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PROCESS AND CATALYST FOR
PRODUCING SYNDIOTACTIC POLYMERS

ABSTRACT

Syndiospecific catalysts and processes for the syn-

Or 1s a substituted vinyl compound. The catalysts comprise unba-

lanced stereorigid metallocenes in which a structural bridge is
not required for Stereorigidity. The ring structures of the
metallocene catalyst are substituted cyclopentadienyl rings,

which are sterically different from one another. The substituent

the rings sufficient to prevent rotation of the rings, or by vir-
tue of the cyclopentadienyl groups being at a low kinetic enerqgy
state induced by the substituents to prevent rotation of the
rings about their coordination axes at the temperature of the

catalyst. The catalyst is contacted with a C3+ alpha olefin or

reaction zone and maintained in contact with the catalyst in the

reaction zone under polymerization conditions to produce a syn-

diotactic polymer.,



PROCESS AND CATALYST

FOR PRODUCING SYNDIOTACTIC POLYMERS

TECHNICAL FIELD

This invention relates to catalysts and processes for
the production of syndiotactic poiymers from ethylenically unsa-

turated compounds and, more particularly, to the production of a

dissimilar cyclopentadienyl rings.
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BACKGROUND OF THE INVENTION

Syndiotacticity is one of a number of stereospecific
Sstructural relationships which may be involved in the formation
of the stereoregular polymers which may be derived from various
monomers. Stereospecific propagation may be applied in the poly-
merization of ethylenically unsaturated monomers such as C3+
alpha olefins, l1-dienes such as 1,3-butadiene and additional or
substituted vinyl compounds such as vinyl aromatics, e.g., sty-
rene or vinyl chloride, vinyl ethers such as alkyl vinyl ethers,
€.g., lsobutyl vinyl ether, or even aryl vinyl ethers. Stereo-
specific polymer propagation is probably of most significance in
the production of polypropylene of isotactic or syndiotactic

structure.

Syndiotactic polymers have a unique stereochemical

structure in which monomeric units having enantiomorphic config-
uration of the asymmetrical carbon atoms follow each other alter-
nately and regularly in the main polymer chain. Syndiotactic
polypropylene was first disclosed by Natta et al. in U.S. Patent
No. 3,258,455, As disclosed in this patent, syndiotactic poly-
propylene can be produced by using a catalyst prepared from tita-
nium trichloride and diethyl aluminum monochloride. A later
patent to Natta et al., U.S. Patent No. 3,305,538, discloses the
use of vanadium triacetylacetonate or halogenated vanadium com-
pounds in combination with organic aluminum compounds for pro-

ducing syndiotactic polypropylene. U.S. Patent No. 3,364,190 to
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Emrick, discloses the use of a-catalyst system composed of finely
divided titanium or vanadium trichloride, aluminum chloride, a
trialkyl aluminum and a phosphorus-containing Lewis base in the
production of syndiotactic polypropylene.

As disclosed in these patent references, and as known in
the art, the structure and properties of syndiotactic polypropy-
lene differ significantly from those of isotactic polypropylene.
The isotactic structure is typically described as having the
methyl groups attached to the tertiary carbon atoms of successive
monomeric units on the same side of a hypothetical plane through
the main chain of the polymer, e.g., the methyl groups are all
above or below the plane. Using the Fischer projection formula,

the stereochemical sequence of isotactic polypropyvlene is

described as follows:
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Another way of describing the structure is through the
use of NMR. Bovey's NMR nomenclature for an isotactic penﬁad is
« o .mmmm... with each "m" representing a "meso"” dyad, or suc-
cessive methyl groups on the same side in the plane. As is known

ln the art, any deviation or inversion in the structure of the

chain lowers the degree of lsotacticity and crystallinity of the

polymer.

In contrast to the isotactic structure, syndiotactic

polymers are those in which the methyl groups attached to the
tertiary carbon atoms of successive monomeric units in the chain

lie on alternate sides of the plane of the polymer. Syndiotactic

polypropylene is shown in zig-zag representation as follows:
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Corresponding representations for syndiotactic polyvi-

nylchloride and polystyrene, respectively, are:

clL > B | A a

Ph Ph  Ph Ph Ph

Using the Fischer projection formula, the structure of a

syndiotactic polymer or polymer block for polypropylene is

designated as:

\ | of
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In NMR nomenclature, this pentad is described as

-..Xrrr..., 1in which each "r" represents a "racemic" dyad, i.e.,

successive methol groups on alternate sides of the plane. The
percentage of r dyads in the chain determines the degree of syn-
diotacticity of the polymer. Syndiotactic polymers are crystal-
line and, like the isotactic polymers, are insoluble in Xylene.
This crystallinity distinguishes both'syndiotactic and 1sotactic
polymers from an atactic polymer that is soluble in Xylene. Aan
atactic polymer exhibits no reqular order of repeating unit con-
figurations in the polymer chain and forms essentlially a waxy
product.

While it is possible for a catalyst to produce all three
types of polymers, it is desirable for a catalyst to produce pre-
dominantly isotactic or syndiotactic polymers with very little
atactic polymer. Catalysts that produce isotactic polyolefins

are disclosed in co-pending U.S. Patent Application Serial No.

317,083, filed February 28, 1989, now U.S. Patent No. 4,794,096 ;

and European Patent Publication No. 0 284 708. These

applications disclose chiral, stereorigid metallocene catalysts
that polymerize olefins to form isotactic polymers and are espe-
cially useful in the polymerization of a highly isotactic
polypropylene.

Catalysts that produce syndiotactic polypropylene or

other syndiotactic polyolefins are disclosed in
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U.S. Patent No. 4,892,851. These catalysts are

bridged stereorigid metallocene catalysts. The catalysts have a
structural bridge extending between dissimilar cyclopentadienyl

groups and may be characterized by the formula:
R" (CpRp) (CpR'p) MeQg (1)

In formula (1), Cp represents a cyclopentadienyl or substituted
cyclopentadienyl ring; and R and R' represent hydrocarbyl radi-
cals having 1-20 carbon atoms. R" is a structural bridge between
the rings imparting stereorigidity to the catalyst; Me repre-
sents a transition metal and Q a hydrocarbyl radical or halogen,
R'm 1s selected so that (ChR'ny) 1s a sterically different substi-
tuted cyclopentadienyl ring than (CpRp) i n varies from 0 to 4 (0
designating no hydrocarbyl groups, i.e., an unsubstituted cyclo-
pentadienyl ring), m varies from 1-4, and K is from 0-3. The
sterically different cyclopentadienyl rings produces a predomi-
nantly syndiotactic polymer rather than an isotactic polymér.
Metallocene catalysts of yet another type are cationic
catalysts as disclosed in European Patent Applications 277,003
to Turner et al. and 277,004 to Turner. As disclosed in these
applications, a bis(cyclopentadienyl) zirconium, titanium, or
hafnium compound is reacted with a second compound comprising a
cation capable of donating a proton or an ion exchanée compound
comprising a cation which will irreversibly react with a ligand

on the first compound, and a bulky, stable anion. The catalysts
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described in the ERuropean Patent Applications 277,003 and 277,004
are disclosed as especially useful in the polymerization of ethy-
lene, and more generally, in the polymerization of alpha olefins,
diolefins and/or an acetylenically unsaturated compound contain-
ing from 2-18 carbon atoms. Principally disclosed in the
European applications is the polymerization of ethylene or the
copolymerization of ethylene with propylene or l-butene or with
propylene and l-butene or 1,4 hexadiene. Stereospecificity, or
lack thereof, of the polymers as disclosed in the Turner and
Turner et al. applications is not generally discussed, although
in Application 277,004, examples are given of producing atactic

polypropylene and in one instance (Example 39) isotactic polypro-

pylene,
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SUMMARY OF THE INVENTION

In accordance with the present invention, there are pro-
vided syndiospecific catalysts and processes for the syndiotactic
propagation of a polymer chain derived from an ethylenically un-
saturated monomer which contains 3 or more carbon atoms or is a
substituted vinyl compound. Catalysts in accordance with the
present invention comprise unbalanced stereorigid metallocenes in
which a structural bridge of the type employed in the metallocene
catalysts disclosed in U.S. Patent No. 4,892,851 is not required
for stereorigidity. The ring structures of the metallocene cata-
lyst of the present invention are substituted cyclopentadienyl
rings and are sterically different from one another similarly as
in the case of the metallocenes disclosed in U.S. Patent No.
4,892,851. However, in the present invention the substituted
groups on the cyclopentadienyl rings impart stereorigidity to the
catalyst. 1In one aspect of the invention, the substituted groups
on the cyclopentadienyl rings provide a sterically hindered rela-
tionship between the rings sufficient to prevent rotation of the
rings and impart the stereorigidity to the catalyst. 1In another
aspect of the invention, both of the cyclopentadienyl groups are
at sufficiently low kinetic energy states induced by the substi-
tuents on the cyclopentadienyl groups so as to provide a
stereorigid relationship relative to the coordinating transition
metal to prevent rotation of the rings about their coordination

axes at the temperature of the catalyst. The metallocene cata-
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lysts have sterically dissimilar ring structures joined to a
coordinating transition metal atom. The ring structures are both
substituted cyclopentadienyl groups and are sterically different
from the other. Both of said cyclopentadienyl groups are in a

stereorigid relationship relative to the coordinating transition

metal atom to prevent rotation of said rings.

Syndiotactic polypropvlene or other polymers resulting
from the polymerization of C3+ alpha olefins or vinyl compounds

may be produced in accordance with the method of the present in-
vention., Syndiospecific propagation of the polymer chain is
carried out in the presence of a stereorigid metallocene catalyst
which incorporates dissimilar substituted cyclopentadienyl rings
which are in a stereorigid relationship as described above rela-
tive to the coordinating metal atom of the metallocene complex.
The catalyst is contacted with a C3+ alpha olefin or other ethy-
lenically unsaturated compound in a polymerization reaction zone
and maintained in contact with the catalyst in the reaction-zone
under polymerization conditions to produce a syndiotactic

polymer. The preferred application of the invention is in the

production of syndiotactic polypropylene. Catalysts in which the
aforementioned stereorigid relationship between the dissimilar
Cyclopentadienyl rings is established in accordance with the pre-

sent invention may be characterized by the formulas (2). or (3) as

follows:

(CPSy) (CpS'y) MeQy (2)

or

(CpTyx) (CPT'y) MeQg (3)
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wherein: Cp is a cyclopentadienyl or a substituted cyclopen-
tadienyl ring;
each S and T is the same or different and is a hydrocar-
byl radical having from 1-20 carbon atoms ;
each S' and T' is the same or different and is a3 hydro-
carbyl radical having from 1-20 carbon atoms and select-
ed such that CpSx 1s a sterically different ring than
CoSy and 1s in a sterically hindered relationship rela-~
tive to CpSy sufficient to prevent rotation of said
rings and impart stereorigidity to said catalyst; and
CpTx and CpT'y are sterically different rings and are
both at sufficiently low kinetic energy states induced
by the substituent groups T and T' so as to prevent
rotation’of salid rings about their coordination axes at
the temperature of the polymerization reaction; Me is a

Group 4, 5, or 6 metal from the Periodic Table of
Elements; Q is a hydrocarbyl radical having from 1-20
carbon atoms or is a halogen; x is from 1 to 5; Yy 1is

from 1 to 5; k is from 0 to 3;

The stereorigid metallocene catalyst as characterized
above may be neutral or cationic metallocenes. The cationic
metallocenes correspond to the structures depicted by formulas
(2) and (3) with the exception that k is an integer from 0 to 2
rather than the transition metal being possibly tri-substituted

as 1in the case of the neutral metallocenes. Cationic metallocene
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catalysts of the type in which'stereorigidity 1s provided by
means of direct steric hindrance, as in the case of the catalysts
of formula (2) above, or through low kinetic energy states, as 1in
the case of the catalysts of formula (3) above may be charac-

terized by formulas (4) and (5), respelively, as follows:

[(CPSy) (CpS'y) MeQg1*p~ (4)

Oor

[CPTx) (CPT'y) MeQkltp (5)

In formulas (4) and (5), S, S', T, T', %, v, Me and Q are the

same as described previously with respect to formulas (2) and

(3). X 1s a number from 0-2 and P is a stable noncoordinating

counter anion.
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DETAILED DESCRIPTION

The present invention involves certain stereorigid
metallocenes which may be neutral or cationic and their use as
catalysts 1in syndiotactic polymer propagation. The term metallo-
cene, as used herein, and in accordance with normal art usage,
denotes an organometallic coordination compound 1n which two
cyclo-Cs ligands (cyclopentadienyl or substituted cyclopen-
tadienyl rings) are bonded to a central or "sandwiched" metal
atom which may be provided by a transition metal or metal halide,
alkyl, alkoxy, or alkyl or alkoxy halide or the like. Such
structures are sometimes referred to as "molecular sandwiches"
since the cyclo-Cg ligands are oriented above or below the plane
of the central coordinated metal atom. By the term "cationic
metallocene" is meant a metallocene in which the central coor—
dinated metal atom carries a positive charge, that is, the
metallocene complex is a cation associated with a stable anion,
Both the neutral and the cationic metallocenes involved in the
present invention are stereorigid. Stereorigidity is imparted to
the metallocene complex to prevent rotation of the substituted
cyclopentadienyl rings about their coordination axes by physical
Oor structural relationships imparted by one or more of several
ways. OStereorigidity may be imposed by means of substituted
cyclopentadienyl rings in which the substituent groups provide
for stearic hindrance in the conventional sense of nonbonded spa-

cial interaction between the two substituted cyclopentadienyl
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rings. Stereoriqgidity may also be imparted by providing a state
of low kinetic energy of the substituted cyclopentadienyl rings.
As noted previously, parent Patent No. 4,892,851 disclo-
ses the preparation of syndiotactic polypropylene or other
polyolefins through the use of stereorigid metallocene catalysts.
The present invention employs stereorigid metallocene catalysts

which may have dissimilar cyclopentadienyl groups as disclosed in

parent Patent No. 4,892,851 but in which stereorigidity is im-
parted without a bridge structure and in which the metallocene
ligand may be neutral or may be ionized to provide a stable
cationic catalyst. The cationic metallocene catalyst emploved in
the present invention may be prepared following procedures of the
type disclosed in the aforementioned European Applications
277,003 and 277,004, but they preferably are prepared by a pro-
cess employing a triphenylcarbenium borate as discussed in
greater detail below. Where procedures of +the type disclosed in
the EBuropean applications are used in the preparation of cationic
metallocene catalysts to be employed in the present invention,
certain important distinctions must be observed as evidenced by
the fact that neither of the European applications disclose the
preparation of syndiotactic polymers. Thus, in the metallocene
catalysts disclosed in the European applications, the cyclopen-
tadienyl groups may be the same or different, and while they can
can be bridged thus imparting stereorigidity, they need not be

and, in fact, are usually unbridged. Moreover, to the extent
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that the metallocene catalysts disclosed in the European applica-

tions are bridged to impart stereorigidity, they are also sym-

metrical. In contrast to the teachings of the Turner European

applications, the cationic metallocene catalysts employed in the

present invention must not only be stereorigid, the cyclopen-

tadienyl groups must be dissimilar.

Stereorigid cationic or neutral metallocene catalysts

employed in the present invention may be characterized by the

following general formulas:

(CpSy) (CpS'y) MeQy (2)

or

(CPTx) (CPT'y) MeQg (3)

wherein: Cp g, g', T, T', Me, Q, k, X and y are as described

previously. It will be recalled that k can be within the range
of 0 to 2 for both neutral or cationic catalysts, and can be 3
for the neutral catalysts.

In the catalysts of formula (2), stereorigidity is
imparted by means of direct steric hindrance between the two
substituted cyclopentadienyl groups provided by relatively bulky
or long chain substituent groups represented by S and S'. In the
catalysts of formula (3), stereorigidity is imparted'by substi-
tuent groups of the cyclopentadienyl ring which are of a nature
to impart a relatively low kinetic energy to the cyclopentadienyl

rings by virtue of their bulk increasing inertia of the rings, or
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by way of intramolecular rotational force which counteracts the
rotational energy of the rings. In employing catalysts of a type
depicted by formula (3), the polymerization reaction is carried
out under low temperature conditions as described in greater
detail below. At the polymerization conditions, the two cyclo-
pentadienyl groups are in a sterically hindered relationship suf-
ficient to prevent rotation of the cyclopentadienyl rings, thus,
imparting stereorigidity to the catalyst. The steric relation-
ships described above hold true for the cationic metallocenes

characterized specifically in formulas (4) and (5), as well as

for the neutral metallocenes.,

The counter anion indicated by P in formulas (4) and (5)

The anion P either does not coordinate with the metallocene
catlion or is only weakly coordinated to the cation thereby re-
maining sufficiently labile to be displaced by a neutral Lewis
base. As described in the Turner applications, the term "com-
patible noncoordinating anion" identifies an anion which, when
functioning as a stabilizing anion in the metallocene catalyst
system, does not transfer an anionic substituent or fragment
thereof to the cation to form a neutral metallocene and boron by-
product or other neutral metal or metalloid byproduct, as the

Case may be. Suitable noncoordinating anions include:

[W(PhF5)]~, [Mo(PhFg)~] (wherein PhF5 1s pentafluoryl phenol),
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[ClO04], [PFgl, [SbRgl-, and [AlR4] (wherein each R is indepen-
dently, Cl, a C1-Cs- alkyl group, preferably a methyl group, an
aryl group, e.g., a phenyl or substituted phenyl group, or a
fluorinated aryl group. For a further description of compatible
noncoordinating anions and their associated cations which may be'

employed in the present invention, reference is made to European

applications 277,003 and 277,004. In considering these

disclosures, it must be recalled, however, that unlike the
cationic metallocene catalyst of the Turner European applica-
tions, the cationic metallocene catalysts employed in the present
lnvention must be stereorigid with dissimilar Cp rings. The size
of the counter ion will depend on the bulk of the substituent
groups on the cyclopentadienyl rings and the manner in which
stereorigidity is imparted to the metallocene structure. Where
bridged metallocene structures of the type disclosed in the
aforementioned Pétent No. 4,892,851 are employed, the basic
requirement for production of the syndiotactic polymers is that
the cyclopentadienyl rings be dissimilar and, of course, at least
one ring being substituted. With stereorigidity provided by the
bridge structure, monomer insertion and l1somerization is

controlled primarily by the relationship of the anionic coun-

terion to the bridged struCture.

Where the structure is not bridged, sterebrigidity is

lmparted, as noted above, by means of direct steric hindrance



b

N P
/ A

> ! . - - | - &£

/J: l‘b‘ Q'IJ c - . ..:z .-j

~18-

imparted by the cyclopentad%enyl substituent groups or by a re-~
duced kinetic energy state of the rings or both. Relatively more
bulky substituent groups are required and steric relationships
are developed not only between the cyclopentadienyl substituents
but also between the substituents and the noncoordinating anion.
Here, the size of the anionic counterion may be slightly smaller
than 1in bridged structures where steric hindrance is not signifi-
cant, or at least is not as significant, as in the nonbridged
structure. 1In addition to size, the other important charac-
teristics of the anionic counterions are stability and bonding,
The anion must be sufficiently stable so that it cannot be ren-
dered neutral by virtue of the metallocene cation extracting an
anionic substituent or fragment. The bond strength with the
cation is such that it must be noncoordinating or only weakly
coordinating with the metallocene cation so that it makes way for
the inserting monomer in the chain growing reaction.

The metallocene catalysts disclosed in the Turner
European applications suffer from certain disadvantages in that
Lewlis bases may be produced by protonation of the metallocene
ligand which function as poisons for the metallocene catalyst. A
preferred procedure for producing cationic metallocene catalyst
of the type employed in the present invention involves the reac-
tion of an anionic compound in a noncoordinating solvent with a
neutral dimethyl metallocene of the type depicted by formula (2)

or (3), 1.e., where Q is CH3 and k is 2. By way of example,
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triphenylcarbenium tetrakis (pentafluorophenyl) boronate may be

reacted with the neutral metallocene in a solvent such as

toluene. Such catalysts and their preparation are disclosed in

European Patent Publication No. 0 426 637.

A preferred application of the invention is in the syn-
diotactic polymerization of C3+ alpha olefins, specifically, pro-
pylene, but the 1invention may be employed in the preparation of‘
other polymers from ethylenically unsaturated monomers where syn-
diotacticity is a desired structure. By the term "ethylenically
unsaturated monomer" as used herein is meant a hydrocarbon or
substituted hydrocarbon compound characterized by a terminal
vinyl group (CHp=CH-). ©Such compounds as may be employed in the
present 1invention have at least three carbon atoms or are a
substituted vinyl compound, specifically, vinyl chloride.. They

may be characterized in terms of the following formula:
CH2=CH-R (6)

wherein R 1s a hydrocarbyl groups or nonhydrocarbyl substituent.
For example, syndiospecific propagation of a polymer chain from
l-butene may be carried out in accordance with the invention.
Specific polymers in which syndiotacticity is sometimes desirable

and to which the invention is applicable, include polyvinyl
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chloride and polystyrene. ?he polymerization of a l-diene such
as 1l,3-butadiene, may also be carried out in accordance with the
present invention to achieve a syndiotactic polymer configura-
tion. Syndiotactic polypropylene is probably of the greatest
practical significance and the invention will be described in de-
tail with reference to the production of syndiotactic polypropy-
lene. However, other compounds in which the syndiotactic con-~
figuration is desirable are also of interest.

Polymerization procedures as disclosed in the aforemen-—
tioned Patent No. 4,892,851 may be employed in carrying out the
present invention. Co-catalysts, usually organoaluminum com-
pounds such as trialkylaluminum, trialkyloxyaluminum, dialkylalu-
minum halides or alkylaluminum dihalides may be employed in the
present invention. BEspecially suitable alkylaluminums are tri-
methylaluminum and triethylaluminum, with the latter, commonly
referred to as TEAL, being most preferred. However, aluminoxane,
which may be used as a co-catalyst in parent Patent No. 4{892,851
need not be, and preferably is not, used in carrying out the pre-
sent invention where cationic catalysts of the type depicted by

formulas (4) and (5) are used. Where the catalyst used in

carrying out the'invention 1s a neutral metallocene, an alumi-
noxane should be used following the teachings of U.S. Patent No.
4,892,851, Useful alumoxanes, either in the polymerization reac-

tion or in forming the complex, may be characterized by the

general formulas: (R-Al-0-) in the cyclic form and R(R-Al-0)n-—-
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ALRZ2 to the linear form wherein R is an alkyl group with one to

five carbon atoms and n is an integer from 1 to about 20. Most

preferably, R is a methyl group.

While Applicants' invention is not to be restricted Dy
theory, it is believed that neutral metallocenes form cationic
complexes by reaction with the alumincxane in the manner as dis—
closed by Zambelli, A. et al., "Isotactic Polymerization of
Propene: Homogenous Catalysts Based on Group 4 Metallocenes
Without Methylaluminoxane”, MacroMolecules 1989, 22, pages
2186~-2189., It is believed that the anionic species derived from
the aluminoxane compouné may function to stabilize the cationic
metallocene to permit monomer insertion chain migration and iso-
merization during growth of the polymer chain resulting in syn-
diotacity. The stereorigid cationic metallocene catalysts em-
ployed in the present invention accomplish isomerization during
monomer insertion and chain migration.

The procedures and reaction conditions disclosed in the
aforementioned parent Patent No. 4,892,851 may be employed in the
present invention with the exception, as noted above, that alumi-
noxanes need not be used and preferably, are not used where the
catalyst employed in the present invention is a cationic metallo-
cene. The prior art discloses the use of aluminoxanes as co-
catalysts with metallocene catalysts in amounts well in excess of
a stolchiometric equivalent amount providing mole ratios of alu-

minum to the coordinating metal (Me) of about 100-1000.
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Aluminoxanes usually are not. employed 1n the present invention
with cationic metallocenes and if they are used they are in
amounts well below the aforementioned range preferably providing
an Al/Me mole ratio of no more than 10, and, more preferably, no
more than 1.

The catalysts used in the present invention are syndio-
specific and produce a polymer with a high syndiotactic index.

As disclosed in parent Patent No. 4,892,851 syndiotactic polymers
generally have lower heats of crystallization than the
corresponding isotactic polymers. 1In addition, for the same
number of imperfections in the polymer chain, syndiotactic poly-
mers have a higher melting point than isotactic polymers,

The metallocene catalysts used in the present invention
may be characterized by formula (2), (3), (4) or (5) as described
above. Me is a Group 4, 5, or 6 metal from the Periodic Table of
Elements, but preferably is a Group 4 or S metal, and more pre-
ferably, a Group 4 metal, specifically titanium, zirconium‘or
hafnium. Vanadium is the most suitable of the Group 5 metals.
Each Q is a hydrocarbyl radical having 1-20 carbon atoms or is a
halogen. As a practical matter, Q will usually be a methyl or
ethyl group or a halide, preferably chlorine. In order to be
syndiospecific, the Cp rings in the metallocene catalysts must be
substituted in a substantially different ﬁanner so that there is

a steric difference between the two Cp rings, and therefore, S'y

or T'y is selected such that (CpS'y) or (CpT'y) is a substan-
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tially different substituted ring than (CpSx) or (CpTx). 1In
order to produce a syndiotactic polymer, tﬁe characteristics of
the groups substituted directly on the cyc;opentadienyl rings
appear 1lmportant. Thus, by "steric differénce" or "sterically
different” as used herein, it is intended ﬁo denote a difference
between the steric characteristics of the Cp rings that controls
the approach of each successive monomer unit that 1s added to the
polymer chain. The steric difference between the Cp rings acts
to block the approaching monomer from a random approach and con-
trols the approach such that the monomer ié added to the polymer
chain in the syndiotactic configuration. -

Without intending to limit the scope of the present in-
vention as indicated by the claims, it is believed that in the
polymerization reaction, both the catalysttand the approaching
monomer units isomerize with each monomer éddition to the polymer
chain as the chain migrates between catalygt sites. This iso-
merization of the monomer which is controlied by the steric

blockage of the differently substituted Cp rings results in the

closed by Natta et al. The different reaction mechanism also re-

sults in a different structure for the polymer.
In the preferred catalysts for use in the present inven-
tion, Me is titanium, zirconium, or hafnium: Q 1s a hydrocarbyl

group, preferably methyl or halogen, preferably, chlorine; and k
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1s preferably 1 in the case of cationic metallocenes and 2 in the
case of neutral metallocenes but may vary with the valence of the
metal atom. Exemplary hydrocarbyl radicals in addition to methyl
include ethyl, propyl, isopropyl, putyl, isobutyl, amyl, isoamyl,
hexyl, heptyl, octyl, nonyl, decyl, cetyl, phenyl, and the like.
Other hydrocarbyl radicals useful in the present catalysts in-

clude other alkyl, aryl, alkenyl, alkylaryl, or arylalkyl radi-

cals. Further, Sy zpq S'y, and Ty and T'y may comprise

hydrocarbyl radicals attached to a single carbon atom in the Cp
ring as well as radicals that are bonded to two carbon atoms in
the ring. The cationic catalysts used in the present invention
may be derived from a neutral metallocene moiety prepared in
accordance with any suitable procedures, such as described later
herein, which is then converted to the cationic state, following
procedures such as disclosed in the aforementioned European
applications 277,003 and 277,004, or more preferably, by reaction
with triphenylcarbenium boronates as described in the aforemen-
tioned European Patent Publication No. 0 426 637.

In the nonbridged metallocene catalysts of formulas (2)
or (4) stereorigidity is imparted by steric hindrance due to non-
bonded interaction between the two substituted cyclopentadienyl
rings. Stereorigidity is provided due to the fact that the sub-

stituent groups of the cyclopentadienyl rings interact in a spa-
cial arrangement between rings such that rotation of the rings

relative to the zirconium or other transition metal atom is pre-
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vented or at least retarded to a substantial extent. Examples of
such metallocenes providing for direct steric hindrance include
metallocenes of transition metals as described previously, pre-
ferably hafnium, zirconium or titanium, in which the metallocene
ligand includes ring structures having two or more substituents
with a total of at least five substituents on both cyclopenta-
dienyl rings. Examples include (dialkylcyclopentadienyl), (tri-
alkylcyclopentadienyl) and (tetraalkylkcyclopentadienyl) groups.,
Other substituted cyclopentadienyl radical palrs forming the
ligand include disubstituted, tetra substituted ring pairs, tri
substituted, tetra substituted ring pairs, and di substituted
penta substituted ring pairs. Suitable ligand structures include
(1,2 dialkylcyclopentadienyl) (1,3,4, trialkylcyclopentadienyl),
(1,2 dialkylcyclopentadienyl) (1,3, 4, trialkylcyclopentadienyl),
(1,3 dialkylcyclopentadienyl) (1,3, 4 trialkylcyclopentadienyl),
(1,2 dialkylcyclopentadienyl) (1, 3,4 trialkylcyclopentadienyl),
(1,2,3 trialkylcyclopentadienyl), (tetralkylcyclopentadienyl),
(1,2 dialkylcyclopentadienyl) (tetralkylcyclopentadienyl), (1,2,4
trialkylcyclopentadienyl), (tetralkylcyclopentadienyl), (1,3
dialkyl cyclopentadienyl) (1,2,3,4, tetralkyl cyclopentadienyl),
(1,3 dialkyl cyclopentadienyl) (pentalkyl cyclopentadienyl). The
corresponding alkylsilyl substituted cyclopentadienyl groups may
also be used in forming the metallocene ligand. Specific substi-
tuent groups which may be employed in previding direct steric

hindrance of the metallocene catalyst include: CH3-,C»
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Hg5-,C3H7-, (CH3)3C-, (CH3)3C§2~, (CH3)381-, (CpHs)3C-, (C2Hg)3C
CH2-, (C2H5)3Si-. Further specific examples of sterically hin-
dered ligand structures include (1,3 dipropylcyclopentadienyl)
(1L,2,4 triethylcyclopentadienyl) and (1,2 diisobutylcyclopen-
tadienyl) (triethylcyclopentadienyl).

As indicated by formulas (3) or (5), additional groups
Oof stereorigid metallocene catalysts useful in the present inven-
tior in which the cationic metallocenes are nonbridged, are
characterized by metallocenes incorporating substituted cyclopen-
tadienyl rings in which the substituent groups are relatively
bulky so as to impart a relatively low kinetic energy state to
the cyclopentadienyl rings. Here, the nonbridged cationic
metallocene catalysts are stabilized by carrying out the poly-
merization reaction under relatively low temperature conditions
which further act to retard rotation of the substituted cyclopen-
tadienyl rings about their coordination axes. The requisite low
kinetic energy state may be imparted to the cyclopentadienyl
rings by substituent groups which are in themselves relatively
bulky and reduce the kinetic energy of the cyclopentadienyl rings
by virtue of their atomic mass. This effect can be characterized
as strictly a physical phenomenon in the sense that by adding the
relatively bulky substituent groups to the cyclopentadienyl
rings, the inertia of each cyclopentadienyl ring is enhanced so
that more energy is needed to change 1its rotational position

relative to the coordination axis to the transition metal.

w i £ A T
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Examples of metallocenes depicted by formulas (3) and (5) include

benzylcyclopentadienyl) (penta dienyl cyclopentadienyl), (tetra
phenyl cyclopentadienyl) (pentabenzylcyclopentadienyl) and
(tetrabenzylcyclopentadienyl) (pentaphenylcyclopentadienyl). Aas
indicated previously, the preferred transition metals in for-
mulating the metallocene catalysts are zirconium, hafnium, and
titanium. Also, condensed ring cyclopentadienvyl structures as
described previously can be used in providing the metallocene
ligands as depicted by formulas (3) and (5). Specifically, the
Cp ring structures may include substituted fluorenyl and indenyl
groups.

Preferably, the syndiospecific metallocene catalysts of
the present invention exhibit bilateral symmetry of the metallo-
cene ligands when viewed as planar projections of the cyclopen-
tadienyl groups. By the term "bilateral symmetry"” as used here,
is meant the symmetry of the ligand as viewed through the axes of
the substituted Cp groups. For example, ligands having tetra
substituted cyclopentadienyl ring pairs would exhibit such bila-
teral symmetry if the substituents of each ring were the same or

1f the substituent at the three and four positions of a ring were

the same and the substituent at the 2 and 5§ positions were the
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same. However, a ligand with a 2, 3, 4 trisubstituted Cp group

or with an indenyl group would not exhibit bilateral symmetry,
In synthesizing the nonbridged metallocene catalysts of
the present invention, any suitable technique can be used to pro-
duce substituted cyclopentadienyl groups which may be lithiated,
for example, following a protocol such as disclosed in U.S.
Patent No. 4,892,851 for reaction with a transition metal
chloride to form the neutral metallocene ligands of the present
lnvention. However, in formulating the neutral metallocenes as
end products or as precursors for later conversion to cationic
metallocenes of the present invention, the lithiated substituted
cyclopentadienyl groups are reacted stepwise with the transition
metal salt, e.g., zirconium or titanium tetrachloride, with the
product of this reaction reacted with the other dissimilar bulky
substituted cyclopentadienyl group. By way of example using the
conventions Cp' and C" to designate dissimilar cyclopentadienyl
groups having bulky and/or sterically hindered substituents as
described above, a lithiated Cp' group may be reacted with zir-
conium tetrachloride to produce the dicyclopentadienyl (Cp'»r)
zirconium dichloride. The resulting product may be chlorinated
to produce the monocyclopentadienyl zirconium trichloride and
this product (Cp'2rCl3) then reacted with the lithiated Cp'"’
group to produce the product (Cp'), (Cp'') ZrClsy;. Those skilled
in the art will recognize that this stepwise reaction formate can

be followed to produce metallocenes based upon titanium, hafnium,
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vanadium or other suitable transition metals.

Bulky substituted cyclopentadienyl groups from which the
metallocene ligands of formulas (3) and (5) are formed can be
derived by any suitable technique. Starting materials include
benzyl alcohol, ketones of substituted cyclopentadienes, e.gq.,
tetraphenylcyclopentadiene-l-~-ketone and substituted fulvenes. By
way of example, pentabenzylcyclopentadiene can be produced by
reaction of 5 moles of benzyl alcohol with 1 mole of cyclopen-
tadiene in the presence of particulate sodium. The sodium acts
to promote ring aromitization as is well known in the art.
Pentaphenylcyclopentadiene can be produced by reaction of tetra-
phenylcyclopentadienyl-l-ketone with phenyl lithium. This same
reaction route can be used to produce other penta-substituted
cyclopentadienes., For'example, substituted cyclopentadienyl-1-
ketone can be reacted with an alkyl lithium such as methyl
lithium, ethyl lithium, n-propyl or isopropyl lithium, or normal
butyl or tertiary butyl lithium in tetrahydrofuran to form the
corresponding penta-substituted cyclopentadiene, for example,
methyl tetraphenylcyclopentadiene and the corresponding ethyl
propyl, isopropyl, butyl, and tertiarybutyl tetraphenylcyclopen-
tadienes. Benzyl tetraphenylcyclopentadiene and pentaphenyl-
cyclopentadiene can also be prepared by this reaction route using

phenyl lithium and beryl lithium, respectively.

The reaction of methyl lithium or another alkyl lithium

with a tetra substituted dimethylfulvene may be employed to



arrive at the bulky substituted cyclopentadienyl group. For ex-
ample, tetraphenyl-6-dimethylfulvene may be reacted with methyl
lithium or ethyl lithium to produce tertbutyl tetraphenyl cyclo-
pentadiene or tertamyl tetraphenyl cyclopentadiene. The result-
ing substituted cyclopentadienes can be reacted through the
previously described stepwise procedure with a transition metal
halide, e.g., titanium, hafnium or zirconium tetrachloride, to
produce the corresponding dichloride in which dissimilar sub-

stituted cyclopentadienyl groups are coordinated with the tita-

nium, zirconium or other transition metal in the neutral metallo-
cene complex. It will be recognized from the foregoing that
numerous metallocene ligands having dissimilar bulky substituted
cyclopentadienyl groups can be prepared following the reaction
formats indicated above. In addition to those described pre-
viously, such ligands include (pentabenzylcyclopentadienyl)

(ethyl tetraphenylcyclopentadienyl), (pentabenzylcyclopenta-

dienvyl), (propyltetraphenylcyclopentadienyl), (benzyltetraphenyl

cyclopentadienyl) (tetrabenzyl cyclopentadienyl) and iscamyl-
tetraphenylcyclopentadienyl) (methyltetraphenylcyclopentadienyl).
Sterically hindered metallocenes of the type depicted by
formulas (2) and (4) above can be produced following protocols
similar to those above for producing the bulky substituent cyclo-

pentadienyl groups but with more linear substituent groups which

act by direct steric hindrance to impart stereorigidity. An

alternative approach is through the formation of substituted
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cyclopentanones by cyclization or ring closure reactions involy-
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ing substituted olefinic carboxylic acids or esters. The cycli-
zation reaction can be carried out in accordance with any suit-
able procedure to produce the corresponding cyclopentanone. The
substituted cyclopentanone may be reduced to an alcohol by any of
the well known reduction reactions for conversion of cyclic keto-
nes to the corresponding alcohols. For example, lithium or
sodium alumium hydride can be employed to reduce the substituted
cyclopentanone to the corresponding substituted cyclopentenol. A
dehydrating agent such as sulfuric acid or oxalic acid can then
be used to dehydrate the substituted cyclopentenol to the
corresponding substituted cyclopentadiene. The reaction of poly-
phosphoric acid on substituted alpha-ethylenic esters can be used
for the preparation of substituted cyclopentadienes used in for-
mulating sterically hindered metallocenes of formula (3).
Examples include reactions of polyphosphoric acid on substituted
acrylates or crotonates. For example, methyl-2-n-butyl croto-
nate, 1sopropyl crotonate, or butyl crotonate can be reacted with
polyphosphoric acid to produce the corresponding substituted
cyclopentenones. These reactions can take place at temperatures
in the range of 60-100°C with the reaction times varying from a
few minutes to a few hours. The resulting ketones are reduced by
LiAlH4 to the corresponding alcohols and the alcohols then de-
hydrated to yield the desired substituted cyclopentadienes.

These, in turn, can be aromatized and reacted with the



-39 r:wZ f"1V
appropriate transition metal halide, for example, titanium, haf-~
nium or zirconium tetrachloride to produce the metallocenes.
Similar reactions with polyphosphoric acid can be carried ocut
using acrylic esters, e.q., methylacrylate. The resulting sub-
stituted cyclopentadienes can be reacted through the previously
described stepwise procedure with a transition metal halide,
e.g., titanium, hafnium or zirconium tetrachloride to produce the
corresponding dichloride in which dissimilar substituted cyclo-
pentadienyl groups are coordinated the the titanium, zirconium or
other transition metal in the neutral metallocene complex. It
will be recognized from the foregoing that numerous metallocene
ligands having dissimilar bulky substituted cyclopentadienyl
groups can be prepared following the reaction formats indicated
above. 1In addition to those described previously, such ligands
include (pentabenzylcyclopentadienyl) (ethyl tetraphenylcyclo-
pentadienyl), (pentabenz?lcycloPentadienyl), (propyltetraphenyl-
cyclopentadienyl), (benzyltetraphenyl cyclopentadienyl) (ﬁetra-
benzyl cyclopentadienyl) and isoamYltetraphenylcyclopentadienyl)
(methyltetraphenylcyclopentadienyl).

The neutral metallocenes can be converted to the cat-
ionic state by any suitable technique. Preferably, such conver-
sion is effected using a trityl compound such as triphenylcarben-
lum tetrakis (pentafluorophenyl borate) as described above,

Other suitable techniques are disclosed in the aforementioned

European applications 277,003 and 277,004.



As noted previously, the metallocene catalysts of for-
mulas (2) and (4) are stabilized by employing them under low tem-
perature polymerization conditions. For example, polymerization
of propylene may be carried out at temperatures of down to about
-78°C or lower using the sterically hindered nonbridged metallo-
cenes of the present invention. The temperatures at which the
metallocene catalysts of the present invention are stereorigid
can be determined for an individual catalyst based upon nuclear
magnetic resonance studies, as described below. As a practical
matter, the substituted cyclopentadienyl groups are at suf-
ficiently low kinetic energy states induced by the substituent
group so as to prevent rotation of the rings about their coor-
dination axes at temperatures of less than -20°C. Much lower .
temperatures may be used, and as indicated previously, the poly-
merization of propylene can be carried out at temperatures of
-78°C or lower.

The temperatures at which a bulky substituted metallo-
cene catalyst of the present invention becomes stereorigid can be
readily determined through nuclear magnetic resonance studies as
the temperature of the catalyst is lowered from room tempera-
ture conditions. The NMR spectrum of a given metallocene having
sterically different bulky substituted cyclopentadienyl groups
will initially show two sharp identifiable peaks corresponding to

the two substituted cyclopentadienyl rings. Aas the temperature

1s lowered, the peaks will change in characteristics, typically
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broadening, and measurements can be taken at progressively de-
creasing temperature values until it is observed that no change
1n the NMR spectrum occurs when going from one temperature to the
next. At this temperature, the metallocene ligand is in a
stereorigid condition in which the substituted cyclopentadienyl
groups are no longer rotating.

Having described specific embodiments of the present

invention, it will be understood that modification thereof may be
suggested to those skilled in the art, and it is intended to
cover all such modifications as fall within the scope of the

appended claims.
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CLAIMS

1. A catalyst for use in the syndiotactic

propagation of a polymer chain comprising an unbalanced

pa——

metallocene stereorigid metallocene of the formula

(CpSy) (CpS’,) MeQy
or
(CpT,) (CpT’,) MeQ,
wherein: Cp i1s a cyclopentadienyl ring; each S and T is the

same or different and is a hydrocarbyl radical

having from 1-20 carbon atoms; each S’ and T’ is the

same or different and is a hydrocarbyl radical

having from 1-20 carbon atoms and selected such that

CpSy 1s a sterically different ring than CpS’, and is

Y

in a sterically hindered relationship relative to
CpS, sufficient to prevent rotation of said rings and
impart stereorigidity to said catalyst; and CpT, and

CpT’, are sterically different rings and are both at

F
—

S U

ficiently low kinetic energy states induced by

the substituent groups T and T’ so as to prevent
rotation of said rings about their coordination
axes; Me 1s a Group 4, 5, or 6 metal from the

Periodic Table of Elements; each Q is a hydrocarbyl

radical having from 1-20 carbon atoms or a halogen;

X 1s from 1 to 5; v is from 1 to 5: k is from 0 to

3.
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2. The catalyst of Claim 1, wherein said catalyst

comprises an unbalanced metallocene cation and a stable

noncoordinating counter anion for said metallocene cation.

3. The catalyst of Claim 1, in which said

unbalanced stereorigid metallocene is a neutral metallocene.

4 . The catalyst of Claim 1, wherein said

transition metal is a Group 4 or Group 5 metal from the

Periodic Table of Elements.

5. The catalyst of Claim 4, wherein said

transition metal is titanium, zirconium or hafnium.

6. The catalyst of Claim 1, wherein the

substituent groups of said ring structures impart

stereorigidity by means of a sterically hindered relationship

between said ring structures.

7. The catalyst of Claim 6, wherein said catalyst

comprises an unbalanced metallocene cation and a stable

noncoordinating counter anion for said metallocene cation.

8 . The catalyst of Claim 7, wherein said

transition metal is titanium, zirconium or hafnium.
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S. The catalyst of Claim 1, wherein the

substituent groups of said ring structures are sufficiently
pulky to induce low kinetic energy states to said ring
structures so as to prevent rotation of said rings about their

coordination axes at a temperature which is less than -20°C.

10. The catalyst of Claim 1, wherein said catalyst
comprises an unbalanced metallocene cation and a stable

noncoordilnating counter anion for said metallocene cation.

11. The catalyst of Claim 1, in which said

unbalanced stereorigid metallocene is a neutral metallocene.

12. The catalyst of Claim 1, wherein Me is

titanium, zirconium or hafnium and k is 1 or 2.

13. The catalyst of Claim 12, wherein each Q is a

methyl or ethyl group or chlorine.

14. The catalyst of Claim 13, wherein each Q is a

methyl group or chlorine.

15. The catalyst of Claim 1 characterized by the

formula: (CpS,) (CpS’,) MeQ,.
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16. The catalyst of Claim 15, wherein x is 2 or 3

and y 1s from 3-5.

F

17. The catalyst of Claim 16, wherein S and S8’ are

alkyl or alkylsilanyl groups containing from 1-8 carbon atoms.

18. The catalyst of Claim 1, characterized by the
formula:

[ (CpS,) (CpS’,) MeQ,]'p
or

[ (CpT,) (CpT’,) MeQ.]'p .

wherein: Cp, S, S, T, T', X, v, Me, and Q are the same as

specified in Claim 1, k is from 0 to 2; and p is a

stable noncoordinating counter anion.

19. The catalyst of Claim 18, wherein Q is a

titanium, zirconium or hafnium and k is 1.

20. The catalyst of Claim 18, characterized by the

formula: [ (CpS,) (CpS’,) MeQ.]l'p .

21. The catalyst of Claim 20, wherein Q is a

halogen or a methyl or ethyl group.

22. The catalyst of Claim 21, wherein Q is a methyl

group or chlorine.
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23. The catalyst of Claim 22, wherein S and S’ are

alkyl or alkylsilanyl groups containing from 1 to 8 carbon

atoms.

24. A process for the syndiotactic propagation of a

polymer chain derived from an ethylenically unsaturated

monomer comprising:
(a) providing a catalyst of the formula
(CpS,) (CpS’,) MeQ,
or
(CpT,) (CpT’,) MeQ,
wherein: Cp 1s a cyclopentadienyl ring; each S and T is the

same or different and is a hydrocarbyl radical

having from 1-20 carbon atoms; each S’ and T’ is the
same or different and is a hydrocarbyl radical
having from 1-20 carbon atoms and selected such that

CpSx 1s a sterically different ring than CpS’, and is

Y

1ln a sterically hindered relationship relative to

—

CpS, sufficient to prevent rotation of said rings and

lmpart stereorigidity to said catalyst; and CpT, and
CpT’, are sterically different rings and are both at
sufficiently low kinetic energy states induced by
the substituent groups T and T’ so as to prevent
rotation of said rings about their coordination
axes; Me 1s a Group 4, 5, or 6 metal from the

Periodic Table of Elements; each Q is a hydrocarbyl
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radical having from 1-20 carbon atoms or a halogen;

X 1s from 1 to 5; y is from 1 to 5; k is from 0 to
3.
(b) contacting said catalyst in a polymerization

reaction zone with an ethylenically unsaturated monomer which

contains 3 or more carbon atoms or which is a substituted
vinyl compound and maintaining said reaction zone under
polymerization conditions to produce syndiospecific

polymerization of said monomer.

25. The process of Claim 24, wherein the transition

metal of said catalyst is a Group 4 or Group 5 metal from the

Periodic Table of Elements.

26. The process of Claim 25, wherein the transition

metal of said catalyst is titanium, zirconium or hafnium.

27. The process of Claim 24, wherein the
substituent groups of the ring structures of said catalyst
1impart stereorigidity to said catalyst by means of a

sterically hindered relationship between said ring structures.

28. The process of Claim 24, wherein the

substituent groups of the substituted cyclopentadienyl rings

—

of said catalyst are sufficiently bulky to induce low kinetic

energy states to saild ring structures so as to prevent
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rotation of said ring structures about their coordination axes

at the temperature of the polymerization reaction zone in step

(b) of Claim 24.

29. The process of Claim 24, wherein said catalyst

comprises an unbalanced metallocene cation and a stable

noncoordinating counter anion for said metallocene cation.

" aad

30. The process of Claim 24, wherein said

ethylenically unsaturated monomer is a C,+ hydrocarbon.

31. The process of Claim 30, wherein said
ethylenically unsaturated monomer is a vinyl aromatic

compound.

32. The process of Claim 31, wherein said vinyl

aromatic compound is styrene.

33. The process of Claim 24, wherein said

ethylenically unsaturated monomer is a substituted vinyl

compound.

34. The process of Claim 33, wherein said

substituted vinyl compound is vinyl chloride.
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35. The process of Claim 24, wherein said

ethylenically unsaturated monomer is a C,+ alpha olefin.

36. The process of Claim 35, wherein said C,+ alpha

olefin 1s propylene.

37. A process for the production of syndiotactic

polypropylene comprising:

(a) providing a stereorigid cationic metallocene

catalyst characterized by the formula:

Oor

wherein:

e N AR TN e L e A e e dadrdl v ch =y

(CpS.,) (CpS’,) MeQ,

(CpT,) (CpT’',) MeQ,

Cp 1s a cyclopentadienyl ring; each S or T is the

same or different and is a hydrocarbyl or
substituted radical having from 1-20 carbon atoms:;

each S’ or T’ 1s the same or different and is a

nydrocarbyl or substituted hydrocarbyl radical
having from 1-20 carbon atoms and selected such that

CpSy 1s a sterically different ring than CpS’, and is

Y

in a sterically hindered relationship relative to

CpS’, sufficlent to prevent rotation of said rings
and 1mpart stereorigidity to said catalyst and CpT,

and CpT’, are sterically different rings and are both

at sufficiently low kinetic energy states induced by

the substituent groups T and T’ so as to prevent

T e TN AR G e - AP I ML A et e et I A bl oAb o ity s ua s e s, 2 M A, . e sass ®ss ®
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rotation of said rings about their coordination axes

p—=

at the temperature of the polymerization reaction

zone 1n step (b); Me is a Group 4, 5, or 6 metal

from the Periodic Table of Elements; each O is a

hydrocarbyl group having from 1-20 carbon atoms or

1s a halogen; x is from 1 to 5; y is from 1 to 5; k

1s from 0 to 3;: and

(b) contacting said catalyst with propylene in a
polymerization reaction zone under polymerization reaction

conditions to produce syndiotactic polypropylene.

38. The process of Claim 37, wherein Me is

zlrconium, titanium or hafnium and k is 1 or 2.

39. The process of Claim 38, wherein each k is a

halogen or a methyl or ethyl group.

40. The process of Claim 39, wherein said catalyst

1s characterized by the formula:
[ (CpS,) (CpS’,) MeQ.]'p

or
[ (CpT,) (CpT',) MeQ,]'p .

wherein: Cp, S, S', T, T', X, v, Me, and Q are the same as
specified in Claim 37, k is from 0 to 2; and P is a

stable noncoordinating counter anion.
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41. The process of Claim 40, wherein Me is

titanium, zirconium or hafnium and k is 1.

42. The process of Claim 41, wherein said catalyst

1s characterized by the formula: [ (CpS,) (CpS’,) MeQ,]'p .

43. The process of claim 41, wherein Q is a halogen

or a methyl or ethyl group.

44 . The process of Claim 41, wherein Q is a

chlorine or methyl group.
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