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STATEMENT REGARDING FEDERALLY SPONSORED  RESEARCH OR
DEVELOPMENT [0002] Not applicable. REFERENCE TO A
MICROFICHE APPENDIX  [0003] Not applicable. HELD OF
THE INVENTION [0004] The present application relates
generally to olefin oligomerization. More
particularly, the present application relates to a
novel hexadentate ligand, associated  hexadentate
bimetallic complex, and methods of making such
hexadentate ligands and  complexes. Additionally, the
hexadentate ligand and complex are employed in the
oligomerization of olefins. BACKGROUND OF THE
INVENTION [00051 Olefins, also commonly known as
alkenes, are important items of commerce. Their  many
applications include employment as intermediates in
the manufacture of detergents, as  more
environmentally friendly replacements where refined
oils might otherwise be used, as  monomers, and as
intermediates for many other types of products. An
important subset of  olefins are olefin oligomers, and
one method of malting olefin oligomers is via
oligomerization  of ethylene, which is a catalytic
reaction involving various types of catalysts.
Examples of  catalysts used commercially in
polymerization and oligomerization of olefins include
alkylalumiuum compounds, certain nickel-phosphine
complexes, and a titanium halide with a  Lewis acid,
such as diethylaluminum chloride. [0006] Another group
of olefin polymerization catalysts is derived from
pyridine bisimines.  With catalysts of this type, a
nitrogen-based ligand engages in a coordination
reaction with a  transition metal salt. The
coordination reaction forms a metal complex, which is
a catalyst  precursor. The metal complex further
reacts with another precursor or activator to generate
a  1 14777.01/4081.01301 WO 2004/078799
PCT/US2004/004472  met'aluaikyt`onfeM 11'ydri`df
apd'cies = The catalyst resulting from the generation
of the metal  



alkyl or metal hydride species polymerizes olefins.
[0007] Applications and demand for olefin polymers and
oligomers continue to multiply,  and competition to
supply them correspondingly intensifies. Thus,
additional novel and  improved catalysts and methods
for olefin polymerization and oligomerization are
desirable. SUMMARY OF THE INVENTION [0008] A
hexadentate ligand for polymerization of olefins
including chemical structure I is  provided: V  AR2
R3 R1 RS I R4  20  N W 10 30 YI  Z Np 4N/ R4  R2 I
R1, R2, and R3 of chemical structure I are each
independently hydrogen, hydrocarbyl,  substituted
hydrocarbyl, or an inert functional group; R4 and R5
are each independently  hydrogen, hydrocarbyl, an
inert functional group, or substituted hydrocarbyl; YI
is a  structural bridge; and W, Y1, and Z are
independently hydrogen, hydrocarbyl, an inert
functional group, or substituted hydrocarbyl having
from about 0 to about 30 carbon atoms.  In an
embodiment of chemical structure I, the groups W, Y1,
and Z are selected such that an  activated transition
metal complex of the ligand, in the presence of one or
more monomers  under suitable polymerization
conditions, results in a polymerization product having
greater  than about 50 weight percent oligomers having
from about 4 to about 30 carbon atoms. In  another
embodiment, chemical structure I includes a mirror
plane. In another embodiment of  chemical structure I,
the groups W, Y1, and Z are selected to produce
chemical structure H: 2  14777.0114031.013301 WO
2004/078799 PCT/US2004/004472  R2 



AIN Ro R6 R A Rg  Rto R3 ~1 0 N N 1 20  Rc Re  Rg g R7
Y2  R, R7 Rc Rg  150` N N 13~ R6  R0 RS R4 RA Rta
VR,R,'  R2 II  7, its, R9, and Rio of chemical
structure II are each independently hydrogen,  R6, R
hydrocarbyl, an inert functional group, or substituted
hydrocarbyl; RA, Ra, Rc, and RD are  each
independently hydrogen, fluorine, an inert functional
group, a primary carbon group, a  secondary carbon
group, or a tertiary carbon group; Y2 is a structural
bridge between two  halves of the structure, and more
particularly may be a bond, a hydrocarbyl group
comprising  from about 0 to about 20 carbon atoms,
methylene (CH2), ethylene (C2H4), or an inert
functional group; and any two of RA, R6, R7, RB, Rc,
Rs, R9, RIO, and RD, or any portion of Y2,  vicinal to
one another, taken together may form a ring. [0009] In
another embodiment, a hexadentate bimetallic complex
having chemical  structure III, and method of
producing same, is provided: A12 Rg R4  N_ N  W 70m Xn
Xn Yt  Z VR3- ^80111 - N R6 R4  R  



2 III  3  14777.01/4081.01301 WO 2004/078799
PCT/US2004/004472  R1,Ri';'Rs; xa;`mss;"W;
'~>'drr"dyI'"2"rdras defined above for chemical
structure I. Ml and M2 are  metal atoms that may be
independently selected from the group consisting of
cobalt, iron,  chromium, and vanadium; each X may be
an anion, such as a halide or acetyl acetonate, so
that the total number of negative charges on Xis equal
to the oxidation state of M, or M2; and  n is 1, 2, or
3, so that the total number of negative charges on X
is equal to the oxidation state  of M1 or M2. [0010[
In another embodiment, a hexadentate bimetallic
complex having chemical  structure IV, and method of
producing same, is provided: RZ  Ra / Ri RD R ~NOI R4
R R, 4 A Rs  Rio RB ~1 0 N, n4' N 210 120  Rc , RI,
220  Rs R7 Y2  xn 0 R9 *5 Rs *240  1 N N R Ra  o R6
VRRi RA I Rp IV  [0 011] The method for producing
chemical structure IV includes mixing a pyridine  



compound having chemical structure V: ':~" I  Rs \ Ra
N 0 0  V  with a substituted arylene diamine having
chemical structure VI: 4  14777.01/4001.01301 WO
2004/078799 PCT/US2004/004472  Rs Rs RA NZN \ / YZ O
NHZ  Rs R7 R7 Rs  VI and a substituted aryl amine
having chemical structure VII:  Rio RD  R9 / \ NH2 Rs
Re  VII  in a suitable solvent; and adding at least
one metal salt of the formula MX,,. RI, R2, and R3  of
chemical structure IV are each independently hydrogen,
hydrocarbyl, substituted  hydrocarbyl, or an inert
functional group; R4 and R5 are each independently
hydrogen,  hydrocarbyl, an inert functional group, or
substituted hydrocarbyl; R6, R7, Rs, R9, and RIO are
each independently hydrogen, hydrocarbyl, an inert
functional group, or substituted  hydrocarbyl; RA, RB,
Rc, and RD are each independently hydrogen, fluorine,
an inert  functional group, a primary carbon group, a
secondary carbon group, or a tertiary carbon  group;
Y2 is a structural bridge between two halves of the
structure, and more particularly  may be a bond, a
hydrocarbyl group comprising from about 0 to about 20
carbon atoms,  methylene (CH2), ethylene (C2H4), or an
inert functional group; any two of RA, R6, R7, RB,
Rc, Rs, R9, Rio, and RD, or any portion of Y2, vicinal
to one another, taken together may form  a ring; M1
and M2 are independently selected metal atoms that are
selected from a group  comprising cobalt, iron,
chromium, and vanadium; each X is an anion; and n is
1, 2, or 3, so  that the total number of negative
charges on Xis equal to the oxidation state of Ml or
M2.  



[0012] In another embodiment, a method for preparing a
polymerization catalyst system is  provided. Such
method includes executing a coordination reaction
between a hexadentate  ligand having chemical
structure H: 5  14777.0114061.013&1 WO 2 0 0410 7 8 79
9 PCT/US2004/004472  Rz Ra RI  RD s' N a R Si R )KjP'S
1 0 N 12  Rc RB  RB R, Y2  Ra R7 Rc RB  Ra ~0\ N N
\30~  R4 RA  R'0 RD VFRZ,R,' R2  H and a metal salt of
the formula MX,,, to form a hexadentate bimetallic
complex having  chemical structure IV: R2  Ra R7  RD R
1101 R4 R A Rs  N- R'WR'c 210  R9 X, Ra 220  Ra R7 2
R R7 



RB R0 X RB 230  150` , -. 13  250N" if N 240 R  R0 R4
RA  Ra VR,Ra' RZ IV  The method also includes
generating a metal alkyl or metal hydride species; and
contacting  the catalyst system with one or more
monomers under suitable reaction conditions to
polymerize the monomer. R1, R2, and R3 of chemical
structures II and IV are each  independently hydrogen,
hydrocarbyl, substituted hydrocarbyl, or an inert
functional group;  R4 and R5 are each independently
hydrogen, hydrocarbyl, an inert functional group, or
substituted hydrocarbyl; R6, R7, R. R9, and RID are
each independently hydrogen,  6 +4777,011408+.0+30+ WO
2004/078799 PCT/US2004/004472  hydro rbyl, 'OSiThi
t..ifmz;'tional gro'iip, or substituted hydrocarbyl;
Ra" Rs, Rc, and RD are  each independently hydrogen,
fluorine, an inert functional group, a primary carbon
group, a  secondary carbon group, or a tertiary carbon
group; Y2 is a structural bridge between two  halves
of the structure, and more particularly may be a bond,
a hydrocarbyl group comprising  from about 0 to about
20 carbon atoms, methylene (CH2), ethylene (C2H4), or
an inert  functional group; any two of Rp, R6, R7, Ra,
Rc, Rs, R9, Rio, and RD, or any portion of Y2,
vicinal to one another, taken together may form a
ring; Mt and M2 are independently selected  metal
atoms that are selected from a group comprising
cobalt, iron, chromium, and vanadium;  each X is an
anion; n is 1, 2, or 3, so that the total number of
negative charges on X is equal  to the oxidation state
of M, or IVI2; and olefins may or may not be present
at the step of  generating a metal alkyl or metal
hydride species. DETAILED DESCRIPTION OF EMBODIMENTS
[0013] The present application discloses a hexadentate
ligand (or "ligand"), illustrated by  chemical
structure I, that is employed in the making of
catalysts for polymerizing and  oligomerizing olefins.
R2  



R5 R4  A2 N N  W _s10 30\  Z~' IN N/ Rs R4  VRJ1'  R2
I [0014] Embodiments of the various types and
combinations of "R" groups are defined  below. The
hexadentate Iigand structure may be identified by six
nitrogen denoted by  reference numerals 10, 20, 30,
40, 50, and 60, wherein the ligand may be viewed as
consisting  of two halves or sides; one side including
nitrogen groups 10, 20, and 30, and the other side
including nitrogen groups 40, 50, and 60. The two
halves are connected by a structural bridge  Yi. When
producing a metal complex from the hexadentate ligand,
the ligand is reacted with  the salt of a transition
metal. A coordination reaction between the hexadentate
ligand of  chemical structure I and a metal salt forms
a hexadentate bimetallic complex (or "complex"),  7
14777.ov4052.01301 WO 2004/078799 PCT/US2004/004472
such as- me one 'WMtr'Eted by"cli =cat structure III,
which includes two different sites 70 and  80 where
the metal salt may coordinate with the ligand. The
hexadentate bimetallic complex of  chemical structure
III is a precursor to the catalyst for polymerizing
and oligomerizing olefins. 2  R3 / RI  RS \ I R4 Y N
N N  W I _! 70 ` X. Xn  Z N 80 1 N R4  VRR,1, 



Rz III  [0015] In an embodiment, the components of the
hexadentate ligand of structure I and  hexadentate
bimetallic complex of structure III, labeled as R1,
R2, R3, R4, R5, W, Y1, Z, M,  and X. are as follows:
RI, R2, and R3 are each independently hydrogen,
hydrocarbyl, substituted  hydrocarbyl, or an inert
functional group, as defined below; R4 and R5 are each
independently hydrogen, hydrocarbyl, an inert
functional  group, or substituted hydrocarbyl; Yl is a
structural bridge between the two halves of the ligand
and may be a bond  between nitrogen group 30 and
nitrogen group 40; or YI is a structural bridge
wherein Y1, W,  and Z are each independently hydrogen,
hydrocarbyl, an inert functional group, or substituted
hydrocarbyl including from about 0 to about 30 carbon
atoms; M1 and M2 are metal atoms that may be
independently selected from the group  consisting of
cobalt, iron, chromium, and vanadium; each X may be an
anion, such as a halide or acetyl acetonate, so that
the total  number of negative charges on X is equal to
the oxidation state of M1 or M2; and n is 1, 2, or 3,
so that the total number of negative charges on X is
equal to the  oxidation state of MI or M2. [0016] In
an embodiment of the ligand and complex of structures
I and III, R1, R2, R3, R4,  and R5 are defined as
above; and W, Y1, and Z are selected such that an
activated transition  metal complex of the ligand, in
the presence of one or more monomers under suitable  8
14777.0114051.01301 WO 2004/078799 PCTIUS2004/004472
polyrrtenzauon conalnons resuns m"'a polymerization
product having greater than about 50  weight percent
oligomers having from about 4 to about 30 carbon
atoms. In another  embodiment, each half of the
hexadentate ligand of chemical structure I and each
half of the  hexadentate complex of chemical structure
III is a mirror image of the other. The two halves,
one denoted by nitrogen groups 10, 20, and 30, and the
other denoted by nitrogen groups 40,  50, and 60, are
divided by a mirror plane that passes through Y1. In
yet other embodiments of  the ligand of structure I
and complex of structure II, the structural bridge Yl
may be  cyclohexane. [0017] In an embodiment of the
hexadentate ligand illustrated by structure I, the
groups W,  



Y1, and Z are selected to produce the hexadentate
ligand illustrated by chemical structure II: RZ  R3 RI
Rp Re 101 R4 Rio ( N I Re 100 N N 120  Rc RB  Re R, Y2
Re R7 RC Re  Re N N 130J R4 RA Re  R0 Rs VR3R,' RZ II
[ 0018] When preparing a catalyst for olefin
polymerization or oligomerization, the  hexadentate
ligand illustrated by structure II is reacted with a
metal salt such that a coordination  reaction results
in the hexadentate bimetallic complex of structure IV:
9  14777.01/9081.01901 WO 20041078799
1'CT/t1S2004/004472  R2 R3 RI  DI R4  Rp N Rio Rq Re
26 N N 210 RD 100 1\ 120 Re X Rg 220  Ra  R7 2  



Re *R,,; Xa 7 RB 230  0 Re RS R4 RA  N" 240 3VR,Rj' R,
TV [0019] The groups RA, RB, Rc, and RD are ortho to
the amines. In an embodiment of the  hexadentate
ligand II and complex IV, the following pendant groups
are defined: Ri, R2, and R3 are each independently
hydrogen, hydrocarbyl, substituted  hydrocarbyl, or an
inert functional group, as defined below; R4 and R5
are each independently hydrogen, hydrocarbyl, an inert
functional  group, or substituted hydrocarbyl; ` R6,
R7, Rs, R9, and Rio are each independently hydrogen,
hydrocarbyl, an inert  functional group, or
substituted hydrocarbyl, as defined below; RA, R3, Rc,
and RD are independently selected from hydrogen,
fluorine, an inert  functional group, a primary carbon
group, a secondary carbon group, or a tertiary carbon
group; Mi and M2 are metal atoms that may be
independently selected from the group  consisting of
cobalt, iron, chromium, and vanadium; each X may be an
anion such as a halide or acetyl acetonate, so that
the total  number of negative charges on X is equal to
the oxidation state of M1 or M2; n is 1, 2, or 3, so
that the total number of negative charges on X is
equal to the  oxidation state of Mi or M2; Y2 is
generally a structural bridge betveen two halves of
the structure, and more  particularly may be a bond
between rings 120 and 130, a hydrocarbyl group
including from  about 0 to about 20 carbon atoms,
methylene (CH2), ethylene (C2H4), or an inert
functional  group; and 10  14777.01/4081.01301 WO
20041078799 PCT/11S2004/004472  a115 iW "ofRA;"R6,
RR,1tt, Rc, R8, R9, Rio, RD, and any portion of Y2,
vicinal to  one another, taken together may form a
ring. [00201 In another embodiment of the hexadentate
ligand II and complex IV, the pendant  



groups are as defined above, with the exception that:
when RA is a primary carbon group, then none, one, or
two of RB, Rc, and RD are  primary carbon groups,
secondary carbon groups, phenyl, substituted phenyl,
or inert  functional groups, and the remainder of Rs,
Rc, and RD are hydrogen or fluorine; or when RA is a
secondary carbon group, then none, one, or two of RB,
Rc and RD are  primary carbon groups, secondary carbon
groups, phenyl, substituted phenyl, or inert
functional groups, and the remainder of Re, Rc, and RD
are hydrogen or fluorine; or when RA is a tertiary
carbon group, then none or one of RB, Rc, and RD are
tertiary, phenyl, or substituted phenyl, and the
remainder are hydrogen or fluorine; and when Rc is a
primary carbon group, then none, one, or two of RA,
RB, and RD are  primary carbon groups, secondary
carbon groups, phenyl, substituted phenyl, or inert
functional groups, and the remainder of RA, RB, and RD
are hydrogen or fluorine; or when Rc is a secondary
carbon group, then none, one, or two of RA, Re and RD
are  primary carbon groups, secondary carbon groups,
phenyl, substituted phenyl, or inert  functional
groups, and the remainder of RA, RB, and RD are
hydrogen or fluorine; or when Rc is a tertiary carbon
group, then none or one of RA, R9, and RD are
tertiary, phenyl, or substituted phenyl, and the
remainder of RA, RB, and RD are hydrogen or  fluorine.
[00211 In an embodiment, the ligand II and complex IV
may be viewed as consisting of  two halves or sides;
one side including rings 100, 110, and 120, and the
other side including  rings 130, 140, and 150. The two
halves are connected by a structural bridge Y2. In
another  embodiment, one side of the hexadentate
structure identified by rings 100, 110, and 120 is a
mirror image of the other half of the structure, which
is identified by rings 130, 140, and 150.  The two
halves or sides of the structure are divided by a
mirror plane, which passes through Y2.  In another
embodiment, Y2 connects rings 120 and 130 at their
respective meta positions and  the R7 groups are
located at the respective para positions. [0022]
Referring to the hexadentate complex IV, other
distinctive embodiments of the  ligand and complex may
result because the rings 100, 120, 130, and 150 may
rotate at their  chemical bonds. For example, the ring
130 may rotate at its bonds 230 and/or 240 such that
the  resultant ligand or complex is not a true mirror
image. In the case of a 180 degree rotation of  the
ring 130 along the bonds 230 and 240, as illustrated,
the groups RA and R6 may rotate to the  inside of the
structure, and the groups RB and R7 may rotate to the
outside of the structure.  11 74777.0114081.01301 



WO 2004/078799 PCTIUS2004/004472  Sirfiii1[ ttl}?,
fin's" I'66" ]n y.rbt$fi aib itbond 260; ring 120 may
rotate along bonds 210 and 220;  ring 130 may rotate
along bonds 230 and 240; and/or ring 150 may rotate
along bond 250.  [0023] In another embodiment of the
ligand II and complex IV, RA, RB, Rc, and RD are
selected such that an activated transition metal
complex, in the presence of one or more  monomers
under suitable polymerization conditions, results in a
polymerization product having  greater than about 50
weight percent oligomers having from about 4 to about
30 carbon atoms.  [0024] In the following embodiments,
unless otherwise specified, all groups other than the
key pendant groups are as defined above. In an
embodiment of the ligand II and complex IV,  RA and RB
are hydrogen; and Rc and RD are each independently
methyl, ethyl, propyl, or  isopropyl. In an
embodiment, RAand RB are methyl; and Rc and RD are
each independently  methyl, ethyl, propyl, or
isopropyl. In an embodiment, Rc and RD are hydrogen;
and RA and RB  are each independently methyl, ethyl,
propyl, or isopropyl. In an embodiment, Rc and RD are
methyl; and RA and RB are each independently methyl,
ethyl, propyl, or isopropyl. In an  embodiment, RA and
RD are hydrogen; and RD and Rc are each independently
methyl, ethyl,  propyl, or isopropyl. In an
embodiment, RA and RD are methyl; and RB and Rc are
each  independently methyl, ethyl, propyl, or
isopropyl. [0025] In an embodiment of a hexadentate
bimetallic complex III or IV, pendant groups  may be
as defined above, except that both M1 and M2 are
cobalt. In another embodiment, both  Mi and M2 are
iron. In another embodiment, one of the metal atoms,
MI or M2, is iron, and the  other is cobalt In another
embodiment, selection of Ml and M2 affects selection
of RA, RB, Rc,  RD, W, Y1, and Z. [0026] In an
embodiment of a hexadentate bimetallic complex III or
IV, including pendant  groups as defined above, an
activated complex results in an alpha olefin product
having greater  than about 80 percent 1-alkene
content. [0027] In an embodiment of a complex IV,
pendant groups may be as defined above, with  the
following exceptions: R1, R2, and R3 are hydrogen; R4
and R5 are methyl or hydrogen; R6, R7, Rs, R9, and Rio
are hydrogen; and RA, RB, Rc, and RD are each
independently methyl, ethyl, propyl, or isopropyl.
[0028] In the following embodiments of a complex IV,
pendant groups may be as defined  above, except that
M1 and M2 are iron, and R4 and R5 are methyl. In an
embodiment, RA and  RD are hydrogen, and Rc and RD are
methyl. In an embodiment, RA and RB are methyl, and Rc



and RD are hydrogen. In another embodiment, RA and Rc
are methyl, and RB and RD are  hydrogen. 12
147777.01/4081.01301 WO 2004/078799 PCT/1JS2004/004472
[0029]" " "Rif puipos'e"s 6f t is"application, a
hydrocarbyl group is a group containing only  carbon
and hydrogen. If not otherwise stated, it is preferred
that hydrocarbyl groups herein  contain 1 to about 30
carbon atoms. The terms "hydrocarbyl" and "alkyl" are
equivalent, and  maybe used interchangeably. [0030]
For purposes of this application, a substituted
hydrocarbyl is a hydrocarbyl group  which contains one
or more substituent groups which are inert under the
process conditions to  which the compound containing
these groups is subjected. The substituent groups also
do not  substantially interfere with the process. If
not otherwise stated, it is preferred that substituted
hydrocarbyl groups herein contain 1 to about 30 carbon
atoms. Included in the meaning of  "substituted" are
heteroaromatic rings. [00311 For purposes of this
application, an inert functional group is a group,
other than  hydrocarbyl or substituted hydrocarbyl,
which does not substantially interfere with any
process  described herein where the compound in which
it is present takes part. Examples of inert
functional groups include halo (fluoro, chloro, bromo
and iodo), or ethers such as -OR13  wherein R18 is
hydrocarbyl or substituted hydrocarbyl. In cases in
which the functional group  maybe near a metal atom,
such as R4, R5, R8, RB, Rc, and RD the fmctonal group
should not  coordinate to the metal atom more strongly
than the groups in compounds containing R4, R5,  R8,
Ra, Re and RD which are shown as coordinating to the
metal atom, that is they should not  displace the
desired coordinating group. [0032] For purposes of
this application, a primary carbon group includes a
group of the  formula -CH2-, wherein the free valence
is to any other atom (the bond represented by the
hyphen is to the benzene ring to which the primary
carbon group is attached). Thus, the free  valence may
be bonded to a hydrogen atom, halogen atom, carbon
atom, oxygen atom, sulfur  atom, etc. In other words,
the free valence may be to hydrogen, hydrocarbyl,
substituted  hydrocarbyl or a functional group.
Examples of primary carbon groups include --CH3, -CH2
CH(CH3 )2 , --CH2 Cl, --CH2 C6 H5, and --CH2 OCH3.
[0033] For purposes of this application, a secondary
carbon group includes a group of the  formula -CH=,
wherein the free valences are to any other atoms (the
bond represented by the  hyphen is to the benzene ring
to which the secondary carbon group is attached).
Thus, the free  



valences may be bonded to a hydrogen atom, halogen
atom, carbon atom, oxygen atom, sulfur  atom, etc. In
other words, the free valences may be to hydrogen,
hydrocarbyl, substituted  hydrocarbyl or a functional
group. Specific examples of secondary carbon groups
include - CH(CH3)2, -CHC12, -CH(C6H5)2, cyclohexyl,
-CH(CH3)OCH3, and -CH=CHCH3. [0034] For purposes of
this application, a tertiary carbon group includes a
group of the  formula -C =, wherein the free valences
are to any other atoms. Thus, the free valences may be
13 14777.01/4081.01301 WO 2004/078799
PCT/US2004/004472  boiideZl to"a hyUdgen atdm, "halog&
atom, carbon atom, oxygen atom, sulfur atom, etc. In
other words, the free valences may be to hydrogen,
hydrocarbyl, substituted hydrocarbyl or a  functional
group. Examples of tertiary carbon groups include:
-C(CH3)3, -C(C6H5)3, -CC13, - C(CH3)20CH3, -C ECH,
-C(CH3)CH=CH2, C6H5, CF3, and 1-adamantyl. (0035] In
an embodiment, a method for producing a hexadentate
bimetallic complex is  provided. The method comprises
mixing a pyridine compound having chemical structure
V: R5 R4  YOY  0 0 V  with a substituted arylene
diamine having chemical structure VI:  RA Rs Rs RA HZN
\ / : \ / NHZ  RB R7 R7 Rs  VI and a substituted aryl
amine having chemical structure VII:  R10 RD  R9 NHZ
R8 Rc  VII  The compounds having chemical structures
V, VI, and VII may be mixed in a suitable  solvent, as
those are commonly known in the art. In an embodiment,
the hexadentate ligand  and bimetallic complex may be
made up of the compounds having chemical structures V,
VI,  and VII in the following ratios: 2 parts chemical
structure V, 1 part chemical structure VI,  and 2
parts chemical structure VII. In an embodiment, the
relative amounts of the 



14  14777.0114081.01301 WO 2004/078799
PCT/US2004/004472  corhp6timd's afid ofef Of'ihiafing
ffjtrcompounds may be selected in order to maximize
the  yield of the hexadentate ligand of structure H.
Subsequently, a metal salt of the form MXn, as
defined above, may be added to the mixture forming a
hexadentate bimetallic complex  having chemical
structure III or IV. In an embodiment, the pendant
groups of complex III or  IV formed by the above
method may be defined as follows: Ri, R2, and R3 are
each independently hydrogen, hydrocarbyl, substituted
hydrocarbyl, or an inert functional group, as defined
below; R4 and R6 are each independently hydrogen,
hydrocarbyl, an inert functional  group, or
substituted hydrocarbyl; R6, R7, Rs, R9, and Rio are
each independently hydrogen, hydrocarbyl, an inert
functional group, or substituted hydrocarbyl, as
defined below; RA, RB, Rc, and RD are independently
selected from hydrogen, fluorine, an inert  functional
group, a primary carbon group, a secondary carbon
group, or a tertiary carbon  group; Mi and M2 are
metal atoms that may be independently selected from
the group  consisting of cobalt, iron, chromium, and
vanadium; each X may be an anion such as a halide or
acetyl acetonate, so that the total  number of
negative charges on X is equal to the oxidation state
of Mi or M2; n is 1, 2, or 3, so that the total number
of negative charges on X is equal to the  oxidation
state of M1 or M2; Y2 is generally a structural bridge
between two halves of the structure, and more
particularly may be a bond between rings 120 and 130,
a hydrocarbyl group including from  about 0 to about
20 carbon atoms, methylene (CH2), ethylene (C2114), or
an inert functional  group; and any two of RA, R6,
it,, RB, Rc, Rs, R9, Rio, Rn, and any portion of Y2,
vicinal to  one another, taken together may form a
ring. [00361 In an embodiment of the above method, a
hexadentate ligand having chemical  structure I or II
is formed as an intermediate that may be involved in a
coordination reaction to  produce a hexadentate
bimetallic complex having chemical structure III or
IV. In another  embodiment of the above method, a
hexadentate ligand having chemical structure II is
formed  as an intermediate, wherein ligand purity is
at least about 90 percent when measured by nuclear  



magnetic resonance spectroscopy (NMR). In another
embodiment, the two halves of the  hexadentate ligand
and complex formed by the above method are divided by
a mirror plane. In  another embodiment, the pendant
groups are as defined in the above method, except
that: Ml and M2 are iron; 15  14777.0114081.01301 WO
2004/078799 PCT/US2004/004472  wfef K,i is a phniary
CaTbon group, then none, one, or two of RD, Rc, and RD
are primary carbon groups, secondary carbon groups,
phenyl, substituted phenyl, or inert  functional
groups, and the remainder of RB, Re, and RD are
hydrogen or fluorine; or when RA is a secondary carbon
group, then none, one, or two of RB, Re and RD are
primary carbon groups, secondary carbon groups,
phenyl, substituted phenyl, or inert  functional
groups, and the remainder of RB, RC, and RD are
hydrogen or fluorine; or when RA is a tertiary carbon
group, then none or one of RB, Re, and RD are
tertiary, phenyl, or substituted phenyl, and the
remainder are hydrogen or fluorine; and when Rc is a
primary carbon group, then none, one, or two of RA,
Re, and RD are  primary carbon groups, secondary
carbon groups, phenyl, substituted phenyl, or inert
functional groups, and the remainder of RA, RB, and RD
are hydrogen or fluorine; or when Rc is a secondary
carbon group, then none, one, or two of RA, RB and RD
are  primary carbon groups, secondary carbon groups,
phenyl, substituted phenyl, or inert  functional
groups, and the remainder of RA, RB, and RD are
hydrogen or fluorine; or when RC is a tertiary carbon
group, then none or one of RA, RB, and RD are
tertiary, phenyl, or substituted phenyl, and the
remainder of RA, RB, and RD are hydrogen or  fluorine.
[0037] In another embodiment, the order of mixing of
the arylene diamine and the  substituted aryl amine
may be dictated by the hexadentate bimetallic complex
desired. In  another embodiment, RA, R8, RC, and RD
are selected such that an activated transition metal
complex of the ligand, in the presence of one or more
monomers under suitable polymerization  conditions,
results in a polymerization product having greater
than about 50 weight percent  oligomers having from
about 4 to about 30 carbon atoms. In another
embodiment, the  activated complex formed by the above
method produces alpha olefins having greater than
about 80 percent 1-alkene content. In other
embodiments, the pendant groups (including R, W,  X,
Y, Z, and M groups) of chemical structures V, VI, and
VII may be selected such that the  hexadentate
bimetallic complexes resulting from the above method
conform to the various  



combinations defined above for the ligands and
complexes having chemical structures I, II, III  and
IV. [0038] In various embodiments, the above method
produces the related and desirable  ligands and
complexes of Table 1: 16  14777.01/4081.01301 WO
2004/078799 PCTIUS2004/004472  STRUCTURE N N  \ N N N
N  N-Fe'-N C~~CI C~~CI  N N  N t/ /\ N N FBA F~  ci CI
ci CI XII I I N I^~ N  O N N O  VIII ` I N I~I N I N N
~ \ N N~  )9V 1  G CI In the chemical structures of
Table 1, groups represented by nothing are hydrogen,
and  groups represented by a single line, broken line,
or bold line are methyl. [0039] In an embodiment, a
method for preparing a polymerization catalyst system
is  provided. The method comprises a coordination
reaction between a hexadentate ligand having  chemical
structure I or II, and having embodiments as set out
previously in this application, and  a metal salt. The
result of the coordination reaction includes a
hexadentate bimetallic complex  having chemical
structure III or IV, and having embodiments as set out
previously in this  application. The method further
comprises generating a metal alkyl or metal hydride
species,  and contacting the catalyst system with one
or more monomers under suitable reaction  



conditions to polymerize the monomer. [0040] In
another embodiment of the method for preparing a
polymerization catalyst,  olefins may or may not be
present during generation of a metal alkyl or metal
hydride species.  In another embodiment, the metal
hydride or metal alkyl species is generated by a Lewis
acid  or a combination of a Lewis acid and alkylating
agent. Examples of Lewis acids include  17
14777.01/4081.01301 WO 2004/078799 PCT/US2004/004472
(C6F5)'3 bf (C6H5)3H' An example of a metal hydride is
NaBH4. In another embodiment, the  metal hydride or
metal alkyl species is generated by an alkyl aluminum
compound such as, for  example, triethylaluminum
(TEA). In another embodiment, the metal hydride or
metal alkyl  species is generated by an alkyl
aluminoxane such as a methyl-aluminoxane (MAO). In
another embodiment, the metal hydride or metal alkyl
species is generated by a combination of  Lewis acids,
alkyl aluminums, or alkyl aluminoxanes. EXAMPLES
EXAMPLE 1 [0041] 1.00g (3.57 mmol) of monoketone 5,
which is represented by structure XV: N 0  XV 0.34g
(1.42 mmol) of 4,4'-ethylenedi-in-toluidine, and 25mg
of p-toluenesulfonic acid were  added to a flask in a
drybox. A stirbar was added, followed by addition of
30m1 of anhydrous  toluene. The reaction was stirred
while being refluxed for 5 hours under inert
atmosphere.  The reaction was allowed to cool, was
filtered to remove a very small amount of dark
precipitate, and the solvent was then removed in
vacuo. Ethanol was added to the remaining  oil, and
the resultant solid (426mg, 39%) was isolated by
filtration and identified by 'H and  13C NMR as
chemical structure VIII (purity - 95%). EXAMPLE 2
[0042] Chemical structure VIII (150mg, 0.196 mmol) and
iron(II)chloride tetrahydrate  (0.372 mmol) were added
together in a small flask with a stirbar in a drybox.
lOml of  anhydrous THE was added, and the reaction was
allowed to stir for 18 hours. Pentane was  added, and
the reaction was filtered and washed with pentane to
give 182mg (95% yield,  assuming two equivalents of
THE per complex molecule) of chemical structure IX.
EXAMPLE 3 [0043] 4.24g (15.1 mmol) of monoketone 5,
represented by structure XV, and 1.42g (7.17  



mmol) of 4,4'-methylenedianiline were dissolved in
SOml of anhydrous toluene in a drybox.  After
dissolution of the solids, 3A molecular sieves were
added and the solution was allowed to  sit for 18
hours. More molecular sieves were then added, followed
by the addition of 4 drops  of sulfuric acid. The
reaction was refluxed for 3 hours, allowed to cool,
and then filtered. The  solvent was removed in vacuo,
and ethanol was added. The flask was placed in a
freezer at 0C  18 14777.01/4081.01301 WO 2004/078799
PCT/11520041004472  ovdlnight' and 1.048 (19%'of solid
Was removed by filtration after 1 day and identified
by 1H  NMR as chemical structure X (- 95% pure).
EXAMPLE 4 [00441 2,6-Diacetylpyridine (10.0g, 61.0
mmol) and 4,4'-methylenebis(2,6- dimethylaniline)
(6.24g, 24.5 mmol) were dissolved in 300ml of ethanol
in an open beaker. 5  drops of acetic acid were added,
and the reaction was allowed to sit at 25C for several
days.  Several crops of crystals were collected
(12.2g, 91%), washed with cold ethanol, and identified
by 1H NMR as chemical structure XII. EXAMPLE 5 [0045]
Chemical structure XII (2.0g, 3.67 mmol) and
4-t-butylaniline (1.8m1, 11.3 mmol)  were dissolved in
50ml of anhydrous toluene in a flask in a drybox. 3A
molecular sieves were  added, and the solution was
allowed to sit for 3 days. More molecular sieves were
added,  followed by the addition of 2 drops of
sulfuric acid. The reaction was refluxed for 3 hours,
allowed to cool, and filtered. The molecular sieves
were washed with ethanol. The solvent was  removed by
filtration, ethanol was added, and a solid was
collected by filtration. This solid was
recrystallized from an ethanol cyclohexane mixture and
identified by 1H NMR as chemical  structure XIII
(490mg, 17% yield, -95% purity). EXAMPLE 6 [0046]
Chemical structure XIII (300mg, 0.372 mmol) and
iron(II)chloride tetrahydrate  (148mg, 0.744 mmol)
were added together in a small flask with a stirbar in
a drybox. 15ml of  anhydrous THE was added, and the
reaction was allowed to stir for 18 hours. Pentane was
added, and the reaction was filtered and washed with
ether and pentane to give 350mg (78%  yield, assuming
two equivalents of THE per complex molecule) of
chemical structure XIV.  EXAMPLE 7 [00471 Under
semi-continuous operating conditions, 120 grams of
cyclohexane were  pumped into a 1 liter reactor, and
the reactor was pressurized with ethylene. Next pumps
were  



used to quickly transfer the first hour's amounts of
chemical structure XIV and  triethylaluminum (TEA) to
the reactor. The hourly flow rates were then set for
the catalyst and  co-catalyst, and the reaction was
allowed to exotherm to the desired run temperature.
The  reaction was stopped 150 minutes after reaching
50C. The data in the following table  represent the
last sample taken before stopping the reaction. 19
14777.01/4081.01301 WO 2004/078799 PCT/US2004/004472
olvent 1 NO Cy Catalyst x1v  Flowrate (mg/br) 0.2
Yield (g) 374  lb prod/lb Al 5004  lb prod/lb Fe cat
(x103) 509  A1:Feratio 2000  K(C20/Cl8) 0.68
K(C16/C14) 0.69  K(C10/C8) 0.69  P ethylene (psig) 500
1-hexene Purity 99.34  C6 % Branched Alpha Olefins
(BAO) 0.17  C6 % Paraffin 0.21  1-octene Purity 99.05
C8 % Branched Alpha Olefins (BAO) 0.29 The following
chart illustrates the catalyst's high selectivity for
ethylene relative to higher  olefins: 20
14777.031408141301 WO 2004/078799 PCTIUS2004/004472
1-Hexene Purity vs Percent 1-Butene in Reactor 100 ~._
99.5 99  ? 98.5- 



98  4 6 8 10 12 % Mass 1-Butene [0048] While the
present invention has been illustrated and described
in terns of particular  apparatus and methods of use,
it is apparent that equivalent techniques and
ingredients may be  substituted for those shown, and
other changes can be made within the scope of the
present  invention as defined by the appended claims.
[0049] The particular embodiments disclosed herein are
illustrative only, as the invention  may be modified
and practiced in different but equivalent manners
apparent to those skilled in  the art having the
benefit of the teachings herein. Furthermore, no
limitations are intended to  the details of
construction or design herein shown, other than as
described in the claims below.  It is therefore
evident that the particular embodiments disclosed
above may be altered or  modified and all such
variations are considered within the scope and spirit
of the invention.  Accordingly, the protection sought
herein is as set forth in the claims below. 21
14777.01/4081.01301 CLAIMS  1. A hexadentate ligand
for oligomerization of olefins having the following
chemical  structure: 2  R3 R1  RD R5 \ 1101 R4 N RA Rs
Rio R9 100 N N 120  Rc RB  R8 R7 Y2  R8 R7 RD RB  R9 /
\N ~N N ~30I R5  R4 RA Rio RD R5 V)RII  R2  



wherein R1, R2, R3, R4, R5, R6, R7, R8, R9, and R10
are each independently hydrogen, hydrocarbyl,
substituted hydrocarbyl, or an inert functional group;
Y2 is a structural bridge between two halves of the
structure and is selected from the  group consisting
of a bond, a C0.20 hydrocarbyl group, methylene,
ethylene and an inert  functional group; wherein Y2
connects rings at their respective para positions and
R7 is located at the  respective meta positions; and
any two of R6, R7, R8, R9 and R10, or any portion of
Y2,  vicinal to one another, taken together may form a
ring; characterised in that RA, RB, Rc and RD are
selected as follows: wherein RA and RB are hydrogen;
then Rc and RD are independently methyl, ethyl,
propyl, or isopropyl; or wherein Rc and RD are
hydrogen; then RA and RB are independently methyl,
ethyl,  propyl, or isopropyl. 22  51096.01/4081.01311
2. A ligand according to claim 1, wherein RA and RB
are hydrogen and Rc and RD are  both methyl. 3. A
ligand according to claim 1, wherein Rc and RD are
hydrogen and RA and RB are  both methyl. 4. A
hexadentate ligand for oligomerization of olefins
comprising one of the following  chemical structures:
N Y, Yl N N N \ N N  N I N I  N N \ N N I N I I  N N N
N 5. A metal complex comprising a ligand of any of
claims 1 to 4, wherein the metal  atoms are
independently selected from the group consisting of
cobalt, iron, chromium and  vanadium. 23
51096,01/4081.01311 6. A metal complex according to
claim 5, wherein the metal atoms are iron.  7. A metal
complex comprising one of the following chemical
structures: 



I I N -Fe.1G N \ N CI'Fe; N  G CI CI "ON N.......F
\._...N N_....Fe..._._-N -~ CIS CI C1 CI 1  \N 1 N YI,
I Y, N ~Fe , N N CI Fe-N ci  \ '  8. A process of
olefin oligomerization, which comprises contacting a
substrate olefin  with a metal complex of any of
claims 5-7 under suitable reaction conditions to
oligomerize  the olefins; and recovering an
oligomerization product. 24  51096.01/4081.01311 


