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PROCESS USING BORANE DERIVED CATALYSTS FOR PREPARATION OF SYNDIOTACTIC VINYL
' AROMATIC POLYMERS

The present invention retates to a process for polymerizing vinyl aromatic
monomers, such as styrene, to produce polymers having a high degree of syndiotacticity, and 1n
particular to a protess for preparing polymers of vinyl aromatic monomers having a high
degree of syndiotacticity using an alkylalumoxane-free catalyst. More particularly still, this
invention relates to such a process using catalyst compositions obtained by abstraction of a
leaving group from inert Group 4 metal compounds with a borane. The resulting polymers .
may be usefully employed in the preparation of solid objects and articles such as a moldings,
films, sheets and foamed objects by molding, casting or the like process.
in US-A-4,680,353 there is disclosed.a process for the preparation of polymers of vinyl aromatic
monomers having a stereoregular structure of high syndiotacticity by the use of certain
coordination catalysts. Particularly disclosed were the reaction products of a titanium
compound and an organoaluminum compound, especially polymethylaluminoxane The
process disclosed in this patent requires the use of large amounts of the '
polymethylaluminoxane which is very expensive and difficult to make due to its very complex

structure. Also, this process requires an expensive polymer purification system to remove

" remaining catalyst components due to the use of large amounts of the

polymethylaluminoxane. ,

In EP-A-277,004 there are disclosed certain bis(cyclopentadienyl) metal compounds formed by
reacting a bis(cyclopentadienyl) metal complex with salts of Bronsted acids containing a non-
coordinating compatible anion. The reference discloses the fact that such complexes are
usefully employed as catalysts in the polymerization of olefins.

In). Am. Ch. Soc. 113, 3623-3625 (1991) there is disclosed a process for preparation of “cation
like"” zirconocene polymerization complexes by alkyl abstraction using
tris(pentafluorophenyl)borane. The complexes were stated to have olefin polymerization

activity roughly comparable to typical zirconocene/alumoxane com plexes.
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According to the present invention there is now provided a process for prepan:ing polymers of
vinyl aromatic monomers having a high degree of syndiotacticity which process comprises
contacting at least one polymerizable vinyl aromatic monomer under polymerization
conditions with a catalyst comprising a metal complex corresponding to the formula:

L MXqn~ RBY3-, whereinf
Lis a delocalized n-bonding group or substituted group containing up to 50 nonhydrogen
atoms;
misQort;
M is a metal of Group 4 of the Periodic Table;

X each occurrence is an inert, anionic ligand containing up to 20 nonhydrogen atoms;

nis an integer greater than or equal to 1 and the sum of m and n is one less than the valence of

M;
Ris hydrocarbyl, silyl, a combination thereof or a substituted derivative thereof having up to
20 nonhydrogen atoms;

B is boron; and
Y is an mert covalently bound group having up to 40 atoms and BY,isa stable borane

compound able to abstract an R group from a compound of the formula L_MX R.
The preceding formula is referred to as the limiting, charge separated s{ructure. However, itis
to be understood that, particufarly in solid form, tﬁe catalyst may not be fully charge separated.
That s, the R group may retain a partial covalent bond to the r'netarl atom, M. Thus, the
catalysts may be alternately depicted as passessing the formula:
L MX -R-BY,.

The catalysts are prepared by contacting a Group 4 metal containing compound ofthe
formula: ’

LmMXnR
with the borane compound in an inert diluent. Alternatively, the catalysts may.be prepared by
contacting a Group 4 metal containing compound that s devoid of R groups with the borane
compound in the presence of an aluminum compound of the formula Al R, Stated more
explicitly the steps of this process com prise contacting a Group 4 metal containing compound
of the formula:

L_MX

with a borane cbmpound of the formula BY, in the presence of an aluminum compound of the

n+ 1

formula AIR, in aninert diluent under conditions to cause abstraction of at least one R group
from the aluminum compound and assimilation thereofin the resulting borane containing
complex.

As used herein, the term “syndiotactic” refers to polymers having a stereoregular structure of
greater than 50 percent syndiotactic of a racemic triad as determined by C'* nuclear magnetic

resonance spectroscopy. Such polymers may be usefully employed in the preparation of articles
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and objects (for example, via compression molding, injection molding or other suitable
technique) having an extremely high resistance to deformation due to the effects of
temperature. '

The term ”substituted“ when used with reference to L or R means inert substituent groups,
including such groups as aralkyl, alkaryl, haloalkyl, silylalkyl, haléalkyl, haloaryl, haloalkaryl,
halosilyl, haloalkarylsily!, alkoxyalkyl, and so forth.

The term “inert” means noninterfering with the desired catalyst preparation or with the use of
the resulting metal complex containing compound as a polymerization catalyst.

All reference to the Periodic Table of the Elements herein shall refer to the Periodic Table of
the Elements, published and copyrighted by CRC Press, Inc., 1989. Also, any referenceto a
Group or Series shall be to the Group or Series as reflected in this Periodic Table of the
Elements, utilizing the IUPAC system for numbering groups.

Preferred compositions according to the present invention are those whereinmis 1, n1s 2, and
Lis a cyclopentadienyl or substituted cyclopentadienyl group. Exampies of cyclopentadieny!
and substituted cyclopentadieny! groups for use according to the presentinvention are groups

depicted by the formula:

R! R'

R' R!

wherein:

R’ each occurrence is independently selected from the group consisting of hydrogen, halogen,
R,N-R,, P-R,; OR; SR or BR, wherein Ris as4previously defined. Preferably, R' is alkyl or
haloalky! 01.’ up to 6 carbons. Preferred delocalized n-bonding groups are cyciopentadiene and
substituted cyclopentadiene, especially pentamethylcyclopentadiene.

Most preferably M is titanium.

lllustrative but nonlimiting examples of X include R, halo, NR,, PR, OR, SR, BR,, etc. Preferably
X each occurrence is R, NR_ or OR.

llustrative, but not limiting examples of suitable metal derivative compounds include:
tetranorborene titanium, tetrabenzyl zirconium, tetraneopentyl titanium,
(cyclopentadienyl)dimethyl(isopropoxy)titanium, (cyclopentadienyl)dibenzy!-
(isopropoxy)titanium, (cyclopentadienyl)dibenzyl(phenoxy)zirconium,
(cyclopentadienyl)dibenzyl(isopropoxy)hafnium, (cyclopentadienyl)dimethylzirconium
chloride, bis(phenoxy)di(trimethylsilyl)zirconium, phenoxytrimethylzirconium, bis(2,6-
diisopropyl-4-methyl)phenoxy)dibenzyltitanium, bis(2,4,6-trimethylphenoxy)dibenzyltitanium,

-3-
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tri(tertiarybutyl)silbxytrimethy[ zirconium, bismethoxydi(phenylmethyl)titanium, his(2,4,6-
trimethylphenoxy)dibenzyltitanium, triphenoxybenzyltitanium, butoxytris((trimethy!-
silyl)methyt)zirconium, dimethoxydimethylzirconium, 4-(1-methyl-1-(4-methoxy-
phenyl)ethyl)phenoxy tribenzyl titanium, dinorborene dichlorotitanium, tribenzyltitanium
hydride, cyclopentad ienyltribenzylzirconium, cyclopentadienyltribenzyltitanium,
cyclopentadien.yltrimethyltita'nium, cyclopentadienyltrimethylzirconium, cyclopentadienyl-
trineopentyltitanium, cyclopentadienyltri(diphenylmethy()zirconium, cyclopenta-
dienyltriphenylzirconium, cyciopentadi'enyltrineopentylzi rconium, cyclopentadienyltri(m-
tolyl)zirconium, cyclopentad ienyltri(p-tolyl)zirconium, cyclopentadienyldimethyltitanium
hydride, cyclopentadienyltri(di phenylmethyl)zirconium, pentamethylcyclopentadienyl-
trimethylzirconium, ethy[cyciopentadienyltrimethy[zirconium, pentamethylcyclo-
pentadienyltribenzylzirconium, n-butyIcyc[opentadienyltrineopentyltitanium,
(t—butylcyciopentadieny[)‘tri(trimethylsilyl)zirtonium, cyclohexylcyclopentadienyl-
trimethylzirconium, {pentamethylcyclopentadienyl)d imethylzirconium chloride,
indenyldibenzyltitanium chloride, (pentamethylcyclopentadienyl)dilsopropoxy hafnium
chloride, (benzylcyclopentadienyl)di{m-tolyl) titanium chloride, (diphenylcyclopenta-
dienyl)dinorborneylzirconium chioride, pentamethy[cyc[opentadienyltriphenylzirconium,
tetraethylcyclopentadienyltribenzylzi rconium, propylcyc(opentadienyltrimethylzirconium,
propylcyctopentadienyltrimethylzirconium, (n-butylcyclopentadienyl)dimethyl(n-butoxy)-
titanium, cyclopentadienyldiphenylisopropoxyzirconium, cyclohexylmethylcyclopenta-
dienyltrribenzylzirconium, cyciohexylmethylcyclopentadieny(trimethylzircomum,
cyclopentadienyimethylzirconium dihydride, benzylcyclopentadienyltrimethythafnium,
indenyltribenzylzirconium, trimethylsilylcyclopentadienyltrimethylzirconium, trimethyi-
germy!cydopen_tadienyl)trimethyltita nium, trimethylstannylcyclopentadieny!-
tribenzylzircbnium, (pentatrtmethylsily[)cyclopentadienyltrimethyizrrconium, tri-
methylsilylcyclopentadienyltri methylzirconium, penta(trimethylsilyl)cyclopenta-
dienyltribenzyltitanium, trimethylgermyl cyclopentadienyltriphenylhafnium,
trifluoromethylcyclopentadienyltrimethylzi rconium, trifluoromethylcyclopenta-
dienyltrinorborneylzirconium, trifluoromethylcyciopentadienyltribenzylzi rconium,
cyclopentadienyltrimethylsilylzirconium, cyclopentadieny[tri(phenyldimethylsilyl)zirconium,
and the like. '

Other compounds which are useful in the catalyst compositions of this invention will, of
course, be apparent to those skilled in the art.

Suitable borane compounds fo} use herein particularly include tris(fluoroaryl) and tris
(trifluoromethyl substituted aryl) borane com pounds, or other suitable inertly substituted
borane compounds. Examples include tris(pentafluorophenyl)borane,
tris(2,3,5,6-tetrafluorophenyl)borane, tris(3,5-di(triﬂuoromethyl)phenyl)boréne, etc. Especially

preferred are perfluorinated compounds such as tris(pentafluorophenyl)borane.

-4-
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a] generai, the catalyst can be prepared by combining the metai compound and borane
compound (or by combining the metal compound, borane compound and AlR))ina suitable
solvent at a temperature within the range from -100°C to 100°C, preferably 0 to 50°C. The
presence of residual aluminum containing species in the catalyst system is not detrimental to
catalyst performance. The catalyst system can also form in situ if the components thereof are
added directly to the polymerization process and a suitable solvent or diluent, including
condensed monomer, is used in said polymerization process. It is, however, preferred to form
the catalyst in a separate step in a suitable solvent prior to adding the same to the
polymerization step. The catalysts’ components are generally sensitive to both moisture and
oxygen and shbuld be handled and transferred in an inert atmosphere such as nitrogen, argon
or helium.

When the catalysts of the invention are prepared by combining the metal compound, borane
compound and AIR, itis believed that a transfer of one or more R groups to the metal
compound first occurs. Upon interacting with the borane compound, one of the R groups is
then abstracted by the borane to form the ultimate catalytic species. Thus by tHis technique the
metal compound ihitially utilized may be a metal alkoxide or similar compound which by itself
would not be suitable for use in combination with the borane.

A previously indicated, the improved catalyst of the presentinvention will, preferably, be
prepared in a suitable solvent or diluent. Suitable solvents or diluentsinclude any of the -
solvents known in the prior artincluding, but not necessarily limited to, straight and branched-
chain hydrocarbons such as C_,, alkanes (hexane, heptane and octane); C_ . cyclicand alicyclic,
aliphatic hydrocarbons such as cyclohexane, cycloheptane, methylcyclohexane, and
methylcycloheptane; C_ aromatic and alkyl-substituted aromatic compounds such as
benzene, toluene, xylene and decalin; and mixtures thereof. '

in general, catalysts according to the present invention can be selected so as to produce
polymer products that will be free of certain trace metals generally found in polymers
produced with Ziegler-Natta type catalysts containing cocatalysts such as aluminum or
magnesium based compounds.

In the practice of the present invention, vinyl aromatic monomers can be polymerized in the
presence of the catalyst as mentioned above. Suitable vinyl aromatic monomers which can be

polymerized in the process of the present invention include those represented by the formula:
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(R)5

wherein each Ris independently hydrogen; an aliphatic, cycloaliphatic or aromatic
hydrocarbon group having from 1 to 10, more suitably from 1to 6, most suitably from 110 4,
carbon atoms; or a halogen atom. Examples of such monomers include, styrene, chlorostyrene,
n-butyl styrene, p-vinyl toluene etc. with styrene being especially suitable. Copolymers of
styrene and the above viny! aromatic monomers other than styrene can also be prepared.

The polymerization may be cond ucted under slurry, bulk or suspension polymerization
conditions or other suitable reaction conditions including solid, powdered reaction conditions.
The polymerization can be conducted at temperatures of from 0°C to 160°C, preferably from
25°C to 100°C, more preferably from 30°Cto 80°C, for a time sufficient to produce the desired
polymer. Typical reaction times are from one minute to 100 hours. preferably from 1to 10
hours. The optimum reaction time or reactor residence time will vary depending upon the
temperature, solvent and other reaction coﬁditions employed. The polymerization can be
conducted at subatmospheric pressure as well as su peratmospheric pressure, surtably ata
pressure within the range of 1to 500 psig (6.9 kPa-3,400 kPa). The use of ambientor iow
pressures, for example, 1-5 psig (6.9-34.5 kPa) is preferred in view of lower capital and
equipment costs.

The polymerization may be conducted in the presence of aninert diluent or solvent or in the
absence thereof. Inthe latter event excess monomer serves as a diluent. Examples of suitable,
nonreactive diluents or solvents include C_,. aliphatic, cycloaliphatic, aromatic and
halogenated aliphatic or aromatic hydrocarbons, as well as mixtures thereof. Preferred
nonreactive diluents comprise the C_, alkanes, toluene and mixtures thereof. A particularly
desirable diluent for the polymerization is iso-octane, iso-nonane or blends thereof such as
Isopar-E?, available from Exxon Chemical Company. Suitable amounts of solvent are employed
to provide a monomer concentration from 5 percent to 100 percent by weight.

The molar ratio of the vinyl aromatic monomer to the catalyst (in terms of metal) may range
from 100:1 to 1,000,000: 1, preferably from 3,500:1 to 200,000: 1. In the case of using asolvent,
the catalyst may be used ata concentration with the range from 107 to 107" moles per liter of
solvent. -

As in other similar polymerizations itis highly desirable that the monomers and solvents

employed be of sufficiently high purity that catalyst deactivation does not occur. Any suitable

-6-
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technique for monomer purification such as devolatilization at reduced pressu res, contacting
with molecular sieves or high surface area alumina, deaeration, etc. may be employed. In
addition a small amount of an aluminum trialkyl compound or similar scavenger may be added
to the reaction mixture to protect the catalyst from deactivation by contaminants in the
reaction mixture.

Purification of the resulting polymer to remove entrained catalyst may also be desired by the
practitioner. Purification of the resulting polymer prepared by the process of this invention is
much easier than purification of polymer prepared by a conventional process since the process
of this invention does not use polyalkylaluminoxane which is used in large quantities as '
cocatalyst in conventional processes. Entrained catalyst may generally be identified by residues
of ash on pyrolysis of the polymer that are attributable to catalyst metal values. A suitable
technique for removing such compounds is by solvent extraction, for example, extraction
utilizing hot, high boiling chlorinated solvents, acids or bases, such as caustic, followed by
filtration. However, because of the small amounts of catalyst used in the process, polymér
purification is normally not necessary.

Having described the invention, the following examples are provided as further illustrative and
are not to be construed as limiting. Unless stated to the contrary, all parts and percentages are
based on weight. '

Exampie !
Preparation of Catalyst

Adry 2 ml volumetric flask was charged with 0.70 ml of a 0.0069M toluene solution of
pentamethylcyclopentadienyltitanium tribenzyl under an argon atmosphere Next, 97 plof a
0.05M solution of tri{(pentafluorophenyl) boron in toluer;e was added. Additional toluene was
added to fill the flask. The contents were stirred for one hour at 25°C resulting in the formation
of a 0.00241M solution of a composition having a charge separated, limiting structure )
corresponding to the formula:

[CpTiBz]* [BzB(C.F),)

" wherein Cp is cyclopentadienyl and Bz is benzyl.

_ Preparation of Syndiotactic Polystyrene

Adry 20 ml vial was charged with 10.0 ml (87.4 mmol) of purified styrene and 20p! of a 1M
solution of triisobutyl aluminum in toluene. The vial was capped with a teflon coated septa
and a metal crimp cap, and placed in a water bath at 70°C. After 10 minutes 250pl of the above
catalyst composition was added, giving a total molar ratio of styrene:Ti:borane:triisobuty!
aluminum of 145,000:1:1:33. After 1 hour the vial was removed from the water bath and the
polymerization was stopped by the addition of 2ml of methanol. The off-white, insoluble
product was washed with methanol and dried in-vacuo to obtain 5.2 gm of a resuftant
polymer. The polymer was insoluble in methylene chloride or other common soIvehts for

atactic polystyrene, and had a melting point of 270.4°C (by DSC), consistent with polystyrene

-7-
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having a syndiotacticity of greater than 98 percent. Yield was 0.45g, 5.0 percént. Molecular
weight (Mw) determined by viscosity comparison of o-dichlorobenzene solutions of samplies of
known molecular weight was 221,000.

Example 2

The reaction conditions of Example 2 were repeated excepting that the tltamum compound
used was pentamethylcyclopentadleny!trxsmethoxy titanium (4.8 pmol) and 26.5 pf of 2 1M
toluene solution of triisobutyl aluminum was added to the titanium compound before addition
of the borane solution. The mixture of titanium compound, triisobutyl aluminum and
tri(pentafluorophenyl)borane was allowed to interact while being stirred for 1.5 hours. The
resulting catalyst solution was a medium brown color. The polymerization conditions of
Example 1 were substantially repeated. The resultmg polymer had a crystalline melting point
of 270.2°C, consistent with a polymer having greaterthan 98 percent syndiotacticity. Yield was
11.5 percent. Mw as determined by viscosity comparison techniques was 814,000.

Comparative '

When the above reaction conditions were repeated without addition of the triisobuty

aluminum solution, no polymerization occurred.

Example 3
The reaction conditions of Example 2 were substa ntially repeated excepting that 48 ul of a 1M

toluene solution of triisobutyl aluminum was added to the pentamethylcyclo-
pentadienyltrismethoxy titanium compound before addition of the borane solution. In
addition 1.25 ml of the 0.05M solution of tri(pentafluorophenyl) borane was used. The mixture
of titanium compound, triisobutyl aluminum and tri(pentafluorophenyl)borane was allowed to
interact while being stirred for 1.5 hours. The resulting catalyst solutionwas a medium brown
color. The polymerization conditions of Example 3 were also repeated The final molar ratio of
styrene: Ti:borane:triisobuty! aluminum was 145,000:1:13:43. The resulting polymer had a
crystalline melting point of 269.6°C, consistent with a polymer having greater tl:uan 98 percent

syndiotacticity. Yield was 8.3 percent. Mw was 763,000.
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1. Aprocess for preparing polymers of vinyl aromatic monomers having a
high degree of syndiotacticity comprising contacting'at least one polymerizable vinyl aromatic
monomer at a temperature from 0 to 160°C and a pressure from 110 KPa to 3.5 MPa with a
catalyst comprising a metal complex correéponding tothe formula:

L_.MX_+ RBY,, wherein:

Lisa delocalized n-bonding group or substituted group containing up to 50
nonhydrogen atoms;

misOor1;

M is a metal of Group 4 of the Periodic Table;

X each occurrence is an inert, anionic ligand containing up to 20 honhydrégen
atoms; 7 '

nisan integer greater than or equal to 1and the sum of m and n is one less than
the valence of M;

Ris hydrocarbyk, silyl, a combination thereof or a substituted derivative thereof
having up to 20 nonhydrogen atoms;

Bisboron; and

- Yisaninert covalently bound group having up to 40 atoms and BY  is a stable

borane compound able to abstract an R group from a compound of the formula L_MX R

2. The process according to Claim 1 wherein the monomer is contacted with
the catalyst in the presence of a solvent selected from the group consisting of C_ - aliphatic,
cycloaliphatic, aromatic, halogenated aliphatic, halogenated aromatic hydrocarbons and
mixtures thereof.

3. The process according to Claim 1, wherein the molar ratio of the vinyl
aromatic monomer to the catalyst ranges from 100:1 to 1,000,000:1.

4. The process according to Claim 1 wherein the vinyl aromatic monomer is
styrene.

5. The process according to Claim 1 wherein M is titanium.
6. The process according to Claim 1 wherein L is cyclopentadiene or.

pentamethylcyclopentadiene.
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7. The process according to Claim 1 wherein X each occurrence is R, NR_ or OR
8. A procéss for preparing a composition corresponding to the formula:
L MX * RBY,’, wherein:

Lis a delocalized m-bonding group or substituted group containing up to 50
nonhydrogen atoms;

misQor1;

M is a metal of Group 4 of the Periodic Table;

X each occurrence isan inert, anionic ligand containing up to 20 nonhydrogen

atoms;
n is an integer greater than or equal to 1 and the sum of mand n is one less than

the valence of M;
R is hydrocarbyl, silyl, a combination thereof or a substituted derivative thereof
having up to 20 nonhydragen atoms;

B is boron; and
Y is an inert covalently bound group having up to 40 atoms and BY, isastable

borane compound able to abstract an R group from a compound of the formula L_MXR,
the steps of the process comprising contacting a Group 4 metal containing com pound of the
formula:

LMX .
with a borane compound of the formula BY , in the presence of an aluminum compound of the
formula AIR, inan inert diluent at a temperature from -100°C to 100°Cto cause abstraction of

at least one R group from the aluminum compound and assimilation thereof in the resulting

borane containing complex.

-10-
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