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(57) ABSTRACT 

A catalyst System useful for polymerizing olefins is dis 
closed. The catalyst System comprises an activator and a 
complex that incorporates a Group 3 to 10 transition metal 
and at least one chelating dianionic bis(allyl) or bis(benzyl) 
ligand. The ligands are often easy to make, and they are 
readily incorporated into transition metal complexes. By 
modifying the Structure of the dianionic ligand, polyolefin 
makers can control comonomer incorporation, catalyst 
activity, and polymer properties. 
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OLEFIN POLYMERIZATION CATALYSTS 
CONTAINING CHELATING DANONIC LIGANDS 

FIELD OF THE INVENTION 

0001. The invention relates to catalysts useful for olefin 
polymerization. In particular, the invention relates to tran 
Sition metal polymerization catalysts that incorporate a 
chelating dianionic ligand. 

BACKGROUND OF THE INVENTION 

0002 While Ziegler-Natta catalysts are a mainstay for 
polyolefin manufacture, Single-site (metallocene and non 
metallocene) catalysts represent the industry’s future. These 
catalysts are often more reactive than Ziegler-Natta cata 
lysts, and they produce polymers with improved physical 
properties. The improved properties include narrow molecu 
lar weight distribution, reduced low molecular weight 
extractables, enhanced incorporation of C-olefin comono 
mers, lower polymer density, controlled content and distri 
bution of long-chain branching, and modified melt rheology 
and relaxation characteristics. 

0.003 Traditional metallocenes incorporate one or more 
cyclopentadienyl (Cp) or Cp-like anionic ligands Such as 
indenyl, fluorenyl, or the like, that donate pi-electrons to the 
transition metal. Non-metallocene Single-site catalysts have 
evolved more recently. Some of these include pi-donor 
heterocyclic ligands that are isolobal to the cyclopentadien 
ide anion, such as boraaryl (see U.S. Pat. No. 5,554,775) or 
azaborolinyl (U.S. Pat. No. 5,902,866). A different type of 
non-metallocene Single-site catalyst capitalizes on the 
chelating effect. Two or more n-donor atoms coordinate to a 
transition metal in these complexes. Examples are 8-quino 
linoxy or 2-pyridinoxy ligands (see U.S. Pat. No. 5,637,660) 
and the bidentate bisimines of Brookhart (see Chem. Rev. 
100 (2000) 1169). 
0004 “Constrained geometry” or “open architecture” 
catalysts (see, for example, U.S. Pat. Nos. 5,132,380 and 
5,350,723) are now well known. They are valuable for their 
ability to incorporate comonomerS Such as 1-butene, 1-hex 
ene, or 1-octene into polyolefins. Bridging in these com 
plexes is thought to expose the catalytically active site, 
thereby facilitating monomer complexation and promoting 
polymer chain growth. In these complexes, the metal is 
usually Sigma-bonded to a linking group that is attached to 
a cyclopentadienyl ring. The cyclopentadienyl ring, a 6-pi 
electron donor, complexes with the metal to complete the 
bridge. 

0005 U.S. Pat. No. 5,959,132 describes olefin polymer 
ization catalysts that incorporate a dianionic pentalene 
ligand. The observed bent geometry of this ligand is not 
consistent with an aromatic 10-pi electron System, which 
must be Substantially planar, but instead Suggests two Sepa 
rate pi-electron donors: (1) an allylic anion (a 4-pi electron 
donor) that is fused to (2) a cyclopentadienyl anion (a 6-pi 
electron donor). 
0006. A conceptually different approach would utilize a 
bicyclic ligand to expose the active Site, but with pi bonding 
from two separate allylic anion donor groups. While Such an 
approach has not been explored, the ready availability of 
Suitable ligand precursors makes it an attractive option. 
Many bicyclic bis(allyl) compounds, such as bicyclic3.3.1) 
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nona-2,6-dienes, are available commercially or are easily 
prepared. In spite of their availability, bicyclic bis(allyl) 
compounds have not been used to produce dianionic tran 
Sition metal complexes. In contrast, acyclic bis(allyl) dian 
ions are known as ligands for transition metal complexes 
(see Organometallics 4 (1985) 2001). However, these com 
plexes have not been used to polymerize olefins. 
0007. The ease with which a variety of interesting acyclic 
and bicyclic bis(allyl) or bis(benzyl) ligands can be prepared 
Suggests that catalysts with advantages Such as higher activ 
ity and better control over polyolefin properties are within 
reach. Ideally, these catalysts would avoid the all-too-com 
mon, multi-step Syntheses from expensive, hard-to-handle 
Starting materials and reagents. 

SUMMARY OF THE INVENTION 

0008. The invention is a catalyst system useful for poly 
merizing olefins. The catalyst System comprises an activator 
and an organometallic complex. The complex incorporates a 
Group 3 to 10 transition metal and a chelating bis(allyl) or 
bis(benzyl) dianionic ligand that is pi-bonded to the metal. 
The dianionic ligands are often easy to make, and they are 
readily incorporated into transition metal complexes. By 
modifying the Structure of the chelating dianion, polyolefin 
makers can control catalyst activity, comonomer incorpora 
tion, and polymer properties. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0009 Catalyst systems of the invention include an orga 
nometallic complex that contains a Group 3-10 transition 
metal. “Transition metal” as used herein includes, in addi 
tion to the main transition group elements, elements of the 
lanthanide and actinide Series. More preferred complexes 
include a Group 4 or a Group 8 to 10 transition metal. 
0010. The organometallic complex includes at least one 
chelating dianionic ligand. The ligand “chelates' with the 
transition metal by bonding to it with two separate allylic or 
benzylic bonds, each of which is a 4-pielectron donor. The 
ligand is “dianionic,” i.e., it has a net charge of -2, each of 
two electron pairs generated by deprotonation is conjugated 
with a carbon-carbon double bond. 

0011 Suitable chelating ligands include acyclic bis(allyl) 
and bis(benzyl) dianions. These are generally produced by 
deprotonating an acyclic diene having allylic and/or ben 
Zylic hydrogens. Proton removal generates a resonance 
stabilized dianion. “Acyclic' means that the allylic or ben 
Zylic anions reside in an open chain of atoms. Preferred 
acyclic dienes contain two carbon-carbon double bonds that 
are Separated by at least three carbons. Some exemplary 
acyclic dienes and corresponding dianions: 
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-continued 

0012 Preferred chelating ligands are bicyclic. “Bicyclic” 
means that the ligand contains two alicyclic rings that share 
two bridgehead atoms and from 0 to 3 bridging atoms. In a 
bicyclic structure, breaking any bond in the main carbon 
Skeleton yields a monocyclic fragment. 
0013 The bicyclic dianionic ligands also generally 
derive from dienes. Each carbon-carbon double bond of the 
diene is attached to a non-bridgehead carbon that has at least 
one hydrogen atom attached to it. Proton removal generates 
a resonance-stabilized allylic or benzylic anion. 
0.014 Preferred bicyclic dianions originate from a diene 
having a bicyclic framework of 8 to 15 atoms. The frame 
work includes two bridgehead atoms, which are preferably 
carbons. The bridgehead atoms are connected to each other 
through two primary chains, which have X and y atoms, 
respectively. Abridge of Z atoms joins the bridgehead atoms 
to complete the bicyclic system. Preferably, each of X and y 
is independently 3 to 5, and Z is 0 to 3. The diene groups, 
which are present within the two longer atom chains, are 
Separated by the bridgehead atoms. Either diene can be part 
of a benzo-fused system. Thus, the total number of atoms in 
the bicyclic framework is preferably X+y+Z, plus 2 bridge 
head atoms, or a maximum of 5+5+3+2=15. 

0.015 The framework can be substituted with other atoms 
that do not interfere with formation of the allylic or benzylic 
dianion or incorporation of the dianion into a transition 
metal complex. Preferably, the framework is hydrocarbyl. 
0016. In an X.y.0 system, there is no bridging group; the 
bridgehead atoms are bonded directly to each other. When a 
bridging group is present (i.e., when Z is 1, 2, or 3), it is 
preferably O, S, NR, PR, SiR, CR, CRCR, CR=CR, 
1,2-aryl, or CRCRCR, in which each R is independently 
hydrogen or a C-Co hydrocarbyl group. 

0017. The bicyclic framework is preferably fused 
together Such that the hydrogens attached to the bridgehead 
carbons are “cis' to each other. Generally, an allylic or 
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benzylic dianion produced by deprotonating a “trans-fused 
bicyclic diene will lack the ability to chelate to a transition 
metal. 

0018 Preferred bicyclic dianionic ligands have the gen 
eral Structure: 

0019 wherein X represents a first chain of 3 to 5 atoms, 
Y represents a Second chain of 3 to 5 atoms, Z represents an 
optional bridge of 0 to 3 atoms, and each Q is a bridgehead 
atom. Each of the X and Y chains includes an allylic or 
benzylic anion. When Z is absent, the bridgehead atoms (Q) 
are bonded directly to each other. 
0020 Suitable bicyclic dienes include, for example, bicy 
clo3.3.0octa-2,6-diene, bicyclo3.3.1 nona-2,6-diene, 
bicyclo3.3.2deca-2,6-diene, bicyclo4.4.0deca-3,8-diene, 
bicyclo4.4.2dodeca-3,8-diene, bicyclo-5.3.0deca-3,8-di 
ene, bicyclo5.3.1 undeca-3,8-diene, bicyclo5.5.0-dodeca 
3,9-diene, bicyclo5.5.1trideca-3,9-diene, 9-oxabicyclo 
3.3.1-nona-2,6-diene, 9-methyl-9-azabicyclo3.3.1 nona 
2,6-diene, and the like. Structures of a few of these 
illustrative dienes are shown below: 

(O) / 
bicyclo[3.3.0 octa-2 6-diene bicyclo[3.3.1 nona-2,6-diene 

CO) (C) 
bicyclo[5.3. Odeca-3,8-diene bicyclo[3.3.3 undeca-2,6-diene 

) OO 
bicyclo[5.3.1 undeca-3,8-diene bicyclo[5.5.0 dodeca-3,9-diene 

C CO 
bicyclo[4.4.2dodeca-3,8-diene bicyclo[5.5.1 trideca-3,9-diene 

0021 Suitable dienes include benzo-fused dienes that 
have one or more benzylic hydrogens. In generating these 
ligands, a benzylic hydrogen is removed instead of or in 
addition to an allylic hydrogen. Abenzene ring Stabilizes (by 
a resonance effect) the resulting anion, which-like the 
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allylic anion-is best viewed as a 4-pi electron donor. 
Examples are the dibenzo and phenyl-Substituted Systems 
shown below: 

3,4:8,9-dibenzobicyclo[4.4.2- 
dodeca-3,8-diene 

CCC 
KX-O ) - 
9-phenylbicyclo[5.3.0 dec-3-ene 

O 

0022. More examples of suitable benzo-fused dienes: 
2,3:6,7-dibenzo-bicyclo3.3.1 nona-2,6-diene, 34:9,10 
dibenzobicyclo5.5.0dodeca-3,9-diene, 2,3:7,8-dibenzobi 
cyclo5.3.0deca-3,8-diene, 13-oxa-3,4:9,10-bicyclo5.5.1 
trideca-3,9-diene, 8.9-benzobicyclo4.4.2dodeca-3,8-diene, 
2,3:7,8-dibenzobicyclo5.3.0deca-3,8-diene, and the like. 

0023 Excellent starting materials for producing many 
bicyclic dianionic ligands are commercially available. 
Examples are bicyclo3.3.0octa-3,7-dione and bicyclo 
3.3.1 nona-3,7-dione: 

0024. These compounds are readily converted to the 
corresponding dienes by any desired method. In one 
approach, the dione is first reduced with two equivalents of 
a hydride Source (such as lithium aluminum hydride) to 
produce a diol, which is dehydrated under acidic or basic 
conditions to give the desired bicyclic dienes: 
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aq. HCI 
- 2 H2O 

0025. Alternatively, the diol can first be converted to a 
diester (tosylate or benzoate, e.g.) and then eliminated with 
a hindered amine such as 1,8-diazabicyclo5.4.0]undec-7- 
ene (DBU). 
0026. The same bicyclic diketones are easily homolo 
gated with diazomethane to provide access to bicyclo4.4.0) 
and 4.4.1 frameworks: 

O 

He -- 

O 

O O Her 

O 

He -- 

O 

0027) Further homologation with excess diazomethane 
gives the bicyclo5.5.0 and 5.5.1 frameworks. See gen 
erally J. March, Advanced Organic Chemistry, 2d ed. (1977) 
pp. 997-998, and Example 41 of U.S. Pat. No. 4,855,322. 
0028. In addition to using the diketone starting material 
described above, bicyclo3.3.0nonadienes can be made by 
other known methods starting with cyclooctadiene (see J. 
Org. Chem. 38 (1973) 3636), bicyclo3.2.1]octa-2,6-diene 
(Tetrahedron Lett. (1974) 3805), the cycloadducts from 
cyclopentadiene and ketenes (J. Am. Chem. Soc. 93 (1971) 
3969; J. Org. Chem. 46 (1981) 67), or even semibullvalene 
(J. Chem. Soc., Chem. Commun. (1973) 129). 
0029. As mentioned above, bicyclo3.3.1 nonadienes are 
also conveniently made from bicyclic diketones. For Some 
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examples, see J. Org. Chem. 46 (1981) 3483 and J. Chem. 
Soc., Perkin Trans. II (1982) 1159. Other starting materials, 
such as 2-adamantanone (Tetrahedron Lett. (1990) 2949), 
can also be used. 

0030 9-Oxabicyclo3.3.1 nonadienes, which are easily 
made by acid-catalyzed condensation of phenylacetalde 
hyde, are also useful bicyclic ligands (see U.S. Pat. No. 
4,205,000, the teachings of which are incorporated herein by 
reference). An alternate route from 1,5-cyclooctadiene is 
reported elsewhere (Synthesis (1990) 483). See also 
Examples 1-4 below. A simple synthesis of dibenzobicyclo 
3.3.1 nonadienes from methyl phenylmalonate is reported 
in Bull. Chem. Soc. Japan 48 (1975) 2473. 

0031. As depicted below, U.S. Pat. No. 4,008,277 pro 
vides a route to benzobicyclo3.3.1 nonadienes from beta 
tetralones. Enamine preparation with pyrrolidone is fol 
lowed by Michael addition of the enamine to acrolein and 
acid-promoted ring closure to give a bicyclo3.3.1 system. 
The desired hydrocarbon can be made by well-known meth 
ods, including Wolf-Kischner reduction (heating with hydra 
Zine hydrate and base) or conversion of the ketone to a tosyl 
hydrazone followed by reaction with LiAIH or NaBH (see 
J. March, Supra, at pp. 1119-1120): 

Her 

y 1) - 

f 

ch, 
/ 

0032. A convenient route to bicyclo5.5.0dodecadienes 
Starts with 1,3-butadiene. Trimerization with a Ziegler cata 
lyst gives 15.9-cyclododecatriene, which undergoes 
intramolecular cyclization in the presence of lithium amides 
to give the bicyclo5.5.0 system shown below (see U.S. Pat. 
No. 3,009,001, the teachings of which are incorporated 
herein by reference). The bridgehead diene is easily con 
verted to bicyclo5.5.0dodeca-3,9-diene by conventional 
allylic bromination with N-bromosuccinimide, catalytic 
hydrogenation, and dehydrohalogenation with alcoholic 
potassium hydroxide: 
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NBS/CCI 
He 

light 

Br 

Br 

Br 

KOHAEtOH 
-- 

Br 

0033 Alternatively, the starting diolefin could be isomer 
ized directly to leSS-Strained diolefin isomers with a trace of 
a Lewis acid Such as boron trifluoride etherate. 

0034. The preparation of suitable bicyclo3.3.3 undeca 
dienes from the known bridgehead diene shown below 
follows by analogy (see Chem. Abstr. 97.5842p): 

NBS/CCL 
-e- 

S. 

Br 

H2/Pt-C KOHAEtOH 
Br He 

S. 

0035 Synthesizing bicyclo5.3.0 systems, particularly 
dibenzo compounds, is also Straightforward. The interesting 
approach of U.S. Pat. No. 5,834,521, the teachings of which 
are incorporated herein by reference, is the basis for the 
Sequence below. The enolate from 1-indanone is alkylated 
with benzyl bromide. Addition of allyl magnesium bromide 
to the carbonyl generates an ene-alcohol that is well posi 
tioned to undergo p-toluenesulfonic acid-catalyzed cycliza 
tion to a 5.3.0 bicyclic System. Catalytic hydrogenation 
followed by deprotonation with two equivalents of n-butyl 
lithium provides the bicyclic benzylic dianion: 
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O 

1) NaH/THF 
--- 

2)benzyl bromide 

4N-Mer 

HO 21 

CH 

O 1) H2/Pt-C 
O) 2) n-BuLi, 2 eq. 

CH 

0036). In sum, there are many well-established routes to 
the various bicyclic dianionic ligands useful herein; the 
methods discussed at length above are merely illustrative, 
and those skilled in the art will readily recognize or devise 
many alternative Synthetic methodologies. 
0037 Chelating acyclic and bicyclic dianionic ligands 
are made by doubly deprotonating the corresponding diene 
or benzo-fused diene with a potent base according to well 
known methods. Suitable bases include, for example, alky 
lithium compounds (e.g., methyllithium or n-butyllithium), 
alkali metals (e.g., Sodium metal), alkali metal hydrides 
(e.g., potassium hydride), and Grignard reagents (e.g., 
methyl magnesium chloride or phenyl magnesium bromide). 
Particularly preferred deprotonating agents are Super-basic 
reagents prepared by the reaction of alkyllithium compounds 
and alkali metal t-butoxides, as reported by Schlosser et al. 
(Angew. Chem., I.E. Engl. 12 (1973) 508) and Lochmann et 
al. (Tetrahedron Lett. (1966) 257). 
0.038. Usually, about two equivalents of the deprotonat 
ing agent and about one equivalent of the diene are used to 
produce the dianionic ligand. Deprotonation can be per 
formed at any Suitable temperature, preferably at or below 
room temperature. While the deprotonation reaction can be 
performed at temperatures as low as -78 C. or below, it is 
preferred to perform this step at room temperature. 

0.039 The bicyclic ligands discussed above donate elec 
trons from two separate 4-pielectron Sources that are within 
the bicyclic framework; in this Sense, they are "endocyclic' 
electron donors. Alternative bicyclic, dianionic bis(allyl) or 
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bis(benzyl) ligands, giving catalyst Systems that are still 
within the Scope of this invention, have a pi-electron Source 
residing at least partially outside the bicyclic framework; 
these are referred to herein as “exocyclic” or “exo” systems. 
0040 Consider, for example, the dianion resulting from 
double deprotonation of 2,4,4,6,8,8-hexamethylbicyclo 
3.3.1 nona-2,6-diene. Because the only available non 
bridgehead protons reside on the 2- and 6-methyl Substitu 
ents, only “exo' allylic anions are generated. The anionic 
centers, however, are well positioned to complex with a 
transition metal to give an organometallic complex of the 
invention: 

t-BuOK, n-BuLi 
-- 

0041 Exo systems can also be generated from terminal 
olefins, which are themselves easily generated from the 
corresponding diketones and a phosphorus ylide using the 
Wittig reaction: 

O O Hes 

KOtBu, n-BuLi 

0042. In addition to the chelating acyclic or bicyclic 
ligand, the organometallic complex may include additional 
labile anionic ligands Such as halides, alkyls, alkaryls, aryls, 
dialkylaminos, or the like. Particularly preferred are halides, 
alkyls, and alkaryls (e.g., chloride, methyl, benzyl). 

0043. The catalyst system includes an activator. Suitable 
activators help to ionize the organometallic complex and 
activate the catalyst. Suitable activators are well known in 
the art. Examples include alumoxanes (methyl alumoxane 
(MAO), PMAO, ethyl alumoxane, diisobutyl alumoxane), 
alkylaluminum compounds (triethylaluminum, diethyl alu 
minum chloride, trimethylaluminum, triisobutyl aluminum), 
and the like. Suitable activators include acid salts that 
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contain non-nucleophilic anions. These compounds gener 
ally consist of bulky ligands attached to boron or aluminum. 
Examples include lithium tetrakis(penta-fluorophenyl)bo 
rate, lithium tetrakis(pentafluorophenyl)aluminate, 
anilinium tetrakis(pentafluorophenyl)borate, and the like. 
Suitable activators also include organoboranes, which 
include boron and one or more alkyl, aryl, or aralkyl groups. 
Suitable activators include Substituted and unsubstituted 
trialkyl and triarylboranes Such as tris(pentafluorophe 
nyl)borane, triphenylborane, tri-n-octylborane, and the like. 
These and other Suitable boron-containing activators are 
described in U.S. Pat. Nos. 5,153,157, 5,198,401, and 5,241, 
025, the teachings of which are incorporated herein by 
reference. Suitable activators also include aluminobor 
onates-reaction products of alkyl aluminum compounds 
and organoboronic acids-as described in U.S. Pat. Nos. 
5,414,180 and 5,648,440, the teachings of which are incor 
porated herein by reference. 

0044) The optimum amount of activator needed relative 
to the amount of organometallic complex depends on many 
factors, including the nature of the complex and activator, 
whether a Supported catalyst is used, the desired reaction 
rate, the kind of polyolefin product, the reaction conditions, 
and other factors. Generally, however, when the activator is 
an alumoxane or an alkyl aluminum compound, the amount 
used will be within the range of about 0.01 to about 5000 
moles, preferably from about 10 to about 500 moles, of 
aluminum per mole of transition metal, M. When the acti 
Vator is an organoborane or an ionic borate or aluminate, the 
amount used will be within the range of about 0.01 to about 
5000 moles, preferably from about 0.1 to about 500 moles, 
of activator per mole of M. 

004.5 The activator is normally added to the reaction 
mixture at the Start of the polymerization. However, when a 
Supported catalyst System is used, the activator can be 
deposited onto the Support along with the organometallic 
complex. 

0046. The organometallic complex is prepared according 
to methods that are well known in the art. In general, the 
complexes are made by combining the dianionic ligand with 
a transition metal Source. Any convenient Source of transi 
tion metal can be used. For example, the complexes can be 
made from transition metal halides, alkyls, alkoxides, 
acetates, amides, or the like. A particularly convenient 
Source of the transition metal is the transition metal halide. 
For example, one can use titanium tetrachloride, Zirconium 
tetrachloride, Vanadium(ill) chloride-tetrahydrofuran com 
plex (VCl(THF)), titanium (III) chloride-THF complex, 
chromium(III) chloride-THF complex, cobalt(II) chloride, 
nickel(II) bromide, platinum(II) chloride, palladium(II) 
chloride, lanthanum(III) chloride, titanium(III) acetate, or 
the like. Complexes can also be prepared from Salts with 
labile groups, Such as tetrakis(acetonitrile)palladium(II) 
bis(tetrafluoroborate). 
0047 The transition metal complexes are easy to make. 
Usually, the transition metal Source (halide, e.g.) is dissolved 
or Suspended in an organic Solvent and the dianionic ligand 
is carefully added at any desired temperature, preferably 
from about -78 C. to about room temperature. Refluxing is 
used if needed to complete the reaction. InSoluble by 
products, if any, can be removed by filtration, Solvents are 
evaporated, and the transition metal complex is isolated, 
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washed, and dried. The resulting complex can generally be 
used without further purification. 
0048. The catalyst systems are optionally used with an 
inorganic Solid or organic polymer Support. Suitable Sup 
ports include Silica, alumina, Silica-aluminas, magnesia, 
titania, clays, Zeolites, or the like. The Support is preferably 
treated thermally, chemically, or both prior to use to reduce 
the concentration of Surface hydroxyl groups. Thermal treat 
ment consists of heating (or "calcining”) the Support in a dry 
atmosphere at elevated temperature, preferably greater than 
about 100° C., and more preferably from about 150 to about 
600 C., prior to use. A variety of different chemical treat 
ments can be used, including reaction with organo-alumi 
num, -magnesium, -silicon, or -boron compounds. See, for 
example, the techniques described in U.S. Pat. No. 6,211, 
311, the teachings of which are incorporated herein by 
reference. 

0049. The complex and activator can be deposited on the 
Support in any desired manner. For instance, the components 
can be dissolved in a Solvent, combined with a Support, and 
Stripped. Alternatively, an incipient-wetneSS technique can 
be used. Moreover, the Support can simply be introduced 
into the reactor Separately from the complex and activator. 
0050. The loading of complex on the Support varies 
depending upon a number of factors, including the identities 
of the complex and the Support, the type of olefin polymer 
ization proceSS used, the reaction conditions, and other 
concerns. Usually, the amount of complex used is within the 
range of about 0.01 to about 10 wt.% of transition metal 
based on the amount of Supported catalyst. A more preferred 
range is from about 0.1 to about 4 wt.%. 
0051 Catalyst systems of the invention are useful for 
polymerizing olefins. Preferred olefins are ethylene and 
C-Co C-olefins such as propylene, 1-butene, 1-hexene, 
1-octene, and the like. Mixtures of olefins can be used. 
Ethylene and mixtures of ethylene with Cs-Co C-olefins are 
especially preferred. 
0052 Many types of olefin polymerization processes can 
be used. Preferably, the process is practiced in the liquid 
phase, which can include slurry, Solution, Suspension, or 
bulk processes, or a combination of these. High-pressure 
fluid phase or gas phase techniques can also be used. The 
process of the invention is particularly valuable for Solution 
and Slurry processes. 
0053. The olefin polymerizations can be performed over 
a wide temperature range, Such as about -30° C. to about 
280 C. A more preferred range is from about 30° C. to about 
180° C.; most preferred is the range from about 60° C. to 
about 100° C. Olefin partial pressures normally range from 
about 15 psig to about 50,000 psig. More preferred is the 
range from about 15 psig to about 1000 psig. 
0054 The following examples merely illustrate the 
invention. Those skilled in the art will recognize many 
variations that are within the spirit of the invention and 
Scope of the claims. 

EXAMPLE 1. 

Zirconium Complex Preparation 
0055 2,3:6,7-Dibenzo-9-oxabicyclo[3.3.1)nona-2,6-di 
ene, which has the Structure shown below, is prepared by 
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Self-condensation of phenylacetaldehyde with fluoroSul 
fonic acid in carbon tetrachloride according to the teachings 
of Kagan (see U.S. Pat. No. 4,205,000, example 1). (Note: 
the product is incorrectly numbered as a “1,2,5,6-dibenzo 
compound in the patent; correct numbering Starts at a 
bridgehead carbon.) 

( ) O 

0056. The bicyclo[3.3.1)nonadiene (135 mg, 0.608 
mmol) is slurried with hexanes (50 mL) at room tempera 
ture, and potassium t-butoxide (136 mg, 1.22 mmol) is 
added, followed by n-butyllithium (0.61 mL of 2M solution 
in pentane, 1.22 mmol). The reaction mixture is stirred at 
room temperature for 20 h, resulting in a dark-Violet Slurry. 
Solids are separated and washed Several times with hexanes 
to remove lithium t-butoxide from the desired dianion salt. 
Zirconium tetrachloride (135 mg, 0.59 mmol) is added to a 
slurry of the dianion salt in hexanes (40 mL), and the 
mixture is Stirred at room temperature for 16 h. The resulting 
complex is used without further purification. 

EXAMPLE 2 

Supporting the Complex 
0057 Methyl alumoxane (30% PMAO solution in tolu 
ene, product of Albemarle, 1.07 mL) is added slowly to 
silica (Davison 948 silica, calcined at 250° C. for 4 h prior 
to use, 2.2 g), and the mixture is stirred at room temperature 
for 15 min. Separately, a portion of the complex prepared in 
Example 1 (12 mg) is dissolved in 30% PMAO solution 
(2.14 mL). This mixture is added using an incipient-wetness 
technique to the PMAO-treated silica to give a free-flowing 
Solid Suitable for use as an olefin polymerization catalyst. 

EXAMPLE 3 

Ethylene Polymerization 
0.058 A two-liter reactor is charged with isobutane (900 
mL) and a Scavenging amount of triisobutylaluminum (1.5 
mL of 1 M solution in hexanes, 1.5 mmol). The reactor is 
heated to 70° C. and pressurized with ethylene to 350 psig. 
A slurry of the Silica-Supported catalyst from Example 2 (2.4 
g) in isobutane (100 mL) is injected into the reactor to start 
the polymerization. Ethylene is supplied on demand at 350 
psig, and the reaction proceeds at 70° C. for 0.5 h. The 
reactor is vented, and polyethylene (11 g) is recovered. 
Activity: 21.5 kg PE/g Zr/h. By gel-permeation chromatog 
raphy (GPC) analysis, the polymer has a weight average 
molecular weight (Mw)=1.09x10°. FT-IR spectroscopy 
analysis indicates no branching in the polymer. DSC melting 
point: 134.7° C. 

EXAMPLE 4 

Copolymerization of Ethylene with 1-Butene 
0059) A two-liter reactor is charged with hydrogen (20 
psig from a 300 mL vessel) followed by isobutane (800 mL), 
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1-butene (100 mL), and triisobutylaluminum (1.5 mL of 1 M 
solution in hexanes, 1.5 mmol). The reactor is heated to 70 
C. and pressurized with ethylene to 350 psig. A slurry of the 
Silica-Supported catalyst from Example 2 (2.54 g) in isobu 
tane (100 mL) is injected into the reactor to start the 
polymerization. Ethylene is Supplied on demand at 350 psig, 
and the reaction proceeds at 70° C. for 0.5 h. The reactor is 
vented, and polyethylene (12.9 g) is recovered. Activity: 
25.1 kg PE/g Zr/h. GPC Mw=6.66x10. FT-IR spectroscopy 
analysis reveals that the polymer contains 18.3 ethyl 
branches per 1000 carbons, which demonstrates efficient 
comonomer incorporation. DSC melting point: 128.5 C. 

Molecular Modeling Study 

0060 Additional evidence of the value of chelating, 
bicyclic bis(allyl) and bis(benzyl) dianions as ligands is 
provided by a molecular modeling Study at the Semi-em 
pirical level (PM3tm method, Titan Software). The relative 
Stabilities of the catalytically active Sites can be estimated by 
the difference of the calculated enthalpy (AAH) of a model 
reaction (illustrated below) involving abstraction of a methyl 
anion from a Zirconium dimethyl complex that incorporates 
the particular bicyclic ligand versus the control (bis(cyclo 
pentadienyl)-zirconium dimethyl, Example C1 in Table 1). 
The relative energies of the lowest unoccupied molecular 
orbitals (LUMO) of the model active sites can be used to 
estimate their relative reactivities toward the olefins partici 
pating in the polymerization. 

0061. In the equations below, the enthalpy for eq. 1 is AH 
and the enthalpy for eq. 2 is AH. The difference (AH 
AH)=AAH. 

Eq. 1 
L L 

CH 

C y/ 3 C \ CH CH -- r-CH + 3 
11 V 1. 

CH 

Eq. 2 

Zr-CH + CH 

0062) The results appear in Table 1 (top portion). In 
general, the LUMO energies are less than -4.5 eV, and the 
relative stabilities are within 10 kcal/mole of the value 
calculated for the control, bis(Cp)ZrMe+. Similar results 
were found for a variety of bicyclic exosystems (bottom of 
Table 1). Overall, the results Suggest that the electronic and 
Steric environments of chelating, bicyclic dianionic ligands 
are comparable to those of ligands used in conventional 
metallocenes. Therefore, Single-site catalysts that incorpo 
rate chelating bicyclic dianions should rival or exceed the 
performance of typical metallocenes. 
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TABLE 1. 

Bicyclic Dianions: “Endo' Systems 
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Ex LUMO Rel. Stab. 
# Control complex System (eV) (kcal/mol) 

C1 Bis(cyclopentadienyl)Zirconium dimethyl metallocene -5.93 O 
C2 Ethylene-1,2-bis(indenyl)Zirconium dimethyl bridged met. -5.39 0.585 
C3 Dimethylsilyl-1,1-bis(fluorenyl)Zirconium dimethyl bridged met. -4.74 -7.65 

Ex LUMO Rel. Stab. 
# Chain X Chain Y Chain Z System (eV) (kcal/mol) 

4 CHCHCH CHCHCH Ole bicyclo[3.3.0 -5.91 6.86 
5 12-Ph-CH 12-Ph-CH Ole bicyclo3.3.0 -5.84 9.94 
6 CHCHCH CHCHCH O bicyclo3.3.1 -6.06 -139 
7 CHCHCH CHCHCH CH2 bicyclo[3.3.1 -5.85 -5.63 
8 CHCHCH CHCHCH CH=CH bicyclo[3.3.2 -5.84 2.82 
9 CHCHCH CHCHCH (CH) bicyclo3.3.3 -5.74 3.34 
10 CHCHCHCH, CHCHCHCH, Ole bicyclo4.4.0 -5.63 -1.13 
11 CHCHCHCH, CHCHCHCH, CH, bicyclo4.4.1 -5.24 -13.1 
12 CH(CH),CH, CH(CH),CH, Ole bicyclo[5.5.0 -4.95 -5.63 

“Exo” Systems 

13 CHCHC(CH.) CHCHC(CH.) none bicyclo3.3.0 -5.81 -4.64 
14 CHCHC(CH.) CHCHC(CH.) CH, bicyclo[3.3.1 -5.65 -3.31 
15 CHCHC(CH.) CHCHC(CH.) O bicyclo3.3.1 -5.86 1.83 
16 CHCHC(CH.) CHCHC(CH.) CHCH bicyclo3.3.2 -5.62 -0.664 
17 CHCHC(CH.) CHCHC(CH.) (CH) bicyclo3.3.3 -5.63 1.67 
18 CH, C(CH2)CHCH, CH, C(CH2)CHCH, none bicyclo4.4.0 -5.34 -4.93 
19 CH, C(CH2)CHCH, CH, C(CH2)CHCH, CH, bicyclo4.4.1 -5.30 2.45 
20 (CH),C(CH)CHCH, (CH),C(CH2)CHCH, none bicyclo[5.5.0 -5.53 -3.42 
21 (CH),C(CH2)CHCH (CH),C(CH2)CHCH, CH, bicyclo5.5.1 -5.41 -4.68 

0.063. The preceding examples are meant only as illus 
trations. The following claims define the invention. 

We claim: 
1. A catalyst System which comprises an activator and an 

wherein X represents a first chain of 3 to 5 atoms; Y 
represents a Second chain of 3 to 5 atoms, Z represents 
an optional bridge of 0 to 3 atoms, and each Q is a 
bridgehead atom; and 

wherein each of the X and Y chains includes an allylic or 
benzylic anion. organometallic complex, wherein the complex comprises a 

Group 3-10 transition metal and at least one chelating 
bis(allyl) or bis(benzyl) dianionic ligand that is pi-bonded to 
the metal. 

2. The catalyst System of claim 1 wherein the dianionic 
ligand is acyclic. 

3. The catalyst system of claim 1 wherein the dianionic 
ligand is bicyclic. 

4. The catalyst system of claim 1 wherein the activator is 
Selected from the group consisting of alkyl alumoxanes, 
alkylaluminum compounds, aluminoboronates, organobo 
ranes, ionic borates, and ionic aluminates. 

5. The catalyst system of claim 1 wherein the complex 
includes a Group 4 transition metal. 

6. The catalyst system of claim 1 wherein the complex 
includes a Group 8-10 transition metal. 

7. The catalyst system of claim 1 wherein the dianionic 
ligand has the general Structure: 

8. The catalyst system of claim 7 wherein all of the atoms 
in the X and Y chains are carbons, and each Q is a carbon. 

9. The catalyst system of claim 8 wherein all of the atoms 
in the Zbridge are carbons. 

10. The catalyst system of claim 1 wherein the dianionic 
ligand is produced from a bicyclic diene Selected from the 
group consisting of bicyclo3.3.0 octadienes, bicyclo3.3.1 
nonadienes, bicyclo3.3.2deca-dienes, bicyclo4.4.0deca 
dienes, bicyclo4.4.1 undecadienes, bicyclo-5.5.0dodeca 
dienes, bicyclo5.3.0decadienes, bicyclo5.3.1 undeca 
dienes, and bicyclo5.5.1tridecadienes. 

11. The catalyst system of claim 1 wherein the dianionic 
ligand has the Structure: 

wherein Z is an optional bridging group Selected from the 
group consisting of O, S, NR, PR, SiR, CR, CRCR, 
CR=CR, and 1,2-aryl, in which each R is independently 
hydrogen or a C-Co hydrocarbyl group. 
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12. The catalyst system of claim 1 wherein the dianionic 
ligand has the Structure: 

wherein Z is an optional bridging group Selected from the 
group consisting of O, S, NR, PR, SiR, CR, CRCR, 
CR=CR, and 1,2-aryl, in which each R is independently 
hydrogen or a C-Co hydrocarbyl group. 

13. The catalyst System of claim 1 wherein the organo 
metallic complex has the Structure: 

f \ Ny. 
N 

wherein X represents a first chain of 3 to 5 atoms; Y 
represents a Second chain of 3 to 5 atoms, Z represents 
an optional bridge of 0 to 3 atoms, and each Q is a 
bridgehead atom; 

wherein each of the X and Y chains includes an allylic or 
benzylic anion; and 

wherein M is a Group 4 transition metal, and each L is 
independently a Sigma-donor ligand. 

14. The catalyst system of claim 13 wherein all of the 
atoms in the X and Y chains are carbons, and each Q is a 
carbon. 

15. The catalyst system of claim 14 wherein all of the 
atoms in the Zbridge are carbons. 
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16. The catalyst System of claim 1 wherein the organo 
metallic complex has the Structure: 

wherein M is a Group 4 transition metal, each L is inde 
pendently a Sigma-donor ligand, and Z is an optional bridg 
ing group Selected from the group consisting of O, S, NR, 
PR, SiR, CR, CRCR, CR=CR, and 1,2-aryl, in which 
each R is independently hydrogen or a C-C hydrocarbyl 
grOup. 

17. The catalyst system of claim 1 wherein the organo 
metallic complex has the Structure: 

wherein M is a Group 4 transition metal, each L is inde 
pendently a Sigma-donor ligand, and Z is an optional bridg 
ing group Selected from the group consisting of O, S, NR, 
PR, SiR, CR, CRCR, CR=CR, and 1,2-aryl, in which 
each R is independently hydrogen or a C-C hydrocarbyl 
grOup. 

18. The catalyst system of claim 1 wherein the chelating 
ligand contains an exocyclic allylic or benzylic anion. 

19. A process which comprises polymerizing an olefin in 
the presence of the catalyst System of claim 1. 

20. A process which comprises polymerizing ethylene 
with at least one alpha-olefin in the presence of the catalyst 
System of claim 1. 

    

  


