substituted
thiocarbamoyl (—(CO)—N(C1-C24 alkyl),), mono-(C5-
C24 aryl)-substituted thiocarbamoyl (—(CO)—NH-aryl), di-
(C5-C24 aryl)-substituted thiocarbamoyl (—(CO)}—N(C5-
C24 aryl),), di-N—(C1-C24 alkyl), N—(C5-C24 aryl)-
substituted thiocarbamoyl, carbamido (—NH—(CO)—
NH2), cyano(—C=N), cyanato (—O—C=N), thiocyanato
(—S—C=N), formyl (—(CO)—H), thioformyl ((CS)—H),
amino (—NH2), mono-(C1-C24 alkyl)-substituted amino,
di-(C1-C24 alkyl)-substituted amino, mono-(C5-C24 aryl)-
substituted amino, di-(C5-C24 aryl)-substituted amino,
C2-C24 alkylamido (—NH—(CO)-alkyl), C6-C24 aryla-
mido (—NH—(CO)-aryl), imino (—CR—NH where
R=hydrogen, C1-C24 alkyl, C5-C24 aryl, C6-C24 alkaryl,
C6-C24 aralkyl, etc.), C2-C20 alkylimino (CR—N(alkyl),
where R=hydrogen, C1-C24 alkyl, C5-C24 aryl, C6-C24
alkaryl, C6-C24 aralkyl, etc.), arylimino (—CR—N(aryl),
where R=hydrogen, C1-C20 alkyl, C5-C24 aryl, C6-C24
alkaryl, C6-C24 aralkyl, etc.), nitro (—NO,), nitroso
(—NO), sulfo (—S0O2-OH), sulfonato (—S02-07), C1-C24
alkylsulfanyl (—S-alkyl; also termed “alkylthio™), C5-C24
arylsulfanyl (—S-aryl; also termed “arylthio”), C1-C24
alkylsulfinyl (—(SO)-alkyl), C5-C24 arylsulfinyl (—(SO)-
aryl), C1-C24 alkylsulfonyl (—S0O2-alkyl), C5-C24 arylsul-
fonyl (—SO2-aryl), boryl (—BH2), borono (—B(OH),),
boronato (—B(OR), where R is alkyl or other hydrocarbyl),
phosphono (—P(O)(OH),), phosphonato (—P(0)(07)2),
phosphinato (—P(O)(O7)), phospho (—PO2), phosphino
(—PH2), silyl (—SiR3 wherein R is hydrogen or hydrocar-
byl), and silyloxy (—O-silyl); and the hydrocarbyl moieties
C1-C24 alkyl (e.g. C1-C12 alkyl and C1-C6 alkyl), C2-C24
alkenyl (e.g. C2-C12 alkenyl and C2-C6 alkenyl), C2-C24
alkynyl (e.g. C2-C12 alkynyl and C2-C6 alkynyl), C5-C24
aryl (e.g. C5-Cl14 aryl), C6-C24 alkaryl (e.g. C6-Cl6
alkaryl), and C6-C24 aralkyl (e.g. C6-C16 aralkyl).
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[0314] The term “acyl” refers to substituents having the
formula —(CO)-alkyl, —(CO)-aryl, or —(CO)-aralkyl, and
the term “acyloxy” refers to substituents having the formula
—O(CO)-alkyl, —O(CO)-aryl, or —O(CO)-aralkyl,
wherein “alkyl,” “aryl, and “aralkyl” are as defined above.
[0315] The term “alkaryl” refers to an aryl group with an
alkyl substituent, and the term “aralkyl” refers to an alkyl
group with an aryl substituent, wherein “aryl” and “alkyl” are
as defined above. In some embodiments, alkaryl and aralkyl
groups contain 6 to 24 carbon atoms, and particularly alkaryl
and aralkyl groups contain 6 to 16 carbon atoms. Alkaryl
groups include, for example, p-methylphenyl, 2,4-dimeth-
ylphenyl, p-cyclohexylphenyl, 2,7-dimethylnaphthyl, 7-cy-
clooctylnaphthyl, 3-ethyl-cyclopenta-1,4-diene, and the like.
Examples of aralkyl groups include, without limitation, ben-
zyl, 2-phenyl-ethyl, 3-phenyl-propyl, 4-phenyl-butyl, 5-phe-
nyl-pentyl, 4-phenylcyclohexyl, 4-benzylcyclohexyl, 4-phe-
nylcyclohexylmethyl, 4-benzylcyclohexylmethyl, and the
like. The terms “alkaryloxy” and “aralkyloxy” refer to sub-
stituents of the formula—OR wherein R is alkaryl or aralkyl,
respectively, as just defined.

[0316] When a Markush group or other grouping is used
herein, all individual members of the group and all combina-
tions and possible subcombinations of the group are intended
to be individually included in the disclosure. Every combina-
tion of components or materials described or exemplified
herein can be used to practice the disclosure, unless otherwise
stated. One of ordinary skill in the art will appreciate that
methods, device elements, and materials other than those
specifically exemplified can be employed in the practice of
the disclosure without resort to undue experimentation. All
art-known functional equivalents, of any such methods,
device elements, and materials are intended to be included in
this disclosure. Whenever arange is given in the specification,
for example, a temperature range, a frequency range, a time
range, or a composition range, all intermediate ranges and all
subranges, as well as, all individual values included in the
ranges given are intended to be included in the disclosure.
Any one or more individual members of a range or group
disclosed herein can be excluded from a claim of this disclo-
sure. The disclosure illustratively described herein suitably
can be practiced in the absence of any element or elements,
limitation or limitations, which is not specifically disclosed
herein.

[0317] “Optional” or “optionally” means that the subse-
quently described circumstance may or may not occur, so that
the description includes instances where the circumstance
occurs and instances where it does not according to the guid-
ance provided in the present disclosure. For example, the
phrase “optionally substituted” means that a non-hydrogen
substituent may or may not be present on a given atom, and,
thus, the description includes structures wherein a non-hy-
drogen substituent is present and structures wherein a non-
hydrogen substituent is not present. It will be appreciated that
the phrase “optionally substituted” is used interchangeably
with the phrase “substituted or unsubstituted.” Unless other-
wise indicated, an optionally substituted group may have a
substituent at each substitutable position of the group, and
when more than one position in any given structure may be
substituted with more than one substituent selected from a
specified group, the substituent may be either the same or
different at every position. Combinations of substituents
envisioned can be identified in view of the desired features of
the compound in view of the present disclosure, and in view
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of the features that result in the formation of stable or chemi-
cally feasible compounds. The term “stable”, as used herein,
refers to compounds that are not substantially altered when
subjected to conditions to allow for their production, detec-
tion, and, in certain embodiments, their recovery, purifica-
tion, and use for one or more of the purposes disclosed herein.
[0318] A number of embodiments of the disclosure have
been described. The specific embodiments provided herein
are examples of useful embodiments of the disclosure and it
will be apparent to one skilled in the art that the disclosure can
be carried out using a large number of variations of the
devices, device components, methods steps set forth in the
present description. As will be obvious to one of skill in the
art, methods and devices useful for the present methods can
include a large number of optional composition and process-
ing elements and steps.

[0319] In particular, it will be understood that various
modifications may be made without departing from the spirit
and scope of the present disclosure. Accordingly, other
embodiments are within the scope of the following claims.
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1. A multi-metallic organometallic complex comprising:
a rigid base linker comprising a central ring attaching two

or more exterior rings, each of the two or more exterior
rings attaching a metal-presenting arm, thus defining
two or more metal-presenting arms in syn position with
respect to the rigid base linker,

wherein:
each metal-presenting arm of said two or more metal-

presenting arms comprises one or more ancillary ligands
presenting said metal,

said metal is bound to one or more auxiliary ligands

through respective one or more auxiliary ligand metal
bonds,

each said one or more auxiliary ligand metal bonds is

adapted to be represented through corresponding one or
more auxiliary ligand metal bond three-dimensional
vectors originating at said metal,

metals pertaining to different metal-presenting arms are

located at a metal-to-metal distance defining an imagi-
nary sphere having said metal-to-metal distance as a
diameter, and

for each of said metals located at the metal-to-metal dis-

tance, a resulting vector corresponding to a sum of said
one or more auxiliary ligand metal bond three-dimen-
sional vectors is located inside said imaginary sphere.

2. The multi-metallic organometallic complex of claim 1,
wherein the two or more exterior rings are each connected to
the central ring through a single bond.

3. The multi-metallic organometallic complex of claim 1,
wherein the central ring and two or more exterior rings inde-
pendently comprise aromatic, heteroaromatic, aliphatic, or
heteroaliphatic rings.

4. The multi-metallic organometallic complex of claim 1
having the formula I:

o) (e ds
Mm! »! p2 M2

(Lancl)ml /(Lancz)m 2
\Yl X Y2
\
Y3
/ 3

wherein,

n is between 0 and 4;

ml, m2, and m3 are independently between 1 and 4;

pl, p2, and p3 are independently between 1 and 4;

X comprises an aromatic, heteroaromatic, aliphatic, or het-
eroaliphatic ring;

Y1,Y2, and Y3 independently comprise an aromatic, het-
eroaromatic, aliphatic, or heteroaliphatic ring;

L. L, and L > are independently selected from a

anc anc anc

monodentate or a multidentate ligand;
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M, M2, and M? are metals; and 6. The multi-metallic organometallic complex of claim 4,
whereinY 1, Y2, and Y3 have formula IX, X, X1, XII, or XIII:

L5 L2 L., are independently selected monoden-
tate or a multidentate ligand.
5. The multi-metallic organometallic complex of claim 4, IX
wherein X has the formula II, 111, IV, V, VI, VII, or VIII: Lanc” Lo
I
y! R2
Rl
R‘N X p2
| 2
”5 23 ¥ RHU RI0
RE_ R
R* X
III LHVICC
Y! R
Rl
R& Xp2
I - 14
R, _R? R
¥
Yl
v RIS RIG
1 2
Y\Rg RI\/Y XI
RN I 7o R2
RS | R?
Sps R
v
1 2
Y, RS R Y
R7'-° I */ R2
RS, | R?
RS R
Y? R20
VI
RSI_RSZ A XII
YM Ayt Lane
% RS
Ny .
VI X _
55_R56 R
Yi g I\{\/Y“ \ /
% Ry
Sy
RZZ RZI
. VII XTI
| Lancf
Y4 N. o] A
\ R26
) N Y%
I RZS R24

in which

R10 to R26 are independently selected from the group
consisting of H, linear C1-C15 alkyl; branched linear
C3-C15 alkyl; cyclic C3-C15 alkyl; linear, cyclic, or
branched C2-C15 alkenyl; linear, cyclic, or branched
C2-C15 alkynyl; C6-C20 substituted or unsubtituted
aryl; and C6-C20 substituted or unsubtituted heteroaryl

wherein R1-R8 and R50-59 is independently selected from
the group consisting of H, N, C—H, C—Y1, C—Y2,
C—Y3, C-alkyl, C-aryl, C-alkoxy, and C-aryloxyl;
wherein at least one of R1-R8 and R50-57 in a corre-
sponding ortho position with respect to Y1, and at least
one of R1-R8 and R50-57 in a corresponding ortho
position with respect to Y2 is not C—H, and at least one wherein L, ', [, 2 and L_,_> comprise one or more
of R1-R8 and R50-57 in a corresponding ortho position ancillary ligands, independently selected from L,,.%,
with respect to Y3 is not C—H, and A is O, N—H, or S. Lot Lonss Lo L, S and L, 7
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wherein L, has the formula XIV, XV, XVI, or XVII: -continued
X1V O OH
B 0 o
N , ., and
i‘l_[}r‘-‘d
XV
R3! R¥ . . . .
7. The multi-metallic organometallic complex of claim 4,
R% Z whereinL,, ', L. > and L,,> comprise one or more ancil-
lary ligands, independently selected from 1., %, 1, 21 2,
Lancds Lances and Lancfs
R¥ N wherein L, .“ has the formula XIV, XV, XVI, or XVII:
RZS
XIvV
R27
XVI \N
34
OR33 R
[ -0 R35
N XV
R36 R3l R32
R R¥ Z
XVII
R42 R29 N
R
R4l RZS
- R¥ XVI
~~R38 R
/ ORy;
R* H}‘—H_‘ [ 0 R3S
N
wherein R27 is alkyl, aryl, heteroaryl, substituted aryl, R36
R28-R37 and R39-44 are selected from the group con-
sisting of H, linear C1-C15 alkyl; branched linear R
C3-C15 alkyl; cyclic C3-C15 alkyl; linear, cyclic, or
branched C2-C15 alkenyl; linear, cyclic, or branched R%2 Xvi
C2-C15 alkynyl; C6-C20 substituted or unsubtituted -
aryl; and C6-C20 substituted or unsubtituted heteroaryl; R
R38is C or Si; Z—0, S, Se, or N R
L,,.. comprises an O, N, or C; R
L.~ comprises an O, N, or C; and R40\R38
L.~ L. andL,, /are independently selected from the ng/ r}f;r
group consisting of:
wherein R27 is alkyl, aryl, heteroaryl, substituted aryl,
/ \ R28-R37 and R39-44 are selected from the group con-
Ar\ sisting of H, linear C1-C15 alkyl; branched linear
N, RoSime ] N MesSime gy ) C3-C15 alkyl; cyclic C3-Cl.5 alkyl; llpear, cyclic, or
/ / branched C2-C15 alkenyl; linear, cyclic, or branched
O\ C2-C15 alkynyl; C6-C20 substituted or unsubtituted
RoSim aryl; and C6-C20 substituted or unsubtituted heteroaryl;

R38is C or Si; Z—0, S, Se, or N
L, comprises an O, N, or C;

c M .
L.~ comprises an O, N, or C; and
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L. L,.5 and L,/ are independently selected from the

anc anc anc

group consisting of:

Ar\
\
N ., RySi— N MesSim s
/ 2SI~ Ni
o
\
Rle\NH
0 OH
0 0
s , and

8. The multi-metallic organometallic complex of claim 4,
whereinL,, ', 2 andL_, > independently comprisean O,
N, alkyl, aryl, amine, alkyloxide, aryloxide, or halogen.

9. The multi-metallic organometallic complex of claim 4,
wherein M', M?, and M? are independently selected from the
group consisting of nickel, titanium, zirconium, yttrium,
hafnium, cobalt, iron, palladium, aluminum, zinc, indium,
gallium and a lanthanide metal.

10. A method for preparing a polyolefin, the method com-
prising contacting an olefin monomer with the multi-metallic
organometallic complex of claim 1 for a time and under
condition to allow polymerization to the olefin monomers.

11. The method of claim 10, wherein the olefin monomer is
polar monomer.

12. The method according to claim 10, further comprising
contacting the olefin monomer and the multi-metallic orga-
nometallic complex with a suitable activator or a phosphine
scavenger.

13. The method according to claim 10 wherein the poly-
olefin is isotactic.
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14. A polyolefin, obtainable by the method according to
claim 10.

15. A method for preparing polyolefin copolymers, the
method comprising contacting two or more olefin monomers
with the multi-metallic organometallic complex of claim 1.

16. A method for preparing a polyolefin block copolymer,
the method comprising sequentially contacting two or more
olefin monomers, each of the two or more olefin monomers
being structurally different from another, with the multi-me-
tallic organometallic complex of claim 1 for a time and under
condition to allow a first monomer to polymerize before a
contacting with a subsequent monomer.

17. The method of claim 16, wherein the polyolefin block
copolymers is a stereoblock copolymer.

18. The method of claim 17, wherein a tacticity is different
between blocks of the stereoblock copolymer.

19. A method for preparing polyolefins, the method com-
prising contacting an olefin monomer with the organometal-
lic complex of claim 1 with an olefin monomer wherein the
multi-metallic organometallic complex comprises two or
more modified multi-metallic organometallic complexes
linked by a central ring and having restricted rotation of the
monometallic complexes about the central ring.

20. A catalytic system for olefin polymerization, the sys-
tem comprising the multi-metallic organometallic complex
of claim 1 and an olefin monomer.

21. The catalytic system of claim 20, further comprising a
suitable activator.

22. A method for preparing a multi-metallic organometal-
lic complex, the method comprising:

selecting a central ring;

selecting two or more exterior rings, the exterior rings;

contacting the central ring with the two or more exterior

rings to provide a rigid linker;

selecting one or more ancillary ligands, one or more met-

als, and one or more auxiliary ligands;
contacting the rigid linker with the one or more ancillary
ligands to provide an organometallic complex precursor;

contacting the organometallic complex precursor with the
one or more metals and auxiliary metals to provide the
organometallic complex.
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