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Abstract

Papers, patents, and published patent applications from 1997 on olefin polymerization by
single-site catalysts and processes in which they are used are reviewed. Included are
disclosures on cocatalyst preparation, and the copolymerization of «-olefins and carbon
monoxide by metal complexes. © 2000 Elsevier Science S.A. All rights reserved.

Keywords: Metallocene catalysts; Single-site; Olefin polymerization; Cyclopentadienyl complexes; Car-
bon monoxide copolymers

1. Introduction

This review covers research in olefin polymerization by single-site catalysts
published in 1997. The scope of this survey will be somewhat broader than that of
the 1996 review [1], taking in non-metallocene single-site catalysts. Therefore, the
four classes of single-site catalysts to be reviewed are:

e mono- and bis(cyclopentadienyl) catalysts;

e catalysts with isolobal equivalents to cyclopentadienyl ligands;
e catalysts with non-cyclopentadienyl anionic ancillary ligands;
e catalysts with neutral ancillary ligands.

The function of the ancillary ligand in all these metal complexes is the same: to
maintain a single type of active polymerizing site. Not only are the polymers from
single-site catalysts are notable for the narrowness of their molecular weight and
composition distributions, but the catalyst precursors and active catalyst species are
often characterizable to a far greater extent than conventional Ziegler—Natta
catalysts.

Included in this review will be certain disclosures concerning cocatalyst prepara-
tion and use. Polymer properties and uses will not be covered.

Open literature publications and basic patent cases from 1997 were taken from
searches of a number of online databases including Chemical Abstracts, Current
Contents, Derwent World Patent Index, and U.S. Patents Fulltext. Whenever a
published patent application has subsequently issued as a U.S. patent, the U.S.
patent number will be cited. When an equivalent application to a published PCT
International Application in Japanese appears, usually as a European Patent
Application, reference will be made to the English-language version. Japanese
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Fig. 1. Preparation of fused-ring cyclopentadienones from cyclic ketones.

Kokai applications, which are rarely filed outside Japan, will be addressed to the
extent that the abstract gives a clear picture of the unique aspect of the invention.!

The reader’s attention is drawn to a number of general review articles on olefin
polymerization by single-site catalysts which appeared in 1997 [2].

2. Preparations of metallocene complexes

The commercial interest in exploiting metallocene complexes for olefin polymer-
ization has led to additional efforts to prepare suitable metallocene complexes
efficiently and economically. In some cases, these preparative methods are quite
general and will be reviewed in this section.

Polyalkylated cyclopentadienes are produced from the reaction of cyclopentadi-
ene and an excess of alkyl halides and NaOH. The polyalkylcyclopentadienes may
bear geminal substituents. These can be converted to non-geminal cyclopentadienes
by reaction with potassium [3]. Thus tetraethylcyclopentadiene containing 6%

lo) Me
; 8!
CH,=C(Me)CCI
—
AICl;, CH.CI,
Fig. 2. Synthesis of 2-methylbenz[e]indan-1-one.

! The citation of a patent or patent application should not be construed as an endorsement of the
validity of the claims contained therein. All opinions and interpretations expressed in this review are
solely those of the author.
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geminal substitution is converted to triethylcyclopentadiene after refluxing with
metallic potassium in dimethoxyethane.

Cyclopentenones and indanones are important starting materials in the formation
of substituted cyclopentadienides. 2,5-Hexanedione reacts with NaOH in a two-
phase (water/toluene) reaction mixture to form 3-methylcyclopent-2-ene-1-one in
74% yield [4].

Cyclic ketones are condensed with diesters to produce fused ring cyclopentadi-
enes in a multi-step reaction (Fig. 1) [5].

Reacting naphthalene, methacrolyl chloride, and AICl; in CH,Cl, yields 2-
methylbenz[e]indan-1-one (Fig. 2) [6]. The indanone is allowed to react with NaBH,
to form the indanol, which is not isolated but immediately dehydrated with
p-toluenesulfonic acid to afford 2-methylbenz[e]indene. Deprotonation and reaction
with Me,SiCl, forms the bridged ligand. This is deprotonated and ZrCl, TMEDA
is added to form rac-Me,Si(2-MeBenz[e]Ind),ZrCl, with little meso byproduct [7].
Indanones can also be converted to indenes by hydrogenating over solid acid
catalysts like zinc oxide [8]. An active catalyst can be prepared in situ by allowing
zirconium alkoxides to react with indene or 1,2-bis(indene)ethane in the presence of
triisobutylaluminum and methylalumoxane (MAO) [9].

Metallocene complexes for isospecific a-olefin polymerization are overwhelmingly
ansa-bis(indenyl) metal complexes. Syntheses of these complexes frequently produce
undesirable meso isomer, which forms atactic polymers. A desirable preparation is
one which enhances the yield of the rac isomer and minimize formation of the meso
isomer. The reaction of lithium 2-methylbenz[e]indenide with the ditosylate of
2,3-butanediol affords a chiral ligand set which can be deprotonated and metalated
to give an isospecific catalyst precursor (Fig. 3) [10].

Zr(NMe,), reacts with Me,E(H-Ind), (E = C, Si) to form the ansa metallocenes
Me,E(Ind),Zr(NMe,), in 50% yield (rac/meso = 9:1) [11]; this can be activated for
propylene polymerization by MAO or AlMe,/[Ct][B(C¢Fs),] [12]. However, the

Fig. 3. Synthesis of 2,3-diindenylbutane zirconium dichlorides.
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Fig. 4. Synthesis of metallocene diene complexes.

reaction of Me,Si(Ind—H), with Hf(NMe,), produces rac-Me,Si(Ind),Hf(NMe,), in
lower yield (20% isolated) [13]. Mixed ring ansa metallocenes are accessible through
the reaction of Me,C(H-Cp)(H-Ind) with Zr(NMe,), [14]. The distannylated
complexes (p-A)(Ind-SnMe,), (A = Me,C, Me,Si, 1,2-C,H,) reacts with ZrCl, or
HfCl, to form equal amounts of the rac and meso isomers of the ansa metallocenes
(1-A)(Ind),MCl, [15].

The meso and rac stereoisomers of Me,Si(2-Melnd),ZrCl, can be chromato-
graphically separated by passing through a column of porous carbon [16]. The meso
isomer of Me,Si(2-Me-4-7-BuCp),ZrCl, is converted to the rac isomer when irradi-
ated by an Hg lamp in the presence of dilithium R-( 4 )-1,1’-bi-2-naphtholate [17].
Mixtures of rac and meso-Me,Si(2-Melnd),ZrCl, containing LiCl and ZrCl, con-
taminants are purified by heating in THF (5-15 ml g~! metallocene) [18] or
suspending in isobutanol [19] and filtering to leave the rac isomer. The R and S
enantiomers of rac-Et(Ind),MCl, (M = Zr, Hf) can be resolved by conversion of
the dichloride to the 2,2'-biphenolate and chromatographing with cellulose tris(3,5-
dimethylphenylcarbamate) as the stationary phase [20].

o Ph Ph
Li*Flu- CF3;SO;H
/N —— " ——— /!\/0303CF3
Ph *
l Licp'
Ph * Flu
AN 1) 2 BuLi Ph
zrcl, < cp'
2) ZrCl, Flu™*
Cp'

Fig. 5. Synthesis of chiral-bridged ansa metallocenes.
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Fig. 6. Synthesis of mixed-ring metallocene complexes.

Bis(cyclopentadienyl) metal diene complexes, useful as procatalysts with
B(C¢F5);, can be prepared by allowing MCI, to react with the diene in the presence
of butyllithium to generate an unisolated diene dichloride intermediate. This reacts
with cyclopentadienyl anions to form the metallocene diene product (Fig. 4) [21].
Me,ZrCl, (from ZrCl, and MeLi) can also function as the intermediate for
producing (p-A)(Ind),ZrMe, complexes (A =1,2-xylyl, 1,4-but-2-enyl, 1,2-ethyl,
and Me,Si) [22].

Rieger and co-workers prepared enantiomerically pure ansa-zirconcenes and
hafnocenes by reacting (R)-epoxystyrene with fluorenyllithium, converting the
alcohol to the trifluoromethanesulfonate, then reacting with fluorenyl- or indenyl-
lithium (Fig. 5) [23]. The metalated products can be hydrogenated to 1,2-
CH,CHPh(H,—Ind)(Hs—Flu)ZrCl, or 1,2-CH,CHPh(Hg—Flu),ZrCl.

Mixed ring zirconocenes have been prepared through the reaction of the substi-
tuted trimethylsilylcyclopentadiene with ZrCl, and subsequently allowing the
Cp'ZrCl, intermediate to react with NaCp’ (Fig. 6) [24].

Cyclopentadienyltitanium trichlorides are converted to trialkoxides useful in
syndiospecific styrene polymerization by reaction with concentrated alcoholic

@ Li, (HNCHg), . 1) BuLi Me,Si I
—_— _—
: H,0 : 2) Me,SiCl :

TicCl,
H,
<
PtO, _
TiCl, TiCly

Fig. 7. Synthesis of octahydrofluorenyltitanium trichloride.
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Fig. 8. Synthesis of bridged mono(cyclopentadienyl)titanium complexes.

sodium alkoxides; yields are higher and voluminous precipitates formed in the
reaction of the metal halide with alcohols in the presence of an amine are avoided
[25]. Octahydrofluorenyltitanium trichloride is produced by synthesizing tetrahy-
drofluorenyltitanium trichloride, then hydrogenating over PtO, (Fig. 7) [26].
Cp*Ti(OMe); is reduced to Cp*Ti(OMe), by reaction with 7-BuLi followed by a
quenching agent like Me;SiCl [27].

A unique method of preparing Me,Si(Cp)(N-CH,R)TiCl, complexes (R = i-Pr,
Ph, 2,4-C,H;F,), developed by Okuda and co-workers, uses the reaction of
(CIMe,SiCp)TiCl; with the lithium salt of the amine in the presence of triethylamine
(Fig. 8); an excess of ammonium salt by-product is avoided [28]. In contrast, a
bridge-breaking reaction occurs when dimethylsilyl-bridged bis(indenyl) zir-
conocenes are converted to (Ind)(ClMe,SiInd)ZrCl, complexes by reaction with HCI
in chloroform or CH,CI, (Fig. 9) [29].

3. Ring substituents

Changes in the ring substituents of metallocene catalysts can have a profound
influence on activity, molecular weight, comonomer incorporation, and stereospe-
cificity. Hydrocarbyl (alkyl and aryl) and silahydrocarbyl (e.g. —SiMe;) groups are
largely preferred. Cp5ZrCl, complexes with long-chain substituents (e.g.
(Me(CH,),,CsH,),ZrCl,) have higher activities than Cp,ZrCl,, attributed to the
higher solubility of the metallocene in aliphatic diluents [30]. Other classes of
cyclopentadienyl substituents have also been explored.

wCl e . Gl
MeSi zr —— r
CHCI
~ei 3 ¢

ClMe2Si

Fig. 9. Bridge-breaking reaction in ansa metallocenes.
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Metallocenes with large fused saturated ring substituents like bis(4,5,6,7,8-pen-
tahydro-azulenyl)zirconium dichloride (1) were produced from the lithium cy-
clopentadienides [5] and ZrCl,; these were used with MAO to copolymerize
ethylene and propylene [31].

(CHz)n>

e
zr
; g el
(CHz)n

n=5to10

1
The alkyne group in the complex Cp(9-(prop-2-ynyl)Flu)ZrCl, (2) was used to
enhance adsorption of the metallocene on a silica support [32].

é é Ll
zr
Nai
2

The sterically hindered bis(1,3,3,5,5-pentamethylcyclohexylcyclopentadienyl) zirco-
nium dichloride complex (3)—produced from reacting MeLi and the condensation
product of 3,3,5,5-tetramethylcyclohexanone with cyclopentadiene— polymerizes
ethylene with good activity in the presence of MAO; low MW atactic polypropylene
oligomers are also produced [33].
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The sterically demanding 7,9-diphenylcyclopentaa]acenaphthadienyl ligand has
been used to prepare zirconocenes as bridged (with —CH(Ph)CH,—, like 4 and 5)
and unbridged complexes [34].

Ethylene is polymerized in the presence of MAO, but, surprisingly for so sterically
constricted a catalyst site, propylene is also polymerized to atactic products.

Ferrocenyl-substituted cyclpentadienides were allowed to react with CpZrCl, to
produce zirconocenes such as 6 with dimethylsilylferrocenyl ring substituents. These
were used with Al(7-Bu);—[Ph;C][B(C¢Fs),] to cyclopolymerize 1,5-hexadiene to
polymer with a high frans content [35].
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N(i-Pr), N(i-Pr) H*CI-

2 HCI

N(i-Pr), N(i-Pr),H*CI-
Fig. 10. Formation of dicationic titanocene dichloride complex.

Metallocene complexes with substituents containing nitrogen or oxygen atoms
connected directly to the 5-membered ring are not as common as the hydrocarbyl-
substituted complexes, but their numbers are increasing. Catalysts based on
alkyldimethylsiloxyindenes such as 7 (R =¢-Bu, r-hexyl, cyclohexyl) have been
synthesized and used in ethylene and propylene polymerizations [36].

RMe,Si
HL acn,
H.C
OSiMe2R
7
Li[CsHs] + B(CgFs)s —_— [Li(THF),] @/B(Csth
Buli,
CpzrCl,
— --
el
[Li(THF)J* ~eci
L B(CeFs)3_|

Fig. 11. Synthesis of anionic zirconocene complex.
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The indenyl-based catalysts show high activities at quite low MAO ratios (Al:M =
100-300:1) but the tetrahydroindenyl derivatives are far less active.

Metallocenes bearing polar groups at more remote locations have also been
synthesized. Fluorine-containing zirconocenes like (3,5-(CF;),PhCp),ZrCl, cocata-
lyzed by MAO are claimed to polymerize ethylene to higher molecular weight
polymer than Cp,ZrCl, [37].

((i-Pr),NCH,CH,Cp),TiCl, is protonated by HCI to form the dicationic dichlo-
ride complex, which, in the presence of MAO, polymerizes ethylene (Fig. 10) [38].
The neutral complex can also be used as a catalyst in the presence of MAO; by
adding HCI to the polyethylene formed, the protonated complex can be extracted
and recycled [39].

The Lewis-acidic B(C4Fs); group was used as a ring substituent by the reaction
of B(C¢Fs); with lithium cyclopentadienide, forming LiJCsHs—B(C¢F5)5]. Deproto-
nation with butyllithium in THF affords the dianion, which can react with Cp'MCl,
to give the anionic bis(cyclopentadienyl) complex (Fig. 11) [40]. When contacted
with MAO or Al(i-Bu);—[Ph;C][B(C4¢F5),], these compounds function as olefin
polymerization catalysts.

4. Bridging groups

Interannular bridges in bis(cyclopentadienyl) metal complexes serve to fix the
rings in a particular orientation; the induced rigidity is especially important in
stereospecific a-olefin polymerization. They also affect the performance of the
catalyst by changing the ring-metal-ring angle, thereby opening the active site to
olefins bulkier than ethylene.

1,2-Ethylene bridges and Me,Si units are the most widely used bridging groups,
but some variations in these two functionalities have been reported in 1997.
Introduction of a vinyl group into the R,Si bridge was claimed to lead to an
enhanced fraction of rac isomer in the synthesis of the R,Si(2,4-Me,Cp),ZrCl,; the
(vinyl)(Me)Si derivative has catalyst activity and isotacticity higher than the Me,Si
complex [41]. (Me;Si)(R)Si-bridged zirconocenes (R = Me, Me;Si) polymerize
ethylene and higher a-olefins in the presence of MAO, though no comparative
examples were provided to determine any improvements in catalyst performance
[42]. The disiloxane-bridged complexes (Me,Si—O-SiMe,)(Cp’),ZrCl, (Cp’ =Ind,
H,-Ind, Cp, t-BuCp) polymerize ethylene most effectively between 40—60°C; the
rac isomers are somewhat more active and produce polyethylene of slightly higher
molecular weight than do the meso isomers, with the effect more pronounced at
20°C and below [43].

1,1-Difluorenylalkenyl and 1,2-dialkyl-1,2-difluorenyl zirconium and hafnium
complexes are prepared by addition of butyllithium to fulvene or difulvene deriva-
tives of fluorene (Fig. 12) [44]. The two-carbon bridged complexes are more active
in ethylene polymerization than the one-carbon compounds and the zirconocenes
are 10-100 times more active than the hafnocenes. Bis(fluorenyl)zirconium and
—hafnium dichlorides with —CH,SiMe,— and -Si,Me,— bridges were tested in
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2 BuLi H
—_—
-Bu-H
2 BuLi \! ::: : ;

Fig. 12. Synthesis of 1,2-ethylenebis(fluorenyl) dianions.

|

ethylene polymerizations; the carbon-containing complexes were considerably more
active than the disilyl-bridged complexes [45].

The trans-1,2-alkylene-bridged bis(indenyl) and bis(tetrahydroindenyl) complexes
of titanium, zirconium, and hafnium were synthesized with five to eight membered
rings bridging the indenyl ligands (Fig. 13) [46]. Both rac-like (staggered indenyl
groups) and meso-like (eclipsing indenyl groups) isomers were isolated. The former
were active in the isospecific polymerization of propylene, but the latter were
virtually inactive, attributed to steric crowding of the active site.

New bridging moieties reported in 1997 include the o,0’-0-xylyl group, used to
bridge two indenyl ligands as in 8.

1) 2 BuLi e
— (CHZ)n
2) ZICly Nci

Fig. 13. Synthesis of trans-1,2-cycloalkylenebis(indenyl)zirconium dichlorides
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Me
Me_ Me Ne
Me_ Mo \
1)Ca Ph 1) 2 BuLi Ph ~Cl
_— - Zr
2)H,0 Ph \ 2)ZICl, Ph ~ci
Ph
Me
Me” Me

Fig. 14. Synthesis of ansa bis(indenyl) zirconium dichloride.

Me Me

CH,
Cl—2Zr—=ClI

CH2

As can be seen the distortion of the C, symmetry makes these complexes aspecific
in propylene polymerization, but their high temperature performance makes them
valuable in ethylene-a-olefin copolymerizations [47].

Calcium couples the bicyclic fulvene compound to make a substituted bis(te-
trahydroindenyl) ligand which can be deprotonated and metalated to form the
zirconocene complex (Fig. 14) [48]. In the presence of MAO (Al:Zr = 1500-
43 000), this compound polymerizes propylene to moderately isotactic
polypropylene.

Boron-bridged zirconocene complexes like 9 [49] and 10 [50] represent a new class
of ansa metallocenes with electron-deficient bridges. In the presence of MAO, 10 is
unreactive toward ethylene when L = Me,S, but a more stable, polymerization-ac-
tive catalyst is formed when L = PMe;,.

Ph—B e
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"<&

Nai

10

A double-bridged zirconocene (Me,Si),(CsH;),ZrCl, was synthesized and used in
the copolymerization of ethylene and styrene; the molecular of the copolymer
(MW = 12 000) appears to be low [51].

5. Mono(cyclopentadienyl) complexes

Two classes of mono(cyclopentadienyl)metal complexes, especially those of tita-
nium, currently command much research interest. The unbridged Cp'TiX; com-
pounds find use as catalysts for the syndiospecific polymerization of styrene, while
bridged mono(cyclopentadienyl) compounds like Me,Si(CsMe,)(N-z-Bu)TiCl, are
notable for producing very- to ultra-low-density ethylene copolymers which are
claimed to have enhanced processibility.

Brintzinger and coworkers prepared and tested the 2-substituted cyclopen-
ta[/Jphenanthrene titanium dichoride complexes (11) in styrene polymerizations
[52].

R @.Q R=H, Me, Ph

The 2-phenyl derivative exhibits higher activities and polymer molecular weights
than do the unsubstituted or methyl-substituted complexes and the catalyst syn-
diospecificity remains almost unchanged between 50 and 100°C.

(Ind)TiCl; complexes variously substituted on the indenyl ring were examined in
syndiospecific styrene polymerization [53]. Electron-donating alkyl groups improve
catalyst activity so long as they do not impose sterically on the active site.
Therefore, (1-MeInd)TiCl; is a more active and syndiospecific catalyst than
(Ind)TiCl; or (1-i-PrInd)TiCls.

Reacting Et,O-FB(C¢Fs), with Cp'Li give Cp'—B(C¢Fs), (Cp’'=Ind, Flu,
Me;SiCp). When Ind-B(C4Fs), is allowed to react with Zr(NMe,),, a pen-
tafluorophenyl group is lost and (CoH¢B(C4F5)(NMe,))Zr(NMe,); (12) is formed,
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Fig. 15. Equilibrium between bridged and unbridged mono(cyclopentadienyl)titanium complexes.

which can be converted to the trichloride on reaction with Me;SiCl. When TiCl, is
allowed to react with Me;SiCp—B(C¢Fs),, the mono(cyclopentadienyl)titanium
complex (13) is formed.

||3/NMe2 B(CeFs)2
CeFs
ZrCly TiCl;

12 13

In the presence of AlEt;, both 12 and 13 polymerize ethylene, unlike (Ind)ZrCl, or
CpTiCl, [54].

Mono(cyclopentadienyl) complexes with pendant ether substituent groups do not
exhibit activity in the polymerization of styrene and only modest activity in ethylene
polymerization [55]; butadiene is polymerized to a fairly stereospecific homopoly-
mer [56]. The relatively poor catalyst activity has been attributed to coordination of
the ether group with MAO cocatalyst [S55a] or to poor catalyst solubility in the case
of [n>n!'-MeOCH,CH,Cp)ZrCl,(u-Cl)], [55b]. Temperature-dependent NMR of
(ROCH,CH,Cp)TiCl; indicates that about 30% of the complex exists as the
ether-coordinated conformer when R = Me (Fig. 15), but coordination is reduced
when R is the larger menthyl or fenchyl groups [55b].

The amine group in (CsMe,CH,CH,NMe,)TiCl; can be protonated with HCI
and then allowed to react with Li[B(C4Fs),] to create a mono(cyclopentadienyl)
titanium complex with its own internal activator; reaction of this complex with
MAO or AlEt; generates an active catalyst species (Fig. 16) [57].

Lt

it
N/ N
\

me  Me

CH,CH,NMe H* [B(CgF5) I AlEt;
_

[B(CeFs)al
Ticl,

Fig. 16. Generation of active catalyst from a protonated (aminocyclopentadienyl)titanium complex.
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New ‘constrained-geometry’ catalyst precursors were reported in 1997. While the
tetramethylcyclopentadienyl-based complex Me,Si(CsMe,)(N-R)TiCl, is the most
widely known, the tetracthyl- and tetrapropylcyclopentadienyl derivatives with
silane- and germane bridges were also synthesized and tested in ethylene-a-olefin
polymerization [58]. Less substituted cyclopentadienyl complexes (e.g.
Me,Si(CsH(2-pentyl),)(N-£-Bu)TiCl, were similarly prepared and used as catalysts
[59].

Polymerization of ethylene by indenyl-based complexes variously substituted with
alkyl groups, such as Me,Si(2,3,4,6-Me,Ind)(N-i-Pr)TiMe,, affords polymer of
higher molecular weight than that obtained from the tetramethylcyclopentadienyl
derivative [60]. Changes in the group attached to nitrogen can have an effect on
catalyst performance as well: the 2-methoxyethylamido complex 14 has superior
productivity and comonomer response than the 7-butyl derivative in high-tempera-
ture, high-pressure polymerizations (1500 bar, 230°C) [61].

14

‘Constrained-geometry’ catalysts with alkylene bridges are represented by the
1,2-ethylene-bridged fluorenyl complexes of zirconium and hafnium (15) and 1,2-
Et(Cp)(N-£-Bu)Ti(CH,Ph),, which polymerize ethylene in the presence of MAO
[62].

15

Tri(methylene)-bridged complexes of zirconium (16) and niobium (17) are prepared
by reaction of the trimethylsilylated cyclopentadiene derivative with ZrCl,(SMe,),
[63] or NbCl; [64] (Fig. 17).
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Fig. 17. Synthesis of ansa mono(cyclopentadienyl) amide zirconium and niobium complexes.

In the presence of MAO, the zirconium compound is an active catalyst for ethylene
or propylene polymerization, but the niobium complex is inactive, attributed to an
unfavorable orbital arrangement.

Investigators at Sumitomo have developed a series of ansa-mono(cyclopentadi-
enyl) titanium complexes in which a 3-z-butyl-5-methyl-2-phenoxide group serves as
the heteroatom-bearing moiety. Not only are 1,2-ethylene [65] and Me,Si [66]
groups used as bridging groups but also unusual functionalities such as sulfur and
phenylphosphine oxide, as in 18 [67].

o
p Ticl

e
Ph @: o
Me t-Bu

18

AN

Unusual as well is the bridging allyl group claimed for 19, which functions as a
catalyst for the copolymerization of ethylene and 1-hexene when MAO is used as
the cocatalyst [68].
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The ligand is prepared by allowing lithium cyclopentadiene to react with cinnamyl
chloride; double deprotonation of the product and metalation with ZrCl, affords
the complex.

The family of trivalent mono(cyclopentadienyl) titanium amide complexes first
reported by DSM in 1996 was greatly expanded in 1997. A large number of new
derivatives was disclosed, with differing ring substituents, bridges, and heteroatom
donors (Table 1). The double-bridged complex (Et),(Cs(i-Pr);)(NMe,),TiCl, in-
cluded in this class of procatalysts copolymerizes ethylene and propylene in the
presence of MAO. Copolymers with both narrow [69] and broad [70] molecular
weight distributions can be prepared from these catalysts; the reasons for this
difference were not disclosed, but the former polymers appear to have been made
in a continuous process while a batch process was used for the latter.

6. Non-cyclopentadienyl ligands

Single-site catalysts depend on the presence of a polymerization-stable ligand
set to prevent formation of secondary catalytic species; much effort has been
spent on discovering and developing new ancillary ligands. The other ligands
which react with the cocatalyst in forming the active catalyst site have not been
ignored by researchers and some surprising findings were reported in 1997.

Kaminsky and co-workers and investigators at Asahi have found that fluori-
nated half-metallocene complexes such as CpTiF; and Cp*TiF; exhibit higher
catalyst activities at higher temperatures than their trichloride analogues [71].
Polymer molecular weights are significantly greater as well: Cp*TiF; affords
syndiotactic polystyrene (s-PS) with a molecular weight of 660 000 at 50°C versus
169 000 for Cp*TiCl; under similar conditions.

The use of phenoxides as reactive groups in Cp,ZrCI(OAr)/MAO complexes
(OAr =2,6-di-z-butylphenoxide, 2,6-di-isopropylphenoxide) give catalysts with
higher activity in ethylene polymerization than the Cp,ZrCl, counterpart, though
the polymer properties do no appear to be affected [72]. Either the greater
solubility of the phenoxide complex in hydrocarbons or the rate of activation was
held responsible for the rate increase. The mono(cyclopentadienyl) zirconium
complex Cp*ZrCl(O-2-Me,NC-H,), was allowed to react with MAO to give a



G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329 253

catalyst for the production of high molecular weight polyethylene [73] and
Cp,Zr(OMe),-MAO was examined as a catalyst in ethylene-1-butene copolymer-
izations in a hexane diluent [74]. Propylene is polymerized at 0°C by the trifl-
uoromethanesulfonate complex Cp,TiMe(O;SCF;) in combination with MAO [75].

Table 1
Cp’ A(Y)Ti"Cl, complexes

Cr’ A Y Ref.
CsHa(e-CeHy o 1,2-CH,CH, NMe, abe
C5sH,(2-pentyl), 1,2-CH,CH, NMe,
CsH(i-Pr), 1,2-CH,CH, NMe, aed
CsHy(2-pentyl), 1,2-CH,CH, N(n-Bu),
CsHy(2-butyl), 1,2-CH,CH, NMe,
CsH(2-butyl); 1,2-CH,CH, NMe,
CsH(c-CgH,,)(i-Pr), 1.2-CH,CH, NMe, acf
Cs(i-Pr)s (1,2-CH,CH,), (NMe,), ag
CsH(c-CH )3 1,2-CH,CH, NMe, abe
CsH(2-pentyl)s 1,2-CH,CH, N(n-Bu),
CsEt, 1.2-CH,CH, NMe, =h
Cs(n-Pr), 1,2-CH,CH, NMe, a
C5H,(Cme,Ph), 1.2-CH,CH, NMe, @
CsH,(C(Me),CH,CH3), 1,2-CH,CH, NMe, ai
CsHy(C(Me)(E)CH,CH5), 1,2-CH,CH, NMe,
CsMe, 1,2-CH,CH, NMe(CH,),NMe, a
CsMe, 1.2-CH,CH, NMe(CH,C3H;0,) @
CsMe, 1,2-CH,CH, PPh, @
CsMe, 1.2-CH,CH, PMe, @
CsMe, -SiMe,CH,- PPh, @
CsMe, -SiMe,CH,- PMe, @
CsMe, -CH,SiMe,- N(n-Bu), a
CsH,(CH,CH(Ph)CH,), 1.2-CH,CH, NMe, j
Ind 1,2-CH,CH, NMe, k
2-Melnd 1.2-CH,CH, NMe, b
3-Melnd 1,2-CH,CH, NMe, k
Flu 1.2-CH,CH, NMe, !

2 J.A.M. van Beek, G.J.M. Gruter, Eur. Pat. Appl. 805,142 (1997).

® G.J.M. Gruter, J.A.M. van Beek, PCT Int. Appl. 97/42148 (1997).

¢ G.J.M. Gruter, J.LA.M. van Beek, J.G. De Vries, PCT Int. Appl. 97/42151 (1997).

4 M.F.H. van Tol, J.LA.M. van Beek, K.J.G. Janssen, PCT Int. Appl. 97/42232 (1997).

¢ G.J.M. Gruter, J.LA.M. van Beek, R. Green, E.G. Ijpeij, PCT Int. Appl. 97/42162 (1997).

fG.J.M. Gruter, J.A.M. van Beek, R. Green, PCT Int. Appl. 97/42159 (1997).

£ G.J.M. Gruter, G.H.J. van Doremaele, J.A.M. van Beek, M. van Kessel, PCT Int. Appl. 97/42160
(1997).

" G.J.M. Gruter, J.A.M. van Beek, R. Green, E.G. Ijpeij, PCT Int. Appl. 97/42161 (1997).

1G.J.M. Gruter, J.LA.M. van Beek, H.J. Arts, R.H.A.M. Meijers, PCT Int. Appl. 97/42149 (1997).

3 G.J.M. Gruter, JJAM. van Beek, PCT Int. Appl. 97/42147 (1997).

k¥ G.J.M. Gruter, J.A.M. van Beek, M. Herklots, PCT Int. Appl. 97/42164 (1997).

'"G.J.M. Gruter, J.A.M. van Beek, M. Herklots, PCT Int. Appl. 97/42165 (1997).
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Fig. 18. Generation of cationic (cyclopentadienyl)bis(allyl)hafnium catalyst.

In the presence of MAO, the cyclopentadienyl titanium thiolate complexes
Cp*TiCl,(SC(SiMe,);) [76] and Cp,Ti(SCH,CH,PMe,), [77] afford polyethylene
at a catalyst activity of about 150 g mmol~! Ti. The binuclear complex Cp—
,Z1(Cl)—O(CH,);O—(C1)ZrCp, probably dissociates into mononuclear zirconocene
active centers when allowed to react with MAO for ethylene-1-butene copolymer-
izations [78].

Metallocene  complexes bearing Dbidentate reactive ligands include
CpZr(S,COEY); [79] and CpZr(S,P(OEt),); [80], used with MAO in ethylene
polymerization. The tris(diethylcarbamate) complex (Ind)Zr(O,CNEt,); and the
tris(benzoate) complex (Ind)CH,CH,(Ind)Zr(O,CPh); form catalysts with MAO
to copolymerize ethylene with 1,7-octadiene, vinylnorbornene, or norbornadiene
to copolymers with long-chain branching [81].

Among carbon-based reactive ligands, the allyl complex Cp*Zr(1,2,3-trimethy-
lallyl)Br, cocatalyzed by MAO copolymerizes ethylene and 1-octene in a solution
process [82]. Cp*Hf(2-methylallyl)Me,, allowed to react with B(C¢Fs);, forms
[Cp*Hf(2-methylallyl)Me][MeB(C¢Fs);], which is active for ethylene polymeriza-
tion. In the presence of [HNMe,Ph][B(C4Fs),], Cp*(2-methylallyl); is ionized to
the cationic bis(2-methylallyl) hafnium complex, which polymerizes ethylene and
oligomerizes propylene to atactic products (Fig. 18) [83].

When 1,2-Et(H,-Ind),Zr(n>-Me;SiC=CSiMe;) is allowed to react with two
equivalents of ethylene, the zirconacyclopentane complex 1,2-Et(H,—Ind),Zr(CH,),
is formed. This is an effective catalyst for ethylene polymerization when activated
by B(C¢Fs); (Fig. 19) [84]. The complex Cp,ZrX(n>-CsH,(7-Bu),) (20; X = Cl, Br)
is polymerization inert, but an active system for ethylene polymerization is pro-
duced when the compounds are allowed to react with MAO [85].

t-Bu
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Fig. 19. Synthesis of metallacyclopentane zirconocene procatalyst.

7. Binuclear complexes

Metallocene catalyst systems containing more than one metal center have the
potential to create polymers with controlled breadth of molecular weight distribu-
tion and comonomer distribution through differing metal centers, different ligand
environments, or both. The consequences of interactions between two polymeriza-
tion centers in close proximity is a fascinating area of potential study as well.

Reaction of two equivalents of zirconocene dichloride with butyllithium affords
the dimeric Zr(IIT) complex (CpZr),(u-Cl),(u-nn>-C,,Hg), which functions as a
polymerization catalyst homogeneously (with MAO) or heterogeneously (supported
on clays and activated with Al(i-Bu),) (Fig. 20) [86].

As an example of interactions of adjacent metal sites, reaction of the tetramethyl
zirconium fulvalene complex (Cp'ZrMe,)(u-n°:n°-C,,Hg) with B(CcFs); at low
temperatures affords a cationic dizirconium trimethyl complex containing a bridg-
ing methyl group. At more elevated temperatures, methane is lost and a binuclear
pu-CH;, p-CH, complex is formed (Fig. 21). This still functions as an ethylene
polymerization catalyst, albeit one with very low activity [87].

Binuclear complexes in which the cyclopentadienyl rings are bridged by dimethyl-
siloxane groups of varying lengths are represented by complexes like
[TiCl;CpSiMe,],(1-SiMe,0) [88] and [(Ind)ZrCl,CpSiMe,],(1-(SiMe,0),,) [89] (n =

E .""'CI 2 BuLi
—_—

2 zZr

% e

Fig. 20. Formation of binuclear Zr(III) complex.
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Fig. 21. Reactions of dinuclear zirconocene alkyls

1-3). The titanium complex polymerizes styrene to s-PS with a narrow molecular
weight distribution and better syndiospecificity than CpTiCl,; bimodal molecular
weight distribution s-PS is obtained when the catalyst is used in conjunction with
CpTiCl; or Cp*TiCl;. The binuclear zirconocene complexes exhibit lower activities
than (Ind)(Cp)ZrCl,, but afford polymers of higher molecular weight.

Dendrimeric multinuclear complexes like 21 are produced when multiarmed
silane hydrides such as Si(CH,CH,SiMe,H), are allowed to react with metallocenes
containing vinylic groups (e.g. (CH, = CH)SiMe,Cs;H,(Cp)ZrCl,) in the presence of
a platinum catalyst.

c./zr% T;i_m Dﬁ'ﬁ% ~a

21
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These complexes may be used for the polymerization and copolymerization of
ethylene and a-olefins when cocatalyzed by MAO [90].

8. Ancillary ligands isolobal to cyclopentadienide

Among the ancillary ligands isolobal to cyclopentadienide, metal complexes of
the boratabenzene anion were the most studied in 1997. The reactivity of catalysts
like 22 is strongly dependent on the group bonded to the boron atom.

22
When R = N(i-Pr),, MAO-cocatalyzed reactions with ethylene produce high molec-
ular weight polyethylene, catalysts with R = Ph afford oligomeric products contain-
ing both 1-olefin end groups and internal vinylidene groups [91]. The latter are
produced by reincorporation of a«-olefin into a metal alkyl chain, followed by
immediate B-H chain termination. When R = OEt, only a-olefins are produced [92].

Mixed cyclopentadienyl-boratabenzene complexes such as Cp'(CsH;BMe)MCl,,
(Cp=Cp, Cp*, M=Ti, Zr, Hf) can be prepared from Cp'MCl; and 2-
(Me;E)CsHsBMe (E=Si, Sn) [93]. The mono(boratabenzene) complex
(CsHsBMe)TiCl, is stable, but the zirconium analogue slowly disproportionates to
ZrCl, and (CsH;BMe),ZrCl,. When combined with MAO, these complexes are
effective catalysts for ethylene polymerization [94].

The dimeric scandium and gadolinium bis(boratabenzene) complexes (23) were
synthesized from MCI; and Li[C;HsBMe]; ethylene is polymerized when butyloctyl-
magnesium is used as a cocatalyst [95]. (CsHsBMe)TaCl,, prepared from 2-
(Me;Sn)(CsHs;BMe) and TaCls was also reported in this disclosure.
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Propylene polymerization using bridged bis(boratabenzene) complexes like 24
yield largely atactic polymer [96]; apparently these complexes either lack chirality or
have insufficient chirality to induce stereospecific propylene insertion.

N(i-Pr),

24
The bridged amido complex 25 was used to copolymerize ethylene and 1-octene,
but comonomer incorporation was rather low (0.8—1.0 mol%).

N(i-Pr),

|

t-Bu
25
The borole ligand is a dianionic 6n surrogate for the Cp ligand. The neutral allyl
complexes of zirconium and hafnium (26) function as single-component polymer-
ization catalysts, but the small-scale experiment used precludes comparison to the
bis(cyclopentadienyl) analogues [97].

N(i-Pr),

The bis(azaborolinyl)titanium complex 27 polymerizes ethylene with an MAO
cocatalyst, but the activity is relatively low (1.56 kg mmol —! Ti-h~!-atm.) [98].

t-Bu /Me
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Pentadienyl ligands, both open and closed, were used as ancillary ligands for
single-site olefin polymerization procatalysts. Bridged pentadienyl-cyclopentadienyl
zirconium complexes like 28 were combined with MAO to polymerize ethylene [99].

28
The dimethylcyclohexadienyl titanium complex 29 resembles the cyclopentadienyl
complex (Section 5), but no polymerization experiments were reported in the
disclosure [100].

Hzt.l‘. A
Ti
HC ci
w o
29

The cyclooctatetraenyl dianion was employed as a polymerization-stable ancillary
ligand in (COT)ZrCl, (or its dimer), which, when combined with MAO, forms an
ethylene polymerization catalyst [101]. Polymer yields were negligible when either
AlMe; nor AlEt; were used as cocatalysts. The complex (COT),Zr was also used
with MAO to polymerize propylene to isotactic polymer (m.p. 135°C), though no
details were provided of the active polymerizing species in this catalyst [102]. The
bridged cyclooctatetraenyl-cyclopentadienyl zirconium complex 30 polymerizes
ethylene or propylene to polymers with narrow molecular weight distributions

(MW/Mn = 2.4-2.7) [103].
\\\SiMes

SiMe3

Zr—Cl

Me,Si!
30
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Bazan has wused the dianionic trimethylenemethane ligand in preparing
[Li(TMEDA),][Cp'Zr(TMM)CL,] (Cp'=Cp, Cp*) and Cp*Zr(TMM)Me(THF)
complexes, which, when activated by MAO, polymerize ethylene, 1,5-hexadiene,
and propylene [104]. The most active catalyst is [Cp*Zr(C(CH,Ph),CL,]~ (31),
whose superior performance is attributed to the steric bulk of the ligands delaying
the deactivation of the Cp*Zr(C(CH,Ph);)Me active catalyst species to an inactive
Cp*Zr(C(CH,Ph);)(u-CH,) byproduct.

[Li(TMEDA).f

Ph

31

(C(NPh),)TiCl, has also been reported to polymerize ethylene in the presence of
MAO [105].

(Pyrazolyl)borate metal complexes continue to be of interest as polymerization
catalysts. It has been suggested that bis- and tris(pyrazolyl)borate complexes with
bulky substitutents in the 3-position—such as 32—are more active than those
complexes with smaller or no substituents [106].

9. Non-cyclopentadienyl anionic ancillary ligands

A second class of polymerization-stable ancillary ligands for single-site catalysts
comprises ligands which cannot be considered m-bonded ligands like cyclopentadi-
enides and their isolobal equivalents. These can be broadly divided into complexes
with chelating monoanionic ligands having the general formula L,MCl, and
chelating dianonic ligands with the general formula (L)MCL,.
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Acetylacetonate complexes of the Group 4 metals are an example of the former
class which quickly come to mind, and investigators at Borealis have allowed
cis-(1,3-diphenyl-1,3-propanedionato)titanium dichloride to react with MAO to
give a catalyst for ethylene polymerization [107]. B-Diketonate titanium dichlorides
supported on MgCl, can be activated by MAO or trialkylaluminums to generate
catalysts for polymerizing propylene to mixtures of isotactic (heptane insoluble) and
atactic (heptane soluble) polymers [108]. The zirconium analogues are almost
inactive. Supporting the catalyst increases activities 400-fold over the homogeneous
version.

Related to the B-diketonates are metal complexes with B-diketemine ligands like
33.

33
The ligand was prepared by deprotonation of 2-trimethylsilylmethylpyridine by
butyllithium followed by reaction with benzonitrile. The zirconium complex poly-
merizes ethylene in the presence of MAO [109]. Likewise, bis(salicaldehyde)MCl,
complexes such as 34 exhibit moderate (8 kg g=! M-h—!, M = Zr) to good (80 kg
g ! M-h—!, M =Ti) activities in ethylene polymerization [110].

34

2-Hydroxypyridine complexes of titanium (2-OPy),TiCl,, prepared from the
alkoxide and TiCl,, polymerize ethylene and copolymerize ethylene and 1-hexene in
the presence of MAO [111]. The related 2-benzylamidopyridine complexes of
tantalum and niobium (35) were synthesized by the reaction of the amine with
MCl;; the tantalum derivative polymerizes ethylene with high activity to
polyethylene of narrow MWD [112].
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The bis(tropidinyl)zirconium complex 36 is prepared from the reaction of the
trimethylstannyl derivative of tropidine with ZrCl,(THF), in CH,Cl,; with MAO, it
polymerizes ethylene with an activity about 14 times less than Cp,ZrCl,—MAO
[113].

Ou-

35

Me\

36

The 2-alkoxypyridine complexes (pyCR!'R?0)Zr(CH,Ph), (R!R?=(CF,),,
H(CF;), Me,) and (pyCAr,O)M(NMe,) (37; M = Ti, Zr, Hf) were synthesized from
the alcohol and Zr(CH,Ph), [114] and M(NMe,), [115], respectively.

37

Both complexes have cis-N, trans-O, cis-R structures. The stereoisomers intercon-
vert readily in solution. The cations derived from the reaction of
(pyCR!'R?0)Zr(CH,Ph), with B(C¢Fs); polymerize ethylene when R!R? = (CF,),,
but the Me, derivative is inactive. The bis(amide) complexes also react with
Al(i-Bu); and MAO to give catalysts which polymerize ethylene to polyethylene
with broad polydispersity; removal of the ligands by the cocatalyst may generate
multiple active species.



G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329 263

The 8-quinolinato complexes like 38 are prepared from the reaction of 8-hydrox-
yquinolines with MR, (M = Zr, Hf; R = NMe,, CH,Ph, CH,CMe,, CH,SiMe;) or
from the lithium alkoxides with ZrCl, [116].

X

X=H, Br

38
As with the pyridine alkoxides, these have a cis-N, trans-O, cis-R solid-state

structure, the stereoisomers of which racemize in solution. When activated by
MAO, B(C¢F5);, or [HNMe,Ph][B(C¢F5),], the 5,7-dibromo-2-methyl-8-quinolinol-
based complexes are polymerization active, while the 8-hydroxyquinaldine-based
cations are catalytically inactive.

Chelating dianionic polymerization-stable anionic ancillary ligands for single-site
catalysts are may be dialkoxides and diaryloxides, diamides, or these dianions with
additional donor atoms. One popular diaryloxide ligand is the bridged diphenolate
group. Miilhaupt, Okuda and co-workers have investigated ethylene-styrene co-
polymerizations using titanium bis(phenolate) complexes (39) with methylene,
ethylene, sulfide, and sulfoxide groups bridging the phenolates [117].

R A =S, 1,2-C;H,, CH,, S=0,
Me o S o
\ Y
A TiX,
/ S CH Me S CH
R Me S Me N CH
R = H, Me, t-Bu \Q/ U:
X = Cl, O(i-Pr) CcH

39
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While catalyst activity declined in the order S > SO >C,H,~ CH,, the 1,2-
ethylene-bridged complex incorporated styrene comonomer the most efficiently of
the catalysts. Research at Sumitomo explored the behavior of bis(pheno-
late)titanium complexes in which the bridging group was a sulfur- or nitrogen-con-
taining methylene group [118]. These catalysts have activities far greater than that
of analogous sulfur-bridged bis(phenolate)titanium catalysts.

The dimethylated (dianionic) derivative of [p-z-Bu-calix[4]arene] was deproto-
nated and allowed to react with ZrCl(THF), to form [p-¢-Bu-
calix[4](OMe),(0),ZrCl,] which can be methylated to the zirconum dimethyl
derivative. This reacts with B(C¢Fs); to yield the cationic complex [p-¢-Bu-
calix[4](OMe),(0),ZrMe] " [MeB(C¢F;);] ~ [119]. The reaction product of [p-z-Bu-
calix[4]arene] with Ti(O-i-Pr), polymerizes styrene to s-PS in the presence of MAO
[120].

Chelating diamide ligand complexes include McConville’s [Ar(CH,);Ar]ZrX,
compounds (Ar = 2,6-i-Pr,C,H;, X =Cl, NMe,, Me, CH,Ph) which polymerize
I-hexene to high polymers when MAO is used as a cocatalyst, but form only
oligomers when activated by [Ph;C][B(C¢F5),] [121]; the catalyst activity is some
2000 times slower than that of the analoguous titanium complex. The titanium
cation [1,3-(2,6-(i-Pr),C¢H;),(CH,);TiMe] * [MeB(C4F5);] —, an excellent catalyst for
living 1-hexene polymerization, decomposes in the absence of monomer to the
inactive byproduct 1,3-(2,6-i-Pr,CcH;),(CH,),Ti(C¢F5)(CH,B(C¢Fs),) [122].

The metallacyclodisiladiazane complexes of titanium and zirconium (40) poly-
merize ethylene in the presence of 800 equivalents of MAO.

R
Me\ ,L
7
Me—Si \M/X R = t-Bu, 2,6i-Pr),C¢Hj, 4-FCgH,
Me—Si__ / M=Ti, Zr
~N X =
Me/ T X=Cl|F
40

The titanium complexes are more active than when zirconium is the metal center
and among the titanium complexes activity decreases as X varies from Me > Cl >
F. The last of these is a dimer; variations in activity may be explained by difficulties
in generating the active catalytic species [123].

Ti(CH,Ph), reacts with N-silyl-substituted rrans-1,2-diaminocyclohexane to pro-
duce the dibenzyl complex 41 [124] while the reaction of the amide dianion with
ZrCl(THF), affords the bis(diamide) compound (1,2-(Me;SiN),CcH,o),Zr (42)
[125].

?iR3
N CH,Ph

\M/
,/ \CHzPh
|

SiR,

41
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\ /CHzPh

N/ \CHzPh
Me2$|—

R = Cyclohexyl, 8-Quinolyl

42

The zirconium complex polymerizes ethylene in the presence of MAO, as does the
dibenzyl compound formed from the reaction of Zr(CH,Ph), with N-substituted
aminodimethylsilylethers.

The tridentate diamine ligand (z-BuNH-0-Ph),0 reacts with Zr(NMe,), to afford
[(z-BuN-0-Ph),0]Zr(NMe,), (43) [126].

t-Bu—N\er /N—t-Bu
/\

Me,N NMe,

43
A cationic complex [(z-BuN-0-Ph),0)ZrMe]*[MeB(C4Fs);], formed from the
dimethyl derivative and B(C¢F5); polymerizes ethylene in toluene or chlorobenzene.
1-Hexene is polymerized to poly(l-hexene) of very narrow MWD (1.02-1.14),
suggesting ‘living’ polymerization. Compound 44, prepared from 4,13-diaza-18-
crown-6 and Zr(CH,Ph),, forms a mono(benzyl) cation on reaction with B(C¢F5),;
this catalytically dimerizes p-tolylacetylene to (Z)-1,4-di-p-tolyl-1-buten-3-yne [127].
PhCH CHzPh

U \U

44

Dialkoxide ligands containing nitrogen donors are represented by the ethylenedi-
amine(salicylideneiminato)zirconium complex 45 [128] and the pyridine alkoxide

complex 46 [129]. /A

45
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R = 2-Adamantyl

46

The former complex was supported on silica and activated with MAO to form a
catalyst which polymerizes ethylene with moderately high activity (200-500 g PE
mmol ! Zr-h—!). When contacted with Al(i-Bu);—[Ph,C][B(CF5),], the latter
complex polymerizes ethylene to very high MW polymer (MW =1 320 000,
MWD =2.7).

10. Neutral ancillary ligands

Cationic complexes derived from o-diimine ligands and nickel or palladium
centers have attracted considerable interest because of the highly branched ethylene
homopolymer they produce. The procatalysts have been dihalide or dialkyl com-
plexes as in 47.

;ikr
Me N X
~/
Me lil
Ar
47

Catalysts with bulky Ar groups such as 2,6-(i-Pr),C¢H; form polymers, but aryl
groups of more modest steric demand such as —C¢Hs or —C4H,-4-Me do not retard
chain transfer and give linear o-olefin products [130]. Weakly ligated palladium
dications such as [Pd(CH;CN),J[BF,], and Pd(OAc),-HBF, in the presence of the
diimide also form active catalysts [131]. The nickel complex of the B-diimine ligand
(48, Ar=2,6-(i-Pr),CsH;) was also prepared and tested as catalysts, producing a
more linear polymer at lower catalyst activity, attributed to the larger ring chelate.
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In combination with AIEt,Cl, the PF, salts of the cationic nickel methylallyl
complexes of 1,2-bis(2,6-diisopropylphenylimido)ethane (49) polymerize ethylene in
a chlorobenzene medium to low-crystallinity homopolymer [132].

Il\r
Me N
Me

49
The catalysts function most effectively at lower temperatures: above about 25°C, the
catalysts lose activity. Polymer crystallinity decreases with increasing temperature.
Other chelating ligands have successfully been used with nickel halides in forming
ethylene polymerization catalysts, including 2,9-dimethylphenanthroline (50) [133],
[2.2](2,6)-pyridinophane (51) [134], and 1,1’-bis(diphenylphosphino)ferrocene (52)
[135].

52
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Fig. 22. Neutral ligands used in Ni(II) catalysts for olefin polymerization [136].

Catalysts have also been generated from allyl nickel chloride dimer and Na[B(3,5-
(CF5),C¢H5),] in the presence of an extensive range of mono- and bidentate ligands,
a representative sampling of which are illustrated (Fig. 22) [136].

The 1,4,7-trimethyl-1,4,7-triazacyclononane ligand was allowed to react with
ScCl;(THF), to yield (tmtacn)ScCl,, which was subsequently allowed to react with
MelLi to form the trimethyl complex (tmtacn)ScMe; (53).
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An active polymerization catalyst is formed in the presence of B(C¢Fs); or
[HNMe,Ph][B(C¢Fs),] [137]. Tris(pyrazolyl)methane reacts with TiCl,(THF), to
form HC(C;H;N,);Ti(=0)Cl, (54).

54
This complex can be combined with MAO to afford a catalyst which is active for
the polymerization of ethylene, though no polydispersity data were available [138].

11. Single-site catalysts of the Group 3 metals and lanthanides

The sterically very crowded complex (n°-Cp*);Sm polymerizes ethylene to
polyethylene of extremely high molecular weight. The authors speculate that one of
the rings either slips to form an n!'-Cp* complex which inserts ethylene (Fig. 23) or
eliminates tetramethylfulvene to form a catalytically-active Cp¥SmH species [139].

The dimethylsilyl-bridged cyclopentadienyl carbazole yttrium complex 55 was
prepared from the neutral ligand Me,Si(CsMe,H)(NC,,Hg) and Y(C¢H,-2-
CH,NMe,);.
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Fig. 23. Proposed mechanism for catalyst initiation by Cp%Sm

This serves as a one-component system for preparing vinyl-terminated polyolefin
macromers, which can subsequently be copolymerized with ethylene using a
Me,Si(CsMe,)(N-£-Bu)TiMe,—B(C4F5); catalyst [140].

A solid polymerization catalyst has been prepared by allowing
Cp¥NdCH(SiMe;), to react with BuMgEt and MgCl,. This was used to polymerize
ethylene to high-MW HDPE [141].

The cationic complex [(z-BuCp),Yb(THF),][BPh,]-THF was reported to polymer-
ize styrene to high molecular weight polystyrene, but the polymer is completely
soluble in methyl ethyl ketone, indicating a lack of stercospecificity [142]. The
bimetallic alane complex Cp,YbAIH;-L (Cp'=¢-BuCp, Cp*; L= NEt,, THF,
Et,0) also polymerizes styrene, but not a-olefins like ethylene and propylene.
Indeed, addition of these monomers suppress styrene polymerization activity com-
pletely by hydroaluminating and converting the metal component to an inactive
Cp5YbAIR, complex [143].

12. Single-site catalysts of the Group 5 and 6 metals

1,3-Butadiene is polymerized to mostly cis-1,4 polybutadiene by the trivalent
vanadium complex (MeCp)VCIl,(PEt;), in combination with Al(i-Bu);—
[HNMe,Ph][B(C4F5)4] [144], or by the V(IV) compound CpVCl; combined with
MAO [145] while the formally V(V) complex (PhN=)VCl; with MAO affords
polybutadiene with comparable contents of cis- and trans-1,4 and 1,2- placements
[146].

When R = 2,6-diisopropylphenyl, the tantalum n',n3-diallyl imido complex 56
polymerizes ethylene when allowed to react with [PhyC][B(C¢F5),] (but not B(C¢F5),
or [HNMe,Ph][B(C4Fs),]) while the dichloride analogue is inactive in the presence
of excess MAO.

K
M



G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329 271

In contrast, when R = Si(z-butyl),, the dichloride complex is polymerization active
while the diallyl complex is inactive when allowed to react with the boron activators
[147].

The chemistry of homogeneous cyclopentadienyl chromium catalysts for olefin
polymerization was reviewed by Theopold [148]. The chromacyclopentane complex
57 functions as an active polymerization catalyst (16 kg mmol~"' Cr-h~!) in the
presence of a surprisingly low excess of MAO (ALl:M = 100).

The intermediacy of an 1n?>-CH,=CH, complex was suggested by Cp*Cr(PMe;),(n>*-
CH,=CH,), which polymerizes ethylene at room temperature and 50 bar [149]. In
contrast, the tris(pyrazolyl)borate Cr(II) alkyls 58 (R = Et, Ph, CH,SiMe,) are
unreactive toward ethylene and attempts to oxidize the complexes to Cr(III) species
using [Cp,Fe][BPh,] results only in the loss of the alkyl group [150].

[
M
Me Me/B e

.
oT/oT 10

N\ N /
t-Bu ‘ tBu
t-Bu N

Cr

R

58

Rather surprisingly, Cp,NbCl, and even Cp,WCl, exhibit some activity in
ethylene polymerization when cocatalyzed by MAO [151]. The activities (100 g
mmol ~! M-h 1) are vastly lower than that of Cp,ZrCl, (6000 g mmol ~! Zr-h—1).
Active site counting using tritiated methanol indicates that while some 87% of
zirconocene centers are activated by MAO, only 0.5% of Cp,WCl, is similarly
activated.
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13. Polymerization catalysts of the late transition metals

Section 10 detailed much of the progress in new catalysts of the late transition
metals, but some other disclosures should be noted. A study of cocatalyst effects on
the polymerization behavior of (ArN=CR-CR=NAr)NiX, catalysts (R = H, Me;
Ar =2,6-(i-Pr),CiH;, 2,6-Me,CcH;) indicated that MAO afforded catalysts of
greater activity than did AIEt,Cl [152]. The degree of branching was also dependent
on cocatalyst (Table 2): ion-pair catalysts with more coordinating anions (BF, ,
AlMe, ) give a greater degree of branching than less coordinating anions like
B(CFs)s -

Polymerization of ethylene at high temperatures (120—180°C) and pressures
(1300-1800 bar) using a (ArN=C(R)-C(R")=NAr)NiBr,-MAO catalyst (Ar = 2,6-
(i-Pr),CsH;; R =R’=Me, R-R’ = acenaphthyl) produces polymers with extensive
chain branching, far more than that predicted from the low temperature and
pressure performance of these catalysts [153].

An inverse isotope effect was detected in the cobalt catalyst
[Cp*(P(OMe);)CoCH,CH,-u-H][B(3,5-(CF;),CcH;),], with catalyst activity greater
when C,D, was the monomer rather than C,H, (ky/kp = 0.48), associated with the
release of the B-agostic bond (Co *H---C vs. Co--*D---C) in the catalyst resting state
[154]. The effect does not arise from the relative reactivity of the catalyst with C,H,
versus C,D,: polymerization of a mixture of the two monomers affords a polymer
matching the feed ratio.

14. Catalysts without transition metals

Ziegler’s discovery of metal-mediated olefin polymerization came out of research
on ‘Aufbau’ reactions of ethylene with aluminum alkyls. Almost 50 years later,
Jordan showed that aluminum amidinate complexes react with B(CgFs); or
[Ph;C][B(C4Fs),] to form cationic species which polymerize ethylene to HDPE with
narrow molecular weight distribution (Fig. 24); the intermediate discovery of
degradation-resistant non-interfering anions assist in forming a stable polymerizing
catalyst [155].

Table 2
Ethylene polymerization by (ArN=CH-CH-NAr)NiMe, catalyst (Ar = 2,6-(i-Pr),CsH;)

Cocatalyst Branches per 1000 carbons Melting point (°C)
B(C4Fs); 18 128
[Ph;CJ[B(CeF's).] 6 137
HBF,-OMe, 15 137
AlMe, 82 122

MAO 25 123
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Fig. 24. Cationic aluminum amidinate catalyst for olefin polymerization.

Remarkably, Cp#Ca was reported to polymerize ethylene in the presence of
Al(i-Bu); and BuLi (possibly forming [AlBu,] ~). The mechanism by which chain
growth takes place is not clear, and catalyst activities are quite low (16 g mol
catalyst-h ~'-atm.) [156].

15. Activator compounds

Most single-site catalysts are comprised of two ingredients, the metal component,
upon which most of the attention falls, and the activating cocatalyst. Included is
research carried out on new activating species and improved preparations of known
cocatalysts, especially those directed toward commercial production.

MAO, the product of the controlled hydrolysis of trimethylaluminum and water,
remains the most frequently used cocatalyst in single-site catalysis. It has been
shown to be a superior cocatalyst to other hydrolyzed aluminum alkyls. For
example, the activities of ethylene—norbornene copolymerizations by
Me,SiCp,ZrCl, are 10 times lower when mixed ethyl- and isobutylalumoxanes were
used as the cocatalyst rather than MAO, though more norbornene was incorpo-
rated into the copolymer [157]. Attempts to find substitutes continue, though: an
investigation at Montell has found that hydrolyzed mixtures of branched trialkyla-
luminums like tris(2,4,4-trimethylpentyl)aluminum and tri(isobutyl)aluminum af-
ford more active catalysts with Et(H,—Ind),ZrCl, than alumoxanes based on either
aluminum alkyl alone [158].

Methylalumoxane is a commercially available material. A number of continuous
processes for its synthesis from AlMe; and water in an aromatic hydrocarbon have
been described which ensure steady-state concentrations of MAO and residual
AlMe; [159]. A low temperature (— 10°C) hydrolysis followed by treatment of
residual solids with AlMe; at higher temperatures (20 — 50°C) are reported to
afford high yields of MAO [160]. The sonication of AlMe; with an aqueous LiCl
solution speeds the hydrolysis process and yields an MAO solution which is more
stable to gel formation [161]. The activity of a Cp*Ti(OMe);—MAO catalyst is
maximized by adjusting the ratios of MAO to free AlMe;, as measured by
ZTAI-NMR spectroscopy [162]. Pretreatment of AlMe; by CO, before hydrolysis
yields a modified MAO composition with improved cocatalytic properties with
respect to MAO from untreated AlMe; [163].
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Further modifications of MAO are claimed to improve the performance of the
cocatalyst. An increase in catalyst activity was observed when BHT [164] or
siloxanes [165] are added to the MAO. The addition of methoxyboroxine to MAO
affords a granular alumoxane product well suited to use in slurry polymerizations
[166].

Alumoxanes and alumoxane surrogates can be generated from oxygen-containing
compounds other than water. CO,, benzophenone, and benzoic acid react with
AlMe, to produce precursors which are converted to alumoxanes on heating [167].
Other protolytic agents used with trialkylaluminums to generate cocatalysts for
polymerization by metallocene complexes include triphenylmethanol [168], te-
trafluoroterephthalic acid [169], 7-butyl-substituted phenols [170], bisphenols [171],
and ¢-butylcatechol [172].

Despite their reputation as indefinite, non-stoichiometric materials, attempts to
characterize alumoxanes continue. A study of MAO by multinuclear NMR spec-
troscopy found that the intensity of the MAO signal in the 2’ A1-NMR spectrum
increased on raising the temperature from ambient to 120°C. From the linewidths
at these two temperatures, the nuclearity of (MeAlO), species was estimated to be
between 20 and 30 under ambient conditions and 9 to 14 at the higher temperature
[173].

Tritto and co-workers have investigated the effect of added AlMe; on the
molecular weight and polymerization performance of MAO [174]. MAO ‘free’ of
AlMe, (containing about 1-7 mol% by titration with PPh;) has a molecular weight
of 1500-2700, while addition of 30 wt% AlMe; reduces the molecular weight to
480. Alumoxanes with lower molecular weights tended to have greater catalyst
activities at Al/Zr = 1000; adding additional AlMe, tends to depress the molecular
weight of the polyethylene formed.

Mesitylaluminum dihydride reacts with hexamethyltrisiloxane to form the cyclic
tetramer (Mes—AlO),, characterized by X-ray crystallography. This reacts with
AIR; (R = Me, Et) affording the ladder compound, also structurally characterized
(Fig. 25). Unfortunately, neither alumoxane complex functions as a cocatalyst for
ethylene polymerization with Cp,ZrMe,; it is felt that the size of the mesityl group
inhibits interaction with the metallocene [175].

Mes, Mes  peg
A0 R—AI A I
_Mes — Al—R
C|> ‘|\' AIRg No/ No”
o_/ o
Al 0 _ // AT N Al—
Mes~™ '\, AI/ R A= ;u Al—R
“Mes R Mes Mes

Fig. 25. Ladder alumoxane from [Al(mes)O]; and AlR;.
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Fig. 26. Synthesis of B(C¢F5); from zinc compounds.

Boron-based anions are the other major family of activators for single-site
polymerization catalysts [176]. These may be derived from salts like
[Ph;C][B(C4F5),] or from abstraction of an anion from the metal by B(CF5),.

Both tetrakis(pentafluorophenyl)borate salts and tris(pentafluorophenyl)borane
are commercially available reagents and research into new and more economical
routes to these complexes is ongoing. The need to cool the reaction of an ethereal
solution of Cc,FsMgX with BCl; is avoided when at least part of the reaction
solvent has a higher boiling point [177]. B(C¢F5); has been prepared by extrusion of
CO, from zinc pentafluorophenylbenzoate, followed by reaction of the organozinc
product with BCl, (Fig. 26) [178].

Marks and co-workers have found that reaction of Cp'MMe, (Cp'=Cp, 1,2-
Me,Cp, or Cp*) or Me,Si(CsMe,)(N-2-Bu)MMe, with tris(2,2',2"-perfluoro-
biphenyl)boron (59) affords catalysts with greater activity than with B(C¢F5); [179].

3

59

This has been ascribed to the lower coordinating strength of the [MeB(C,,F,);] ~
anion with respect to the [MeB(C4Fs);] ~ anion.

Tetrakis(pentafluorophenyl)borate salts can be made significantly (>35 wt%)
soluble in aliphatic hydrocarbons by using tertiary ammonium salts with long-chain
alkyl groups, for example HN(C,3H;,),(Me) ™ [180]. Salts of metallocene cations
with the 4-silyl-substituted [B(4-C¢F,SiMe,-¢-Bu),]~ and [B(4-C¢F,Si(i-Pr);),]
anions exhibit greater solubilities and thermal stabilities than with [B(C¢Fs)4] " ;
activities of Cp53ZrMe™* catalysts are higher with the silyl-substituted anions while
Me,Si(CsMe,)(N-£-Bu)ZrMe * catalysts are most active with [B(C¢Fs),]~ [181].
Because of strong ion pairing, relatively uncrowded metallocenes like Cp,ZrMe,
and Me,Si(CsMe,)(N-£-Bu)MMe, (M = Ti, Zr) are inert in ethylene polymerization
at room temperature when activated by [PhyC][FAI(C,,Hy);] (60), but become
active at elevated temperatures; substituted Cp5ZrMe™* catalysts are active under
all conditions [182].
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Substituted boratabenzene anions like 61 have also been suggested as suitable
non-interfering anions for single-site catalysts, though no data on polymerization
performance were reported [183].

O]

Reacting 1,4-dilithiotetrafluorobenzene with two equivalents of CIB(C¢Fs), af-
fords the binuclear Lewis acid activator 62 (Fig. 27).

Further reaction with one equivalent of Li(C4F5) yields the anion 63, which has
two different boron environments.

Both 62 and the triphenylcarbenium salt of 63 function as cocatalysts for
propylene polymerization by Me,Si(2-Melnd),ZrMe, [184].

Another type of bimetallic activator is produced when bis(trimethylstannyl)
compounds like 1,2-C4H,(SnMe,), are allowed to react with alkylaluminum chlo-
rides (Fig. 28). Catalysts derived from Cp,TiMeCl and the bis(alkylaluminum)
complexes show significantly higher activities than when AlMeCl, is the cocatalyst
[185].

The relative effect of MAO and boron-based anions on polymerization perfor-
mance was the focus of two papers. Propylene polymerization with Me,Si(Flu)(N-z-

Li B(CeFslz BCeFols |°
F. F  2CIB(CFa) F F LiCFs F F
-
F F F F F F
Li B(CgFs)2 B(CgFs)2
62 63

Fig. 27. Synthesis of binuclear boron activators.
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SnMe; AlMeCl
2 AlMeCl,

Y

SnMe; AlMeCl
Fig. 28. Synthesis of binuclear aluminum activator.

Bu)ZrX, (X =Cl, NMe,) produces acetone soluble oligomers when MAO is the
cocatalyst, but a variety of products ranging from fractions soluble in acetone at
— 10°C to fractions insoluble in refluxing acetone are formed when Al(i-Bu),/
[Ph;C][B(C4F5),] is used [186]. Propylene polymerization by a mixture of rac- and
meso-Me,Si(2,3,5-Me,Cp),ZrCl, shows that the polymerization activity decreases in
the order of cocatalysts Al(i-Bu),/[Ph;C][B(C4Fs),] > MAO > AlEt,/
[Ph;C][B(C¢Fs),]. Both boron-based cocatalysts give greater fractions of atactic
polymer than does the MAO-cocatalyzed system; the reasons are not clear [187]. In
EPDM production, it was found that the cocatalyst mixture Al(i-Bu)s-
Li[B(C¢F5)4]-B(C4F5); was more effective in generating polymerization-stable cata-
lysts than MAO (unacceptable excess required), [Ct][B(C4Fs),] or B(C¢F5); alone
(short-lived high activity), or Li[B(C4F5),] alone (inactive) [188].

Comparing alkylaluminums in the catalyst system Cp,ZrCl,—AIR;—B(C¢Fs);
indicates that catalyst activity decreases in the order AlMe; > Al(i-Bu), > AlEt; «
AIEt,Cl for Et(Ind),ZrCl, and Al(i-Bu); > AlMe, « AlEt; for Cp,ZrCl, [189].
There are optimum levels of aluminum alkyl, however, with excessive amounts
(above 300-400:1) suppressing catalyst activity.

16. Structural and theoretical studies

Part of the attraction of single-site catalysts to chemists is that, unlike conven-
tional Ziegler—Natta systems, they are quite amenable to comprehensive character-
ization and make an excellent basis for theoretical studies on the process by which
chain growth occurs. Many disclosures detail the interaction of metal component
and cocatalyst, as well as computational examinations on the effect the catalyst
structure has on olefin insertion.

When (1,3-(SiMe;),CsH;)Zr(n3-allyl)(n*-2,3-dimethylbutadiene) is allowed to re-
act with B(C4Fs);, a zwitterionic bis(allyl) complex is formed which was structurally
characterized [190]. In a toluene diluent, this complex acts as a single component
catalyst for ethylene polymerization. The chemistry of (1,3-(SiMe;),CsH;)ZrMe(n?*-
2,3-dimethylbutadiene) is somewhat different. This compound undergoes slow loss
of methane to form a binuclear complex [(1,3-(SiMe;),CsH3)Zr(p,-n'in*-2,3-
Me,C,H;)],. Only one of the butadienyl units is reactive even in the presence of an
excess of B(C4Fs);, forming a binuclear zwitterion. This too polymerizes ethylene,
though at a slower rate than either the methyl precursor or the allyl complex (Fig.
29) [191].
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Alkyl complexes of Cp(1,3-(¢-Bu),Cp)MR, are unreactive toward B(C4Fs); or
[Ph;C][B(C4Fs),] when R = CH,Ph or neophyl, but when R = Me, cationic com-
plexes are formed [192]. These exhibit low polymerization activity toward ethylene,
attributed to the steric bulk of the substituted cyclopentadienide. In the presence of
one equivalent of B(C¢Fs);, the zirconium dimethyl complex forms the cation,
which is unstable at elevated temperatures, decomposing to a ‘tuck-in’ cation. A
dimeric cation is detected when two equivalents of zirconocene dimethyl are added
to the boron activator (Fig. 30).

The formation of a ‘tuck-in’ cationic metallocene is not limited to ¢-butyl-substi-
tuted cyclopentadienides. When (Me,NCMe,Cp),ZrMe, is allowed to react with
B(C4Fs);, an unstable monomethyl cation is generated. This intramolecularly
eliminates methane to produce a spiro-metallocene cation (Fig. 31) [193]. The
authors postulate that this C—H activation may figure in the chain-growth process,
perhaps as a chain-transfer reaction.

The products from the reaction of Me,Si(CsMe,)(N-2-Bu)TiR, with B(C4Fs),
depend on the alkyl group. When R = Me, the cationic monomethyl complex, a
polymerization catalyst, is formed. In the presence of excess metal dimethyl, the
dimer [{Me,Si(CsMe,)(N-z-Bu)TiMe},(1-Me)] * exists in equilibrium with the
mononuclear cation and dimethyl complex. When R = CH,Ph, intramolecular

Me;Si SiMe, Me—\ 4
N
R=Me / zf SiMe,

Zr . H N
e e
Me , H/C/H

R=n3allyl | B(CeFs)s B(CeFs)3

Me;Si SiMe, Me

S}
(CgF5);B—CH.
CeFs)s 2 SiMte,
Z Me3Si

Fig. 29. Reactions of (CsH;(SiMe,),)Zr(2,3-butadiene) complexes.
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Fig. 30. Reactions of ((¢-Bu),Cp)(Cp)ZrMe(p-Me)(B(C¢Fs)3)

elimination of toluene occurs to afford the p-methylene cation, which is polymeriza-
tion-inert (Fig. 32) [194].

When the ‘tuck-in’ complex Cp*(CsMe,CH,)ZrPh is allowed to react with
HB(C(Fs5), the boron compound adds to the methylene group to give a product
chelated by a pendant hydridoborate group. This complex acts as a polymerization
catalyst in the presence of MAOQO, but activities are rather low (Fig. 33) [195]. The
action of B(C¢Fs), affords a zwitterionic compound in which the fluoroaryl group
stabilizes the cationic zirconium atom. This compound also polymerizes ethylene
either as a single-component catalyst [196] or when cocatalyzed by MAO.

When B(C(F5); is allowed to react with bis(cyclopentadienyl)(butadiene) com-
plexes of hafnium and zirconium, a zwitterionic complex is formed. For less-substi-
tuted rings, the ortho fluorines of the B(C4Fs); group interact with the cationic
metal center (Fig. 34). This is a dynamic process, with all six ortho-F groups

Me Me Me Me
N\ 7 N7
: <
\
N—Me Me., ® _N—Ne
Me—zr® Me > N———2Zr c
Me Me”” | I
HH
o DN
SN\
Me,N Me Me Me

Fig. 31. Metalation of (CsH(CMe,NMe,)ZrMe *.
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Fig. 32. Reactions of Me,Si(CsMe,)(N-z-Bu)TiR, with B(C¢F5);.

becoming equivalent at about 240 K [197]. Reaction of these complexes with
methylenecyclopropane affords the regioisomeric insertion products, which exhibit
a m-interaction of the internal olefin with the metal [198]. The more sterically
constrained complex Cp*Zr(n*-C,H) gives an ‘open’ zwitterion on reaction with
B(C¢F5)s; the X-ray crystal structure indicates no C--F-M interaction. This

Fig. 33. Reactions of Cp*(CsMe,)(n-CH,)ZrPh with boron activators.
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Fig. 34. Reactions of Cp,Zr(butadiene) with B(C¢Fs);.

compound functions as a single-component catalyst for the homopolymerization of
ethylene or propylene [199].

B(C4Fs); abstracts a methyl group from Cp*TiMe; to form Cp*TiMe,(p-
Me)B(C¢F5);, which is stable below 0°C. Despite the electrophilic nature of the
metal center, isotopic labeling of the methyl groups indicates that no o-agostic
interactions are present. In the presence of additional Cp*TiMe,;, an unstable
dimeric cation [(Cp*TiMe,),(n-Me)][MeB(C¢F5)s] can be observed by NMR [200].
Replacing one of the methyl groups in the precursor trimethyl complex with —C¢F
or —OCF; affords Cp*TiMe(X)(n-Me)B(C¢Fs5); on reaction with B(C¢F5); [201].
The —CF5 derivative dissociates neither into ion pairs nor the neutral precursors,
while the anion in the —OC¢F5s complex dissociates more easily. All three titanium
complexes function as polymerization catalysts, giving polypropylene with molecu-
lar weights above 10°.

The interaction of metallocenes with MAO—an indeterminate mixture of par-
tially hydrolyzed AlMe;—has long been an area of conjecture, though the genera-
tion of an ion-pair complex has now been generally accepted. Tritto and co-workers
compared the '"H- and "*C-NMR spectra of Cp,Zr('*CH;),~MAO with those of the
enriched metallocene activated by AlMe; or B(C¢Fs);. From these, the presence of
[Cp,Zr("*CH,)][MeMAO],  [(Cp,Zr("*CH,))y(1-"CH;)][MeMAO] and [Cp,Zr(p-
Me),AlMe,][MeMAO] were deduced [202].

These same investigators examined the course of ethylene polymerization by
Cp,Ti("*CH;)CI-MAO to determine the contribution of the carbene species
Cp,Ti=">CH, to the process. Exposure of the catalyst solution to isotopically
enriched ethylene showed a decrease in intensity of the cationic metallocene
complex, but no change in the concentration of the alkylidene complex [203]. In the
oligomerization of norbornene, insertion of the olefin into the Cp,Ti(**CH;)*
cation takes place at 0°C without contribution by the alkylidene complex, but at
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Fig. 35. Norbornene dimerization by Cp,Ti='*CH,.

20°C, a methylidene norbornane dimer is formed. This was attributed to participa-
tion by the titanium carbene without ring opening taking place (Fig. 35).

By analyzing the methane evolved from the reaction of Cp,ZrX, (X = Cl, Me)
with deuterated MAO in protio- or deuterotoluene, a mechanism for methane
evolution was proposed. This involves attack by the Cp,ZrMe* cation on a
Cp,ZrMeX group and loss of methane to form [Cp,ZrMe(p,-n°:n'-Cp)ZrMeCp] ™+
(Fig. 36) [204]. The production of more than one equivalent of methane per
zirconium indicates a restoration of Zr—Me groups.

A DFT (density funtional theory) calculation on the Cp,TiMeCl-AlMe,Cl
catalyst in ethylene polymerization examined not only the ethylene insertion
reaction, but how the [AIMe,Cl,] ~ counterion affected the process. The energeti-
cally most favorable process is one in which the Cp,TiMe™ active species is not
completely separated from the anion, but one in which an olefin-separated ion pair
Cp,TiMe * /C,H,/AlMe,Cl;~ collapses back to a Cp,Ti(C;H,)-Cl-AlMe,Cl
product after olefin insertion [205]. Methylalumoxane was deemed to be a superior
cocatalyst to AlMe; for Cp,TiMeCl and Cp,ZrMeCl because of the tricoordinate
oxygen atoms exerting an electron-withdrawing effect on the aluminum centers,
rendering them more acidic. Dispersion of the negative charge over the alumoxane
framework also plays a part in favorable insertion thermodynamics [206].

@\7 I @ 4 >\%>
® .nMe -CH, \,\Zr

Zr—Me + zr _— Zr -
E E é SMe ,\; E \Me’ \

Fig. 36. Postulated mechanism for methane loss in Cp,ZrX,—~MAO catalysts.
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Fig. 37. Olefin rotation in Cp,ZrH(H,C=CHCMe) *.

The PM3(tm) method has been found wanting for optimizing transient structures
and transition states in ethylene polymerization by Cp,ZrMe ™ or CpCr(H,O)Me ",
though a hybrid method using gradient-modified DFT and PM3(tm) gave a more
accurate estimate of the barrier for monomer insertion [207]. A theoretical study of
a variety of d° methyl metal complexes and their reaction with ethylene indicates
that ligands trans to coordinated ethylene inhibit insertion; bis(cyclopentadi-
enyl)titanium and zirconium methyl cations have no such geometry and are
predicted to perform well as catalysts [208].

Stereo- and regioerrors in propylene polymerization serve to depress the melting
point of the resultant polymer. One explanation of the origin of these errors is that
there is a isomerization of the alkyl chain. A DFT study of the mechanisms of this
isomerization concludes that it is best explained by B-H transfer from the alkyl
chain, olefin rotation, and subsequent reinsertion. The change of coordinated
enantioface may occur through the CH, terminus of the coordinated olefin (Fig. 37)
[209]. A molecular mechanics study and comparison to experimental results of the
regioselectivity of chiral ansa-metallocenes shows that ‘open’ metallocenes like
Me,C(Ind),ZrCl,, which have relatively low stereospecificity, are largely regiospe-
cific while more sterically constrained metallocenes like Et(4,7-Me,Ind),ZrCl, lead
to a higher number of 2,1 and 3,1 placements [210]. Aspecific and syndiospecific
catalysts are far more regiospecific than isospecific catalysts, a phenomenon at-
tributed to the ‘wrong’ enantioface of the monomer preferring a secondary insertion
in isospecific catalysts while for aspecific and syndiospecific catalysts, the activation
barrier to primary insertion is much lower than that for secondary insertions [211].

Having determined that symmetry-based predictions of stereospecificity in metal-
locenes, especially for C,-symmetric complexes, is inadequate, Fink and co-workers
have developed a new model which examines the lowest-energy conformers and
determines energy levels through molecular mechanics calculations [212]. Using this
method, they predicted that Me,C(3-i-PrCp)(Flu)ZrCl, should function as a hemi-
isotactic catalyst, an assertion later confirmed experimentally.

H,Si(Cp)(NH)Ti—-R* (R =ethyl, propyl) was used as the model to examine
chain termination and long-chain branching in ‘constrained-geometry’ catalysts.
B-Hydrogen transfer to monomer is energetically favored over B-hydrogen transfer
or C—H o-bond metathesis. An unusual mechanism for introducing long-chain
branching by o-bond methathesis (Fig. 38) was deemed less favorable energetically
to the conventional model of reincoroporation of a-olefin macromers [213].



284 G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329

= o

MeSi Ti ;‘_l —_— Me2Si Ti
l'. \s\ \ (CH2)H \ /(CHZ)n
\T/ |'-|---.:<|;/ \T/ 28
R (CH2)nCH3 R (CH2)qCH3

Fig. 38. o-Bond methathesis mechanism for long chain branching.

Examining chelating alkoxide complexes of titanium and zirconium using density
functional methods shows that the activation barrier for ethylene insertion is lower
for titanium. The sulfur bridge interacts strongly with the metal center, stabilizing
the cationic center over complexes with methylene bridges or those where the aryl
groups are directly bridged. The transition from a y-agostic state after ethylene
insertion to a B-agostic state (Fig. 39) is more exothermic for the titanium complex,
possibly explaining why the insertion barrier is lower [214].

The activation energies for Cp(PH;)M(CH,CH,)H* were calculated to be 0.3
kcal mol~! for Co, 2.7 for Rh, and 6.1 for Ir. The insertion reaction is exothermic
for cobalt and rhodium ( — 3.4 and — 1.0 kcal mol —!), but endothermic for iridium
(+ 3.7 kcal mol~'). The insertion of ethylene into Cp(PH;)MMe™* has a higher
activation barrier, but is exothermic for all three metals. The cobalt complex is
known to have a B-agostic interaction, but the interaction weakens on going to
rhodium and iridium analogues [215].

Both Ziegler and Morokuma have reported results from density functional
studies on ethylene polymerization by (HN=CH-CH=NH)MMe* (M = Ni, Pd)
[216]. These catalysts are known to produce branched homopolyethylene, but there
is some divergence of opinion about the mechanism for chain isomerization:
Morokuma proposes that the [L,M(CH,CH,CH,)]" complex proceeds by a hy-
dride-olefin species [L,MH(H,C=CH=CH,)]*", the olefin of which rotates and
reinserts to form [L,M(CH(CH,),]*. Ziegler suggests that the abstraction and
rotation are part of a concerted process. Calculations on the larger molecule

Me (o} H, Me (0]

A Ti - >
\ N (o3
, - /cHz AN 7N
H- W H
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Fig. 39. y-Agostic to B-agostic interaction in titanium bis(phenolate) catalysts.
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(ArN=Cme—-CMe=Ar)NiMe " (Ar = 2,6-(i-Pr),C4H;) were carried out using a com-
bination of molecular mechanics (for the ligand set) and quantum mechanics (for
the active site). This allowed a more accurate assessment of activation barriers for
propagation, isomerization, and termination [217].

17. Polymerization and copolymerizations of ethylene

Single-site catalysts find special value in the copolymerization of ethylene with a
variety of a-olefins. The high reactivity of these catalysts toward a-olefins makes
accessible resins of much lower densities than those produced from conventional
Ziegler—Natta systems. The narrow compositional distribution and random incor-
poration of comonomer improves mechanical and optical properties while reducing
extractable fractions. Novel polymer structures are also possible: supported
Et(Ind),ZrCl,—MAO or Me,Si(CsMe,)(N-z-Bu)TiMe,—B(C4Fs); catalysts are re-
ported to copolymerize ethylene and 1-hexene in such a manner that the polymer
fraction with higher comonomer content occurs in the higher molecular weight
portion of the copolymer [218], opposite to that seen in conventional Ziegler—Natta
catalysts, which produce low-molecular weight, non-crystalline fractions.

Metallocene complexes with fused ring substituents (substituted indenyl and
fluorenyl) attracted interest as procatalysts for ethylene polymerization and
copolymerization.

Bis(indenyl) complexes of the general formula (R, CoHg _,,)CpZrCl, (R = Me, Ph;
n=1-3) are more active and produce polymers of higher molecular weight than
Cp,ZrCl, [219]. Substituting the cyclopentadienyl ring has an adverse effect and
(1-MeO—-(CH,),—Ind)CpZrCl, is only feebly active, probably due to intramolecular
coordination of the methoxy group to the cationic metal site. While rac-Me,Si(2-
Melnd),ZrCl, finds value in isotactic propylene polymerization, the meso isomer 64
has an application in ethylene—octene copolymerizations.

In cases where [l-octene] « [ethylene], copolymers with [EO] and [OE] dyads
totaling 96% and low levels of [EE] and [OO] placements indicates an almost
alternating copolymer [220]. This was rationalized in terms of the comonomer
coordination in the different steric environments (fused-ring and methyl-bearing
sides) of the molecule. Miilhaupt and co-workers examined the effect of ligand
substitution on ethylene-1-octene copolymerizations using Me,Si(Ind’),ZrCl,—
MAO catalysts (Table 3) [221]. Polymers from the 2-methyl derivatives exhibit



Table 3

Ethylene-octene copolymerization with Me,Si(Ind’),ZrCl,-MAO catalysts

Catalyst Activity® MW (x1073) C, content (mol%) Cy content (mol%) e o relo
Me,Si(Ind),ZrCl, 1598 90.8 88.2 11.8 18.9 0.014 0.27
Me,Si(2-Melnd),ZrCl, 894 140 88.6 11.4 19.5 0.013 0.25
Me,Si(Benz[e]Ind),ZrCl, 1667 71.7 80.6 19.4 10.7 0.076 0.81
Me,Si(2-Me—Benz[e]Ind),ZrCl, 596 172 77.8 22.2 10.1 0.118 1.20

4 Mole inserted monomer units/(mole 1~! total monomer concentration x mol metallocene x time) = 10
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higher molecular weights, while those from benzo derivatives are more octene rich.
The activation barriers to octene insertion were calculated to be lower for the benzo
derivatives, so octene insertion is more favorable and a more random copolymer is
formed.

The fluorenyl-based metallocenes exhibit superior activity and, where tested,
comonomer incorporation than their less substituted counterparts. Thus compound
65 produces ethylene—octene copolymer with higher molecular weight and lower
density at higher activity than Me,Si(Ind)(Flu)ZrCl, [222].

65
Compound 66 incorporates more 1-hexene than (1,3-Me,Cp),ZrCl,, produces a
much higher molecular weight polymer than Me,C(Cp)(Flu)ZrCl, and has a much
higher catalyst activity than either [223].

Me, Me
Ph,C  ZCl,
V4 N\
66
The effect of substitution in Et(Flu),ZrCl, 67 is not clear (Table 4).
3 4 s 6

67
For example, 7-butyl groups in the 2- and 7-positions improve activity over
Et(Flu),ZrCl,, but methyl or ethyl groups in the same remote locations depress
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Table 4
Ethylene polymerization by 1,2-Et(Flu’)(Flu')ZrCl,

(Flu')(Flu”) Activity (kg mmol~! Zr-h—1) MW (x1073)
(4,5-dimethylfluorenyl), 2601 444
(4-methylfluorenyl), 2408 610
(4,5-dimethylfluorenyl)(fluorenyl) 1965 240
(4-benzylfluorenyl), 1464 610
(3,4-benzofluorenyl)(fluorenyl) 941 430
(2,7-dinaphthylfluorenyl)(fluorenyl) 693 760
(2,7-dinaphthylfluorenyl), 666 270
(2,7-di-¢-butylfluorenyl), 613 93
(4-benzylfluorenyl)(fluorenyl) 561 510
(4,5-benzofluorenyl), 485 570
(fluorenyl), (reference) 420 620
(2-naphthylfluorenyl), 375 620
(4,5-benzofluorenyl)(fluorenyl) 279 1050
(1-methylfluorenyl), 221 270
(2-methylfluorenyl), 217 610
(2,7-dimethylfluorenyl), 214 680
(1,8-dimethylfluorenyl)(fluorenyl) 210 200
(2,7-diethylfluorenyl), 189 830
(2,7-dimethylfluorenyl)(fluorenyl) 125 575

activity. Methyl groups in the 4- and 5-positions lead to a 5-fold increase in activity
over the reference metallocene [224].

‘Constrained-geometry’ catalysts such as Me,Si(CsMe,)(N--Bu)TiMe, are
known to produce VLDPE and elastomers of high molecular weight. Another study
has found that complexes containing amide groups with primary carbon atoms (e.g.
Me,Si(CsMe,)(N-n-octyl)TiCl,) or secondary carbon atoms (e.g. Me,Si(CsMe,)(N-
¢-C,H,;)TiCl,) in combination with MAO give higher comonomer incorporation
than the ¢-butyl derivative [225].

Karol and co-workers studied a variety of factors and their consequences in
ethylene copolymerizations using metallocene catalysts [226]. Catalyst activities and
comonomer reactivity increase with increasing MAO concentrations; this was
attributed to a greater degree of ion separation. The activity and copolymerizing
activity of the catalyst is strongly dependent on the ring substituents, with
Ph,C(Cp)(Flu)ZrCl, and Me,Si(2-Melnd),ZrCl, incorporating the most
comonomer, (n-BuCp),ZrCl, and (Ind),ZrCl, the most active, and
Me,Si(Cp),ZrCl, the least active. A surprising variance in chain ends was also
observed with different catalysts—vinyl, produced from chain elimination after
ethylene insertion, was predominantly formed from Me,Si(Cp),ZrCl,; vinylidene
groups, produced by elimination after 1,2 a«-olefin insertion was predominatly
formed from (Ind),ZrCl,; and vinylene groups, produced by chain elimination after
2,1 a-olefin insertion was predominantly formed from Ph,C(Cp)(Flu)ZrCl, (Fig.
40). In ethylene homopolymerizations, vinylene groups are produced, although
their concentration falls as ethylene pressure is increased. An isomerization reaction
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CH,=CH,
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CH,=CHR | | o
M—P ——> M—CH,CH—P ——> CHy>=CH—P Vinylidene
CH,=CHR

M—(‘:HCHZ—P ———> R—CH=CH—P Vinylene
R

Fig. 40. Mechanisms for formation of chain-end olefin structures.

involving B-hydride elimination, followed by chain isomerization, reinsertion, and a
second B-hydride elimination was deemed the most likely pathway (Fig. 41) [227].
Comparing the performance of Et(Ind),ZrCl, and Et(Ind),HfCl, with MAO in
the copolymerization of ethylene and propylene or l-octene shows that higher
molecular weight copolymers with less crystallinity (resembling homogeneous vana-
dium catalysts) are formed from the hafnocene [228]. Catalyst activities are acceler-
ated for these catalysts on addition of propylene to approximately 20—50 mol% in
the feed stream. Above and below these limits, the polymer becomes more crys-
talline and diffusion of comonomer into the insoluble polymer more difficult [229].
Et(CH(i-Pr);)(NMe,)TiCl,-MAO catalysts produce ethylene—propylene copoly-
mers with concentrations of head-to-head sequences lying between those from
homogeneous vanadium catalysts and those from metallocene catalysts [230].
Ethylene-a-olefin-diene terpolymers prepared from (1,3-Me,Cp),ZrCl,—MAO
catalysts have lower surface roughness and better shape retention than those
produced from a conventional VO(OEt)Cl,—AlLEt,Cl; catalyst [231]. Comparing
Et(Ind),ZrCl, and Et(Ind)HfCI, in the terpolymerization of ethylene, propylene,
and ethylidene norbornene reveals the hafnocene to be less active than the zir-
conocene, but forming polymers of higher molecular weight with more comonomer.
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CpszZr c c @ /A
PN N N —> Cpm—] HH
c
H/ \H H/ \H W
H—CH, l
o/ | H H_H
ooz PR of "
SR R ——— hey <—— ©Cpz—]| HAH
c c
| W o ™
c R
H—C /\
R/ “H H H

Fig. 41. Mechanism for vinylene chain-end formation by metallocene catalysts.
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The EPDM from metallocene catalysts shows less crystallinity and a lower glass
transition temperature than that from a conventional vanadium catalyst [232].

Mono(cyclopentadienyl) titanium complexes like Et(CsH(i-Pr);)(NMe,)TiCl,—
MAO [233] and Me,Si(CsMe,)(N-£-Bu)TiMe,—B(C¢F5); [234] were used to terpoly-
merize ethylene, propylene, l-octene, or styrene, and dienes like ethylidene
norbornene and o,m-dienes. The functionality can be used subsequently for vulcan-
ization. The process may be carried out at temperatures above 100°C using
Cp*Ti(N(SiMe;),)Me, with MAO or [HNMe,Ph][B(C4F5),]; an unsubstituted cy-
clopentadienyl ligand affords polymers of lower molecular weight at lower activities
[235].

Using Cp,ZrCl,~MAO to copolymerize ethylene with propylene, 1-butene, 1-
hexene, or 1-octene shows the usual rate enhancement and a lowering of polymer
melting point on increasing the length of the short-chain branch, even though the
comonomer composition remains constant [236]. Incresing the pressure in a
Et(Ind),ZrCl,—MAO catalyst for ethylene—hexene copolymerization increases the
productivity of the catalyst (g polymer mol ~! catalyst) but decreases somewhat the
activity of the system (g polymer mol ~' catalyst-bar); the crystallinity and melting
point of the copolymer increase as the ethylene pressure is increased as well [237].
Increasing the temperature of an ethylene-1-octene copolymerization catalyzed by
Me,Si(2-Me—Benz[e]Ind),ZrCl,—MAO catalyst while keeping the ethylene—octene
molar ratio constant leads to lower molecular weights and lower octene incorpora-
tion. Increasing the temperature while keeping the ethylene pressure and octene
concentration constant affords lower molecular weight copolymers of relatively
uniform composition. These results were explained in terms of the solubility of
ethylene in the toluene diluent employed [238].

Low molecular weight homo- and copolymers (MW = 10 000), useful as adhesive
components and viscosity modifiers, are prepared from (n-BuCp),ZrCl,—Al(i-
Bu);—[HNMe,Ph][B(C¢Fs),] catalysts at high temperatures and pressures (260°C,
1500 bar) with high hydrogen concentrations in the feed stream [239]. The copoly-
mers can also be prepared from Me,Si(CsMe,)(N-£2-Bu)TiMe, or Me,Si(CsMe,)(IN-
t-Bu)Ti(n*1,3-pentadiene) and B(CFs); [240]; a hydrogen:ethylene mol% ratio
over | is needed to achieve the desired low molecular weight.

Ethylene—styrene copolymers are accessible using single-site catalysts and re-
cently Dow has commercialized these resins under the name Index™. A ‘con-
strained-geometry’ catalyst like Me,Si(CsMe,)(N-7-Bu)TiCl, best accomodates the
large styrene or methylstyrene monomer incorporating them more efficiently than
Et(Ind),ZrCl, [241]. The zirconocene complex has a marked preference for ethylene
insertion over styrene insertion, but Me,C(Cp)(Flu)ZrCl, is more reactive toward
styrene, producing a low crystallinity alternating copolymer [242].

The behavior of a series of Me,Si(Cp')(N-R)MCL,—MAO catalysts in ethylene-
styrene copolymerizations is summarized in Table 5. The fluorenyl zirconium
complex affords the highest molecular weight at the cost of low styrene incorpora-
tion while Me,Si(CsMe,)(N-z-Bu)TiCl, appears to give the best balance of activity,
molecular weight, and styrene incorporation [243].
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Table 5
Ethylene-styrene copolymerization by mono(cyclopentadienyl)amide catalysts

Catalyst Activity Styrene content T, (°C) Mn (x1073)
(kg mol~! (mol%)
Ti-h~"mol 1)
Me,Si(CsMe,)(N-z-Bu)TiCl, 3074 15.8 53
Me,Si(Ind)(N-z-Bu)TiCl, 435 20.5 118.0 11
Me,Si(3-Me;Si-Ind)(N-z-Bu)TiCl, 255 5.7 92.9 38
Me,Si(Flu)(N-7-Bu)ZrCl, 194 1.1 124.0 121
Me,Si(CsMe,)(N-CH,Ph)TiCl, 38 26.0 122.7 12
Me,Si(Ind)(N-z-Bu)TiCl, 25 53 4

The Ti(IIT) complex Et(CsMe,)(NBu,)TiCl, has a catalyst activity equivalent to
Me,Si(CsMe,)(N-£-Bu)TiCl,, while affording a polymer with higher molecular
weight (180 000 vs. 82 000) and higher styrene incorporation (6.3 vs. 4.2 mol%)
[244]. Polymerizing ethylene and styrene with a Cp*Ti(OPh);—MAO catalyst pro-
duces mixtures of copolymer and ethylene and styrene homopolymers. The extent
to which these components are formed is dependent on reaction conditions:
copolymer formation is favored between 40—60°C and at Al:Ti between 300 and
1000. Higher or lower temperatures, higher ALTi ratios, or addition of AlMe,
promotes homopolymer formation [245].

Comparing the performance of linked bis(phenolate) titanium complexes (39) in
ethylene—styrene copolymerization, Okuda and co-workers found that while thio-
bridged complexes had the highest catalyst activity (80—110 kg mol ~! Ti-h = 1), the
ethylene-bridged compound incorporated high levels of styrene; copolymers with as
much as 36 mol% styrene were accessible. A relatively more accessible active site
with this ligand was deemed the key [246].

Ethylene and styrene may be terpolymerized with comonomers such as 1-octene,
1,5-hexadiene (which cyclopolymerizes), and norbornene; a Me,Si(CsMe,)(N-z-
Bu)TiCl,-MAO catalyst was used [247]. Styrene by itself inhibits catalyst activity
while 1-octene by itself increases activity. In combination, the catalyst activity goes
through a maximum with increasing styrene concentration. A '*C-NMR analysis of
the polymer indicates no styrene—octene dyads. Elastomeric interpolymers of
ethylene, styrene, and 4-ethylidene-8-methyl-1,7-nonadiene optionally copolymer-
ized with propylene or l-octene—formed from a Me,Si(CsMe,)(N-z-Bu)TiCl,—
MAOQO catalyst—vulcanize faster and have higher heat stability than
ethylidenenorbornene-containing elastomers [248].

Copolymerizing ethylene and p-methylstyrene using metallocene catalysts affords
ethylene-p-methylstyrene copolymers which can be functionalized or metalated with
butyllithium to form initiators for the anionic polymerization of styrene or methyl
methacrylate (Fig. 42) [249].

Some quite unusual comonomers are amenable to polymerization by single-site
catalysts. A (n-BuCp),ZrCl,—MAO catalyst terpolymerizes ethylene, 1-pentene, and
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I-butene, 1-hexene, or 1-octene to a polymer reported to have superior properties
to the ethylene copolymers [250]. Adding 1,2-polybutadiene to a ethylene-1-octene
copolymerization catalyzed by Et(CsMe,)(NMe,)TiCl,—AlEt;—[Ph;C][B(C¢F5),]
system results in a broadening of MWD and MFR; this controllable breadth of
MWD may assist in processibility of the polymer [251]. Isobutylene and 2-methyl-1-
butene, not normally reactive with coordination catalysts, are copolymerized with
ethylene by a Me,Si(CsMe,)(N-c-C,,H,;)TiMe,—[Ph;C][B(C4Fs),] catalyst to
poly(ethylene-co-isobutene) containing as much as 45 mol% IB [252].

Copolymerization of ethylene and 1,5-hexadiene using a Me,Si(H,—Ind),ZrCl,—
MAO catalyst at high-pressure (1500 bar), high-temperature (180°C) [253] or more
moderate conditions using a Me,Si(CsMe,)(N-z-Bu)TiCl,—MAO catalyst [254] af-
fords polymers containing both 1-hexenyl branches and 1,3-cyclopentane rings,
caused by incorporation of both olefin functionalities (68); the concentration of
vinyl groups increases with increasing comonomer concentration.

X

68

Atactic polypropylene macromers—prepared from a Cp3ZrCl,—MAO catalyst—
are incorporated to as much as 5 mol% by a Me,Si(CsMe,)(N-7-Bu)TiCl,—MAO
catalyst (69).

CH,

(CHZCH—)‘—CHZCH(CH;,)z
—écuzcuz%cuzcnﬁ—

69

In these macromers n averages 11, but the chain length does not appear to affect
the extent of incorporation [255].

—CH,CHy-CH,CH ————» —(CH,CH,)Y-CH,CH—
CH, CH,X

X = SiMej3, PS, Br, PMMA, COOH

Fig. 42. Functionalization of ethylene-4-methylstyrene copolymers.
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1,3-Butadiene is incorporated into ethylene chains with a Me,Si(CsMe,)(N--
Bu)TiCl,-MAQO catalyst with mostly trans-1,4 and some 1,2-placements; no cis-1,4
placements were detected [256]. 4-Methyl-1,3-pentadiene is incorporated into ethylene
chains with a CpTiCl;—MAO catalyst with 1,2 or 1,4 arrangements despite the fact
that the homopolymerization always gives syndiotactic-1,2 polymers. This was
attributed to a lack of unsaturation in the penultimate group of the growing chain;
vinyl coordination appears to favor 1,2 placements [257].

Incorporating polar monomers into the ethylene chain remains a desired goal in
olefin polymerization catalysis. Unfortunately, the electrophilic active site is frequently
deactivated by lone pairs of electrons on the comonomer. Efforts to produce new
resins containing functional groups continues using single-site catalysts.

Copolymerization of ethylene with alcohols (1,1-methyl-2-propen-1-ol, 5-hexen-1-
ol, 10-undecen-1-ol), acids (10-undecenoic acid), and esters (methyl-9-decenoate) using
a (n-BuCp),ZrCl,—MAO catalyst gave the best conversion of monomer and lowest
declinein catalyst activity when 10-undecen-1-ol was the comonomer [258]. 1,1-Methyl-
2-propen-1-ol is not incorporated at all, owing to the proximity of the alcohol
functionality to the metal and the steric constraints exerted by the geminal methyl
groups. The activity of an Et(Ind),ZrCl,-MAO catalyst for ethylene-propylene
copolymerization is approximately halved in the presence of 11-chloroundec-1-ene
termonomer; the shorter chain 5-chloro-1-pentene suppresses activity completely [259].

It is not clear that adding bulky substituents to the polar atom improves catalyst
performance. When ethylene is copolymerized with NV,N-bis(trimethylsilyl)-1-amino-
10-undecene using a Me,Si(Benz[e]Ind),ZrCl,—MAO catalyst, the activity declines by
almost 90% as the comonomer:metal ratio increases from 3600 to 7200 [260]. However,
the polymerization performance of a Me,Si(CsMe,)(N-¢-Bu)TiMe,—B(C¢F5); catalyst
in ethylene—octene copolymerization appears to be little affected by the presence of
4-allyl-2,6-di-¢-butylphenol, which is randomly incorporated in the copolymer chain
[261]. The oxidation state of the metal may also be a factor: The Et(Cs(i-
Pr);H)(NMe,)TiCl,-MAO catalyst incorporates S-norbornene-2-carboxaldehyde
some 4 times more efficiently than a Cp,MCl,—MAO system [262].

The unusual silasesquioxane monomer 70 can be incorporated to about 1 mol%
in polyethylene using Cp,ZrCl,, Me,Si(Ind),ZrCl,, or Me,Si(CsMe,)(N-z-Bu)TiCl,
complexes with MAO [263].

70
The copolymer has a melting point some 7—18°C lower than that of homopolyethylene
and exhibits somewhat greater thermostability in air.
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18. Polymerization of propylene and higher a-olefins

Efforts continue to raise the melting point of isotactic polypropylene prepared
from metallocene catalysts. In the presence of MAO, the 2-methyl cyclopen-
ta[l]phenanthryl complex 71 polymerizes propylene with extremely high activities
(56 kg mmol ~! Zr-h ') to i-PP with over 97% mmmm pentads [264].

@
Y

Me,Si ZrCl,
=

However, the presence of reglolrregularltles (0.4%) reduces the melting point to
152°C. It has been suggested that asymmetric ansa metallocenes like 72, one indenyl
group bearing a secondary- or tertiary-carbon substituent in the 2-position, has
higher isospecificity and regiospecificity than 2-methylindenyl compounds or even
symmetric 2-isopropylindenyl) metallocenes [265].

5

Me,Sii  ZrCl,

The C,-symmetric (3-menthyl-Cp)(octahydrofluorenyl) complex 73 affords
polypropylene 80-90% mmmm pentads versus 35-65% for Me,Si(3-menthyl-
Cp)(CsMe,)ZrCl, [266].

73
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This was attributed to the greater lateral expanse of the octahydrofluorenyl ligand
(6.76 A) over the tetramethylcyclopentadienyl ligand (5.18 A).

Ewen has suggested that ideal metallocenes for stereospecific a-olefin polymeriza-
tion bear substituents at the B position for stereodirection and substituents at the o
position to ‘lock’ the polymer chain into a specific conformation [267]. An example
is 74.

|Me3
ZrC

Nb:;SI

k

74
Polypropylene from the rac-isopropylidene(3-z-butyl—Indenyl)zirconium compound
75 has surprisingly high isotacticity (mmmm = 94.8%) when one considers that the
3-methylindenyl analogue is almost aspemﬁc [268].

The catalyst is sensitive to propylene concentratlon: at low monomer concentra-
tions, chain epimerization is relatively rapid and the isotacticity of the polymer falls
accordingly (mmmm = 53.5%). Oddly, the C,-symmetric compound threo-Me,C(3-
t-BuCp)(3-t-Bulnd)ZrCl, exhibits much less dependence on propylene pressure,
with mmmm falling from 99.5% at 4.0 atm propylene pressure just to 95.6% at 0.5
atm [269]. Me,C(3-t-BuCp)(Ind)ZrCl, polymerizes propylene to low-molecular
weight products, with the threo isomer (76) affording isotactic material, while a-PP

is formed from the erythro isomer [270].
t-Bu

Me zc ZrCl 2

76
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Weak syndiospecificity (rr = 0.48) is exhibited by the polypropylene produced
from the ansa-3-p-tolyl-Indenyl complex 77 (E=C, Si) while the 2-substituted
isomer is almost totally aspecific [271].

Mezi ZrCl,

5>
Q Me

77
In the case of the fluorenyl amide compounds (78), when M = Ti, a syndiotactic-en-
riched polymer is formed (rr = 0.6, rrrr = 0.38) by chain-end control as calculated
from Bernoullian statistical equations [272].

\ /

MeZSi\h/MCIz

|
t-Bu

78
When M = Zr, atactic regioregular polypropylene is produce [273]; less regioregular
polypropylenes are formed from tetramethylcyclopentadienyl- or indenyl-amide
titanium catalysts. The methylene-bridged trimethylsilylcyclopentadienyl complex
79 is reported to produce polypropylene with both isotactic (mmmm = 33.8%) and
syndiotactic (rrrr = 46.5%) blocks [274].
SiMe;

Ph,C  ZCl,

79
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At low temperatures ( — 40 to 0°C), a Cp*TiMe,—B(C¢F5); catalyst polymerizes
propylene to tough, elastomeric atactic polypropylene with narrow MWD (1.1) and
high molecular weight (MW = 6-40 x 10°) [275]. Adding small amounts of AlMe,
inhibits activity and broadens the MWD to nearly 10, though no alkylaluminum
adducts were detected by NMR. When these Cp'TiCl; complexes (Cp’ = Cp, Cp*,
Ind, heptamethylindenyl) are supported on MgCl, and activated by Al(i-Bu),, 7 to
50% of the polymer is heptane insoluble, the best results being with Me,Ind. On
adding five to eight equivalents per titanium of a monoester like ethyl benzoate as
an external donor, heptane insolubles as high as 93% and isospecificities (%
mmmm) as high as 94% can be achieved at the cost of catalyst activity [276].

Elastomeric polypropylene containing isotactic and atactic blocks are prepared
from ‘oscillating’ catalysts such as (2-Ph—Ind),ZrCl,. Hafnocene analogues afford
polymers with considerably shorter isotactic blocks, with mmmm =8-9 versus
25-35% for the zirconocenes. The rotational frequency of the two catalysts is
similar (6700-6800 Hz), so the disparity in isotacticity is due to the slower
propagation rate of the hafnocene catalyst [277]. Polymerizing propylene with
(2-Ph—Ind),ZrCl,—MAO in liquid propylene at — 2 to 10°C yields polymer with a
melting point of 140°C, comparable to that produced from Et(Ind),ZrCl,—MAO
[278]. (1-Me-2-Ph-1Ind),ZrCl, complexes (80) can be isolated and crystallographi-
cally characterized in both rac and meso diastereomers.

Me
%ph
ZrCl,
Me

80
The methyl group serves to twist the phenyl ring out of essential planarity with the
indenyl ring, increasing dihedral angle from 10-12 to 26-33°. With MAO, the
complex affords essentially atactic polymer (%m = 55-60) of lower molecular
weight and at much lower productivities than (2-Ph-Ind),ZrCl, [279]. The 1-aryl-
3,4-dimethyl complexes 81 (Ar=Ph, p-tolyl, 2-naphthyl) also lead to atactic

polymers [280].
Me
Al

Al
ZrCl,
Me

81
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Examining the enantioselectivity of the first propylene insertion into a
Me,Si(Ind"),ZrCl, compound cocatalyzed by '*C-labeled MAO reveals the surpris-
ing result that catalysts with Ind’ = benzoindenyl and 2-methylbenzoindenyl afford
highly isotactic polypropylene (mmmm = 93%), but the enantioselectivity of the
first insertion is quite poor ([e]=0.54). In contrast, when Ind’ =indenyl, the
isotacticity is relatively poor (mmmm = 78%), but the enantioselectivity is rather
better ([e] = 0.60) [281]. These results were duplicated when 3-methyl-1-pentene was
used as the monomer [282] and reinforce the view that the purpose of the
stereorigid ligand set is not to direct the monomer, but to fix the configuration of
the polymer chain, which influences the enantioselectivity of the incoming
monomer.

Looking at variables other than the metal component, adding hydrogen to an
ansa-zirconocene—MAOQO catalyst system leads to an increase in catalyst activity and
decrease in polymer molecular weight, but no effect on the stereoselectivity of the
catalyst. While it is tempting to attribute the rise in activity to the activation of a
‘resting’ catalyst after a 2,1 monomer insertion, end-group analysis does not
support this hypothesis [283].

An Et(Ind),ZrCl,—MAO catalyst has a maximum activity at 60°C at an ALl:Zr
ratio of 1000 [284]. When Me,Si(Benz[e]Ind),ZrCl, is the catalyst, the activity
reaches its maximum when [Al] = 20 mmol 1~ ! regardless of zirconocene concentra-
tion [285]. The cocatalyst influence is only on the kinetics of polymerization:
polymer properties—molecular weight, melting point, and microstructure—are
unaffected. The case is the same in polypropylene produced under similar condi-
tions from Me,Si(Ind),ZrMe, using either [Ph;C][B(C¢Fs)4] or [PhyC][B(CF,Si(i-
Pr);),]: the former borate salt affords a more active catalyst, but there is no
difference in polymer properties [286]. By studying the effect of metallocene
concentration, [Al]:[Zr], and temperature on propylene polymerization by a Et(H,—
Ind),ZrCl,—MAO catalyst, a kinetic model was derived, allowing prediction of
activity for a given set of polymerization conditions [287].

Comparing homogeneous and supported Me,Si(2-Me-Benz[e]Ind),ZrCl,—MAO
catalysts, Miilhaupt and co-workers found that the activity of the supported
catalyst and the molecular weight and melting point of the i-PP formed was lower
than that of the homogeneous variant; the percentage of 2,1 insertions was higher.
Diffusion effects were held responsible. The supported catalyst also displays less of
a behavior dependence with change in temperature [288].

It has also been suggested that shielding a Me,Si(2-methyl-4-phenylin-
denyl),ZrCl,—MAO catalyst from < 500 nm light improves stability and activity
[289]. Carrying out propylene polymerizations under supercritical conditions ap-
pears to lead to high activity and polymer bulk densities [290].

Poly(1-butene) prepared from Et(Ind),ZrCl, or Me,Si(Ind),ZrCl, is somewhat
more stereoregular than polypropylene from the same catalysts. The polymer
contains no detectible 2,1 placements, save at the chain ends. Instead 4,1 monomer
enchainments are detected, indicating that regioirregular insertions lead to a
dormant catalyst site which either isomerizes or undergoes elimination [291].
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Fig. 43. Graft copolymerization onto metallocene-produced polypropylene.

Propylene can be copolymerized with other olefins to reduce crystallinity and
melting points. Propylene-ethylene (4.2 wt% ethylene) copolymers produced from a
Et(4,7-Me,Ind),ZrCl,—MAQO catalyst have approximately the same amount of
structure 82 as the homopolymer has 2,1 placements; the activity increases almost

10-fold.

82

This indicates that ethylene insertion after a regioirregular insertion is competitive
with chain elimination and can reactivate sites dormant after 2,1 propylene inser-
tions [292]. Propylene and 1-butene have been copolymerized in a continuous
gas-phase process using a silica-supported Me,Si(2-Melnd),ZrCl,—MAO catalyst;
the melting point of the polymer is reduced with increasing butene content [293].
The activity of a Et(Ind),ZrCl,—MAO catalyst in the copolymerization of propy-
lene and 1-hexene is more drastically affected by changes in alumoxane concentra-
tion and adjustments in solvent polarity (by CH,Cl,) than is the
homopolymerization [294]. Polymer properties are unaffected by the Al:Zr ratio,
but addition of dichloromethane increases 1-hexene concentration. Comparing four
metallocenes (Me,Si(Ind),ZrCl,, Me,Si(2-MelInd),ZrCl,, Me,Si(Benz[e]Ind),ZrCl,,
and Me,Si(2-MeBenz[e]Ind),ZrCl,) in propylene-1-octene copolymerization shows
that 2-methylation increased molecular weight and depressed activity while benzan-
nelation improved 1-octene incorporation [295].

Dienes like isoprene, 2-methyl-1,4-pentadiene, and 1,7-octadiene are copolymer-
ized with propylene by a Et(Ind),ZrCl,—MAO catalyst. The catalyst activity and
polymer melting point are depressed over the homopolymer and, surprisingly, the
amount of diene incorporated is not as high as that from a Solvay TiCl;—AlEt,Cl
catalyst [296]. Propylene-1,13-tetradecadiene copolymers prepared from a
Me,Si(Ind),HfMe,-[HNMe,Ph][B(C¢F5),] catalyst exhibit superior shear thinning
behavior to homopolymer or copolymer produced from a conventional Ziegler—
Natta catalyst [297]. 1-Decene-1,7-octadiene copolymers with molecular weights
under 20 000 — prepared from a Me,Si(Ind),ZrCl,—MAO catalyst—can be used as
viscosity modifiers in lubricants [298].

The olefinic end group of polypropylene formed from a Et(Ind),ZrCl,—MAO
catalyst can be hydroborated with 9-BBN. The hydroborated polymer can then be
used as a radical source to polymerize methylmethacrylate to form a PP—[g]-
PMMA copolymer with good efficiency and little broadening of molecular weight
distribution (Fig. 43) [299].
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The hindered amine 5-N,N-diisopropylamino-1-pentene can be homopolymerized
to an isotactic polymer using metallocene catalysts like Me,C(3-z-BuCp)(Flu)ZrMe,
and Et(Ind),ZrMe, or to syndiotactic polymer using Me,C(Cp)(Flu)ZrMe, with
[HNMe,Ph][B(C4F5)4] as a cocatalyst (Fig. 44) [300]. The melting point of the
isotactic polymer is as high as 115°C, while the syndiotactic material has a melting
point of 110°C.

19. Polymerization of vinyl aromatic olefins

s-PS has enjoyed a rapid development since its discovery in 1985. It combines
high heat resistance, chemical inertness, and rapid rate of crystallization. Dow and
Idemitsu have begun commercial development of this resin. Mono(cyclopentadi-
enyl) titanium complexes are much preferred procatalysts for syndiospecific styrene
polymerization: the CpTiCl;—MAO catalysts (Cp’ = Cp, Ind) afford s-PS with
much narrower MWD at 5-10 times the activity of TiCl, or Ti(OBu), [301].
Bis(cyclopentadienyl) metal complexes are inferior catalysts: both Cp,TiCl,—
Ph,Zn-MAO [302] and Cp,ZrCl,—AlMe(BHT), [303] catalysts exhibit low styrene
conversions and sizable amounts of ketone-soluble fractions indicative of poor
stereoregulating ability.

Cyclopentadienyl titanium complexes containing at least one alkoxide group
appear to have superior catalytic performance to Cp'TiCl; [304]. Thus
CpTiCl,(OR)-MAO catalysts have activities double or more that of CpTiCl; with
greater syndiotacticity (90—96 vs. 86.5%) [304a]. Alkoxide-containing catalysts can
be generated in situ by reacting CsMe,HSiMe, with Ti(OR);X (X =Cl, OR) and
contacting with MAO or Al(i-Bu);—[HNMe,Ph][B(C¢F5),] [305].

While tetravalent Cp'TiX; procatalysts are the ones most frequently used,
investigators at Dow have found that the trivalent complex [Cp*Ti(OMe),], exhibits
superior monomer conversion rates to Cp*Ti(OMe); [306]. The trivalent complex
Ti(O,CN(i-Pr),); also polymerizes styrene to an s-PP with narrow molecular weight
distribution, but monomer conversion is lower than that of a CpTiCls-based
catalyst [307]. DSM’s low-valent titanium catalyst 1,2-Et(CsMe,)NMe,TiCl, in the

\

Cp'2ZrMe,

>

[HNMe2Ph][B(CgFs)4]

Des SISISAN

Fig. 44. Synthesis of polar amine copolymer using metallocene catalysts.
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presence of MAO produces more stereoregular s-PP at higher activity than
Me,Si(CsH,)(N-£-Bu)TiCl,-MAO [308].

A number of adjuvants have been suggested to improve catalyst performance.
The use of tetraisobutylalumoxane (500 equivalents) to a Cp*Ti(OMe),—Al(i-
Bu);—[HNMe,Ph][B(C¢F5),] catalyst is claimed to almost double catalyst activity
[309]. Adding SnMe, or SnPh, to a Cp*TiCl;—MAO catalyst system leads to a
greater percentage of styrene converted to s-PS [310]. Phenylsilane has a similar
beneficial effect on monomer conversion. It acts as a chain transfer agent; like
hydrogen, it tends to increase catalyst activity [311]. Treatment of the styrene
monomer with dibutylmagnesium removes phenylacetylene and indene impurities,
leading to better catalyst performance [312].

An analysis of styrene polymerization by Cp*TiR; (R = CH,Ph, Me) cocata-
lyzed by MAO, B(CFs);, or [Ph;C][B(C4Fs),] indicates that polymerization is
first order in monomer, at least at low conversions with chain termination pre-
dominantly by B-H elimination [313]. Catalysts with the [B(C4Fs),] ~ counterion
produce polymers with the highest molecular weight while MAO-based catalysts
produce s-PS with lower molecular weight, attributed to the relative coordinating
ability of the two anions. Supporting a CpTiCl;-MAO catalyst on silica results
in a drop both in activity and syndiospecificity, possibly because the support
material has a steric influence on the active catalyst site [314].

Other vinylaromatics as both monomers and comonomers with styrene re-
ceived some attention in 1997. Semi-crystalline styrene-4-methylstyrene copoly-
mers produced from Cp*TiX;—MAO catalysts (X=Cl, OMe) have melting
points from 245°C at 90 mol% styrene to 220°C at 56 mol% styrene [315]. The
non-equilibrium melting points for styrene-4-butylstyrene copolymers prepared
from CpTiCl;-MAO declines from 270°C (neat s-PS) to 70°C in a 40 mol%
4-butylstyrene copolymer. The syndiotactic 4-butylstyrene homopolymer melts at
133°C [316]. In contrast, when Cp*TiCl;-MAO is the catalyst, an essentially
atactic 4-butylstyrene homopolymer is produced [317]. Copolymerizing styrene
and (Z)-1,3-pentadiene with a CpTiCl;—MAO catalyst affords a copolymer con-
taining syndiotactic 1,2-pentadiene units. The polymer is rather blocky, with
substantial amounts of s-PS and s-1,2-pentadiene homodyads and few het-
erodyads [318]. 4-Vinylpyridine can be polymerized by a CpTiCl;-MAO catalyst
to a homopolymer with a melting point of 194°C, but when the monomer is first
complexed with AlEt;, the melting point increases to 270°C [319].

In the process for polymerizing styrene by single-site catalysts, it has been
found that raising the pressure and temperature in the reactor system improves
the activity of a CpTiCl;-MAO catalyst at what appears to be some cost in
butanone-soluble product [320]. Styrene is smoothly homopolymerized [321] or
copolymerized with divinylbenzene [322] by a Cp*TiMe;—MAO-Al(-Bu); in a
corotating twin-screw extruder, the product from which can be fabricated di-
rectly from the exit die into a mold or a fiber or film line.
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Fig. 45. Isomerization mechanism in cyclic olefin polymerization.

20. Polymerization and copolymerization of cyclic olefins

Poly(cyclopentene) is a highly crystalline polymer with a melting point near
400°C. The material prepared from metallocene catalysts has a 1,3 enchainment of
the rings. The presence of trans-1,3 units in poly(cyclopentene) prepared from
Et(H,—Ind),ZrCl,-MAO was determined through kinetic and isotope studies to
arise from isomerization without dissociation of the olefin from the metal through
a 0-CH complex (Fig. 45) [323]. Very high molecular weight poly(cyclopentene)
(melt index=1) is formed from (ArN=C(R)-C(R)=NAr)MCl,—AIEt;—B(C4F5);
catalysts (M =Ni, Pd, Ar=2,6-(i-Pr),CcH;, 2,6-Cl,-4-OMeCH,). The polymers
are largely atactic (Yom =50-65) and the crystallinity is quite different than
poly(cyclopentene) produced from metallocene catalysts [324].

Copolymers of ethylene and cyclic olefins like norbornene are amorphous resins
with glass transition temperatures as high as 250°C. Their stiffness, low creep
tendency, and water resistance makes them useful in optical storage media, capaci-
tor films, and medical applications [325]. Single-site catalysts were crucial to
achieving the balance of properties and economics essential to commercial develop-
ment of these resins.

Preferred catalysts for ethylene-cyclic olefin copolymerization are ansa metal-
locenes like Et(Ind),ZrCl, and in particular methylene-bridged fluorenyl complexes
like R,C(Cp)(Flu)ZrCl,; these show the highest activities and, with their relatively
open active sites, high comonomer incorporation. In the case of Me,C(3-¢-
BuCp)(Flu)ZrCl,, the calculated copolymerization ratio rgry for ethylene—norbor-
nene copolymerization is near zero, indicating a highly alternating structure with
almost no norbornene—norbornene dyads; near alternating (50:50) E-NB copoly-
mers with melting points of 320°C are formed at high norbornene and low ethylene
concentrations [326].

Bergstrom and Seppilé studied the effect of different polymerization conditions
on the properties of ethylene and norbornene produced from a Et(Ind),ZrCl,—
MAUO catalyst, finding that as temperature increased, comonomer conversion and
activity improved even as molecular weight suffered. At 70°C, norbornene incorpo-
ration drops significantly and the resulting polymers have 7,’s below 0°C. Increas-
ing norbornene concentrations adversely affect activity, but polymers with T, over
150°C can be formed [327]. The norbornene units are relatively isolated, especially
at low norbornene levels, but the related catalyst Me,Si(Ind),ZrCl,—MAO forms
longer NN blocks [328].
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a-Olefin-cyclic  olefin  copolymers produced from d° metallocenes like
Me,Si(Ind),HfMe, or Me,Si(CsMe,)(N-c-C,,H,;)TiMe, with [HNMe,Ph][B(CF5).]
are rich in comonomer and have narrow molecular weight distributions [329], while
ethylene—norbornene copolymer from Et(CsH(i-Pr);)(NMe,)TiCl, has a bimodal
molecular weight distribution and two T,’s, one at 15°C, the other at 70°C [330].

Low molecular weight (MW = 5000) propylene copolymers with norbornene,
ethylidene norbornene, or dicyclopentadiene produced from metallocene catalysts
like Me,Si(H,—Ind),ZrMe,—[HNMe,Ph][B(C.F5),] can be used as tackifier resins in
blends with styrene—isoprene—styrene block copolymers, forming adhesives with
superior properties to commercial formulations [331].

21. Polymerization of dienes

Mono(cyclopentadienyl) complexes like CpTiCl; in combination with AIR;—
[Ph;C][B(C4F5)4] [332] or MAO can polymerize conjugated dienes such as 1,3-buta-
diene or isoprene. The mechanism by which the polymerization takes place was
studied by Extended Hiickel Theory. The rate-limiting step is coordination of the
monomer to a putative CpTi* (n3-R) intermediate, resulting in a rearrangement of
the growing polymer chain from n? to ' (Fig. 46). This is an energetically more
favorable process for butadiene polymerization than isoprene polymerization.
There does not appear to be any significant difference between the two monomers
in the insertion step, however [333]. Examining the 1,2 and cis-1,4 insertion of
butadiene, a molecular mechanics study found the energetic minimum for both
processes in a endo,endo arrangement of monomer and growing chain (Fig. 47)
[334].

1,3-Butadiene, 4-methyl-1,3-butadiene, and cis- or trams-1,3-pentadiene can be
copolymerized using a CpTiCl;—MAO catalyst. Polymers with different microstruc-
tures were obtained depending on the monomer pairs, with 1,3-butadiene/trans-1,3-
pentadiene affording alternating to random copolymers, while 1,3-butadiene/4-
methyl-1,3-butadiene is blocky. This was interpreted in terms of the most stable
coordination modes of the various monomers [335].

T
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Fig. 46. Rate-limiting coordination of diene by mono(cyclopentadienyl)titanium catalysts.
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Fig. 47. cis-1,4 and 1,2 diene polymerization by endo,endo allyl diene titanium complexes.

22. Copolymerization of a-olefins with carbon monoxide

Copolymers of a-olefins and carbon monoxide are now commercially available
from Shell under the trade name Carilon. Because of their resistance to heat,
moisture, chemicals, and wear, they find applications as plastic gears and fuel tank
liners. The alternating copolymers are prepared from catalysts of the late transition
metals, in contrast to the random copolymers formed by a free-radical route.
Terpolymers of ethylene, propylene, and carbon monoxide are thermoplastic elas-
tomers which can be blended with thermoplastics to improve impact resistance
[336].

Palladium complexes with bidentate ligands have been the most common cata-
lysts for alternating olefin—CO copolymerizations, but nickel salts using 1,2-di-2-
methoxyphenylphosphinoethane were also successfully wused; the catalyst
performance was superior to that when 1,2-diphenylphosphinoethane was the
ligand or Pd(OAc), was the metal source [337]. 1,3-Di-2-methoxyphenylphos-
phinopropane works well with palladium; 3,3-dimethyl-1-butene can be used as a
chain-transfer agent with this catalyst [338]. A Brensted or Lewis acid is also
employed to remove the acetate groups from the metal. [Bu,N][BF,] is a relatively
ineffective activator while high activity catalysts are formed from triphenylammo-
nium or trimethyloxonium salts [339]. Even though the process is run in methanol,
a polar solvent, the relative coordinating ability of the counterion also has a part
in catalyst performance; catalysts of the formula [Pd(dppp)(bipy)|[A], (dppp = 1,3-
diphenylphosphinopropane, bipy—2,2’-dipyridyl) are more active when A~ =
[B(C¢Fs),]~ than when A~ =PF, [340].

A number of other neutral bidentate phosphine ligands have been used with
palladium salts in olefin—carbon monoxide copolymer catalysts. Investigators at BP
Chemicals used nitrogen-containing phosphines such as
PhP(NEt,)(CH,);P(NEt,)Ph [341], R,P-N(Me)-N(Me)-PR, (R =Ph, OPh, 2-
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Fig. 48. Generation of olefin—CO copolymerization catalysts.

MeOCH,) [342], or Ph,P-N(R)-C(=0)-N(R)-PPh, (R = H, Me, Ph) [343]. The
catalysts were generated from reaction of the ligand with [(C¢H,,)PdCl], then
generating a cation with AgBF, in the presence of a nitrile (Fig. 48).

Supported catalysts can be prepared by allowing palladium on alumina to react
with [NO][BF,] in an acetonitrile slurry to produce supported [Pd(CH;CN),][BF,],.
In the presence of 1,3-diphenylphosphinopropane, this supported palladium com-
plex copolymerizes ethylene and CO in slurry or gas-phase processes [344]. Passing
an ethylene—carbon monoxide mixture through an acetonitrile solution of
[Pd(CH;CN),][BF,], at ambient temperature and pressure before adding phosphine
has been reported to improve the ultimate catalyst activity in copolymerization at
higher temperature and pressure [345]. The productivity of the process (g g=! M)
can be improved by reducing the residence time and increasing the catalyst
concentration; activity (g g~ ' M-h~!) is unaffected [346].

The neutral ligand in these cationic palladium complexes need not be limited to
phosphines. [Pd(bipy),][A], complexes in the presence of [Hbipy][A] ([A]~ = BF,,
PF; ) efficiently copolymerize CO with ethylene or ethylene/propylene mixtures
[347]. Bidentate P-O, N-O, and tridentate P-O—N neutral ligands were com-
plexed with Pd(IT) precursors to form cationic procatalysts (Fig. 49) [348]. These
function as ethylene—CO copolymerization catalysts with the exception of the
2-carbomethoxypyridine complex when L’ = Ph,PCH,CO,Et.
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Fig. 49. Generation of cationic Pd(II) complexes for olefin—CO copolymerization.
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Monoanionic ligands with nickel and palladium complexes create ‘single-compo-
nent’ neutral procatalysts for o-olefin—CO copolymerizations. Reaction of
K[H,B(pz),] with NiBr(o-tolyl)(PPh;), forms a bis(pyrazolyl) nickel complex 83
which copolymerizes ethylene and CO [349]. The pyrazinecarboxylate complex 84
and the 4-nitro- and 4-methoxypicolinic acid derivatives were also synthesized and
tested in ethylene—CO copolymerizations.

(0 @
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4 NC e
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These SHOP-type catalysts produce alternating copolymers (85, R =NO,),

polyethylene oligomers (85, R = OMe), and non-alternating polyketone [350].

R
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R = NO,, OMe
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Carbon monoxide can be copolymerized with 4-vinylcyclohexene using
[Pd(CH,CN),J** in the presence of neutral ancillary ligands (PPhs,, bipy, NPh;,
1,10-phenanthroline, 2-pyridinecarboxaldehyde butylimine) [351]. 3,3-Dimethylal-
lene is best copolymerized with CO using a [Pd(PPh;)(MeCN),]** catalyst; biden-
tate phosphines have an adverse effect on activity.

An alternating copolymer (86) with pendant isopropylidene groups is formed
from the copolymerization of carbon monoxide and 3,3-dimethylallene.
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When ethylene and 3,3-dimethylallene are terpolymerized with carbon monoxide,
the polymerization is essentially living and a block copolymer consisting of
ethylene-alt-CO and dimethylallene-a/t-CO segments is formed (87) [352].

PhsP, ) Il ﬁ |
IN® N
Pd— )-|-C—CH—CJ—-C—CH,CH—CMe
Php” i ’
. ;

23. Supported single-site catalysts

The commercial suitability of single-site catalysts depends in part on their
compatibility with current polymerization processes [353]. Processes such as
fluidized-bed gas-phase, continuous slurry, and bulk monomer polymerizations
almost always employ heterogeneous catalysts. Supported catalysts can even be
used in cases when such criteria need not be met, such as solution processes for
lower density copolymers. A Me,Si(CsMe,)(N-7-Bu)TiMe,—[Ct][B(C¢Fs),] catalyst
supported on 3 pum silica gives a solid suspension which settles very slowly and can
be used for in a solution process [354].

Research into immobilizing single-site catalysts on insoluble carriers examines
methods of retaining and maximizing catalyst activity while maintaining good
particle morphology, narrow particle size distribution, and high product bulk
densities without reactor fouling. This research focuses on new carriers, as well as
new techniques for combining the metal component, cocatalyst, and support.

Silica remains the carrier of choice for single-site catalysts because of its large
surface area and pore volume, chemical inertness, and low cost. Bis(cyclopentadi-
enyl) complexes have the the principal metal procatalyst used, but silica-supported
CpMCL;—MAO catalysts exhibit high activities [355] as do Ti(III) complexes like
1,2-Et(CsMe,)(NMe,)TiCl, [356]. Bis(imido)nickel like (2,3-(2,6-diisopropy-
Iphenylimido)butane)nickel dichloride activated by MAO can also be supported on
silica and used in slurry [357] or continuous gas-phase processes [358]; the branch-
ing for which these catalysts are known is suppressed sufficiently such that the
melting point of the polymer is well above the process temperature and no fouling
is observed.

The characteristics of the silica appears to have some effect on polymerization
performance. A Me,Si(2-MeBenz[elindenyl),ZrCl,—-MAO catalyst supported on
acidic silica (pH 5.5) with 15 vol% voids was 2—3 times more active in propylene
polymerization than the same catalyst supported on less porous or less acidic silicas
[359]. Pretreatment of the silica with AlMe; removes impurities and increases the
propylene polymerization activity of a Me,Si(2-Me-4-Ph—1Ind),ZrCl,-MAO cata-
lyst [360]. The same catalyst supported on silica modified by (MeO)MeSi(CH,);X
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Fig. 50. Synthesis of polymer-bound non-interfering boron anions.

(X=SH or MeO), but activity was vastly diminished when the surface was
modified by (MeO),;Si—-C¢H,—Cl [361].

Because of diffusion effects, the activities and productivities of supported
Et(Ind),ZrCl,—MAO catalysts are essentially invariant with respect to metallocene
loading when porous silicas are used. However the same catalyst supported on
non-porous Aerosil exhibits higher activity with higher loading [362]. Studying two
supported metallocene catalysts, Fink and co-workers noted that the polymeriza-
tion behavior of the catalysts varied (induction time and particle fragmentation) as
the catalyst was located largely on the catalyst surface or had penetrated into the
particle voids [363].

Supported metal complex—MAO catalysts can be prepared by supporting MAO
and then allowing it to react with the metallocene, addition of the complex to the
support followed by reaction with MAO, or combining the two catalyst compo-
nents then contacting with the support.

Heat treating MAO to 55-85°C before contacting with the support has been
claimed to improve catalyst activity while avoiding reactor fouling. The effect was
attributed to the removal of deleterious gels from the alumoxane [364]. Allowing
the MAO to react with bisphenol before contacting with the silica was also
indicated to have a positive effect on catalyst performance [365]. The metallocene
solution may be added to the supported MAO under superatmospheric conditions
to improve uniformity of catalyst coating on the support [366].

Silica-supported metallocenes activated by MAO can be prepared from trialkyla-
luminums hydrolyzed in situ. Adding AlMe; to silica gel containing adsorbed water
in an Al/H,O ratio less than 1 yields a supported alumoxane which, when contacted
with a metallocene, affords a catalyst with reduced fouling tendencies; Al/H,O
ratios greater than 1 increase fouling [367]. Spray-drying a toluene slurry containing
silica, AlMe,, and water gives a supported activator for metallocene catalysts [368];
adding a metallocene, AlMe;, and water-saturated nitrogen to a gas-fluidized bed of
silica also yields a finished catalyst [369].

Boron-based activating cocatalysts are chemically tethered to a silica support by
allowing salts like [HNMe,Ph][(C4F5);B(p-CcH,—OH)] to react with silane-modified
silicas [370] or [HNMe,Ph][(C¢F;);B(p-CiF,—SiCly)] with silica [371]. The supported
cocatalyst can be used with a wide array of bis(cyclopentadienyl) and ‘constrained-
geometry’ metal complexes. Polystyrene has also been used as a support for
non-interfering boron anions by allowing poly(styrene-co-p-bromostyrene) to react
with butyllithium followed by B(C¢Fs); (Fig. 50) [372].
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Supporting the metal component first, followed by activation, is largely limited to
cases in which the metal component is tethered to the support through a bridging
group. One motivation for this technique is the perception that the supported
catalyst can be leached from the surface. Cp,ZrX, (X =Cl, Me), supported on
dehydroxylated silica, was allowed to react with MAO or Al(i-Bu); in toluene or
hexane at 70°C. Both the solids and the supernatant solutions were found to be
polymerization active, indicating that desorption of the metallocene from the
support had occurred [373].

ICP-AES spectroscopy of Cp,MCl, on modified silica gels indicates that the
more extensively the dehydroxylation of the support, the less metallocene is
adsorbed. For example, bare silica adsorbs Cp,ZrCl, to the extent of 0.15 mmol
g~ ! Si0,, while silica dried at 600°C and further reacted with hexamethyldisilazine
adsorbed only 0.03 mmol Zr g—! SiO,. The order of reactivity was Cp,HfCl, >
Cp,ZrCl, > Cp,TiCl, [374].

The residual hydroxyl groups on silica surfaces have been used to chemically bind
the catalyst to the support. Silica substituted with 3-aminopropyl-trimethoxysilane
and reacted with CpTiCl; [375], Cp,ZrCl, [376], or CpZr(CsH,SiMe,Cl) [377] forms
a tethered procatalyst, as does (MeO);Si(CH,);Cp after deprotonation and reaction
with CpZrCl; (Fig. 51) [378]. (MeO)Me,SiCp’ has been allowed to react with
partially dehydroxylated silica and then with M(NMe,), (M =Ti, Zr) or CpZrCl,
to form [silica]-O-SiMe,Cp'M(NMe,); or [silica]-O-SiMe,Cp,ZrCl, [379].

A somewhat longer trisiloxane group with thallium cyclopentadienide and a
zirconocene at its termini was allowed to react with p-tolylsulfonate-capped silica to
produce a tethered metallocene (Fig. 52). Catalyst activity in ethylene polymeriza-
tion is reduced by 70-80% over the unsupported Cp(Ind)ZrCl,, but polymer
properties are otherwise unaffected [380].
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AN CpTiCl,
——Si—0—Si—(CH,);—NH, ——————>» ——8i—O0—Si—(CHp);—NH
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—Si—0 —Si—0

Fig. 51. Synthesis of silica-bound mono- and bis(cyclopentadienyl) metal complexes.
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Fig. 52. Synthesis of silica-bound zirconocene catalyst.

Metallocene complexes containing a bridging group can be immobilized on a
support through the bridging group. It has been suggested, though not exemplified,
that (RO)MeSi(CsMe,)(A)MCI, complexes (A = N-£-Bu, CsMe,; M =Ti, Zr) can
be bound to silica through the silyl-bridge [381]. (Cl;Si(CH,),)(Me)Si(2-
Melnd),ZrCl,, prepared from HSICl; and (H,C=CHCH,CH,)(Me)Si(2-
Melnd),ZrCl,, is claimed to react with partly hydroxylated silica to form a tethered
catalyst (Fig. 53) [382]. CL,Si(Ind),, formed from SiCl, and lithium indenide, can be
reacted with lithiated styrene/divinylbenezene copolymer [383], or hydrolyzed to
form a polysiloxane polymer [384]. Deprotonation of the polymer-bound ligand
and reaction with ZrCl, also has been claimed to give a supported metallocene
catalyst for isospecific a-olefin polymerization.

ca. c

N

c. cl
\./ g
/S'\ 1) Li(CgHe) / I\
9Fle

OH OH sicl, © 9 2) 2 BuLi 9
Si—Si >  Si—sSi — Si—Si
T Il 3) ZrCl (THF), Il

Fig. 53. Preparation of silica-bound ansa zirconocene.
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Fig. 54. Polymer-bound ligand for metallocene catalyst.

Syndiospecific propylene polymerization catalysts have been incorporated into
polystyrene by copolymerizing styrene with 4-(CsHs)(C,3Hy)(Me)C-C¢H,—
CH=CH, (Fig. 54) [385] or into polysiloxanes by hydrolysis of CLSi(CsH)(C,;Hy)
[386], aromatizing with BuLi, and reacting with ZrCl,.

Metallocene dichlorides and [HNMe,Ph][B(C4F5),], cosupported on Al(i-Bu);-
treated silica, are activated on the support by aluminum alkyls [387] or BuLi [388§]
to afford highly active catalysts. Butyllithium may also be used as an adjuvant for
supported metallocene—MAO catalysts [389].

Combining the metallocene and MAO before adding to the support appears to
be the method of choice for large-scale preparations of supported single-site
catalysts. While homogeneous metallocene—MAO catalysts require Al/Me ratios of
1000 or more for high activity, supported catalysts function efficiently at much
lower ratios. Supported catalysts with Al/Me ratios under 200 have longer shelf
lives than more aluminum-rich catalysts [390]. Allowing a Me,Si(2-Me-4-Ph—
Ind),ZrCl,—MAO mixture to stand for 18 h prior to contacting with silica affords
a catalyst with over twice the activity of a mixture added to silica without delay
[391]. Filtering the metallocene—MAO mixture before combining with the support
is claimed to improve activity [392].

Combining the catalyst mixture and the support can be done by spray-drying the
mixture in a nitrogen stream heated above the temperature of the least volatile
liquid component [393] or using incipient wetness techniques, in which the volume
of metal complex—MAO solution is comparable to the pore volume of the support.
Volume ratios of 0.6 to 2.5 have been successfully used [394], but for best results the
mixture of catalyst solution and support should not form a slurry. An additional
prepolymerization step improves particle morphology when a volume of hexane less
than or equal to the pore volume of the support is added to the dry catalyst before
prepolymerization [395].

A hybrid technique was used to cosupport two isospecific metallocenes for
propylene polymerization. Me,Si(H,—Ind),ZrCl, was first supported on silica using
an incipient wetness method and dried. A Me,Si(2-Melnd),ZrCl,—MAO solution
(160% volume of solution/pore volume of support) was then added to the sup-
ported first metallocene to produce the finished catalyst. This catalyst had higher
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activity, less fouling, and better particle morphology to catalysts prepared in a
different combination of steps [396].

As an alternative to these techniques, the active catalyst can be assembled in situ
by reacting zirconium alkoxides like Zr(O-n-Pr),, the cyclopentadiene derivative,
trialkylaluminum, and MAO in the presence of silica. Catalysts active for the slurry
or fluidized-bed copolymerization of ethylene and 1-butene were prepared using this
method [397].

The effect of catalyst loading was the focus of two disclosures. Reacting
Cp,ZrCl, with Davsion 948 silica affords a saturated metallocene loading of about
1 wt%,; the surface area is unchanged. AlMe; is adsorbed to a maximum of about
3 wt% Al, but higher MAO loadings (12 wt%) are possible. While the activity of the
Cp,ZrCl,—MAO-silica is about 10% that of the homogeneous analogue, the
polymer molecular weight is higher. On the other hand, the Cp,ZrCl,—AlMe;—sil-
ica is active while the homogeneous mixture is not [398]. (1-Me-3-n-BuCp),ZrCl,—
MAO catalysts supported on silica show higher activities and higher polymer bulk
densities when the loading is kept below about 0.06 mmol Zr g ' support [399].

Research has continued on the suitability of other materials as carriers for
single-site catalysts. Dealuminated Y zeolite can be treated with MAO and then
Cp,ZrCl, to give an active supported catalyst for ethylene polymerization [400]. The
most active catalyst was that supported on a zeolite with a high Si/Al ratio. Clays
and solid acids are also suitable supports for a Cp,ZrCl,—AlMe, catalyst [401]
although the same catalyst supported on phosphotungstic acid and silicomolybdic
acid did not exhibit any catalytic activity [401a]. The mesoporous silicate MCM-41
can be allowed to react with MAO to form a supported activator and then
contacted with rac-Et(Ind),ZrCl, to afford a heterogeneous catalyst. Polypropylene
formed from this catalyst has a melting point well above that from the homoge-
neous counterpart (141 vs. 128°C) [402]. An examination of the supported catalyst
by EXAFS shows that the bis(indenyl) structure remains intact and that a short
Zr—C bond exists, but no chlorides [403]. Talc with a mean particle size of from
2—10 um and allowed to react with Bu,Mg—AlEt,—butanol forms a support for a
Cp,ZrCl,—MAO catalyst system [404]. Polysiloxanes bearing cyclopentadienyl func-
tionalities can be deprotonated and allowed to react with CpMCl; to form
polymeric procatalysts for ethylene polymerization [405]. Propylene polymerization
in pentane using SBS block copolymers as a dispersing agent produces polymer
particles with good morphology and low fines content [406].

The procatalyst Cl1,Si(Ind),ZrCl,, when allowed to reacted with MgCl,, also
affords a supported metallocene; the silyl chlorides are presumed to bind to the
Lewis-acidic MgCl, as in 88 [407].
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When activated by MAO, this catalyst was far more active than the analogous
Me,Si(Ind),ZrCl,—MgCl, system. Likewise the polar group in MeO,CCH,CpTiCl,
binds to MgCl, to form a solid catalyst which is activated by Al(i-Bu); for
propylene polymerization [408]. Sarma and Sivaram report that Cp,TiCl, supported
on MgCl, is a more active catalyst at 70°C than the homogeneous counterpart,
affording polymer of higher molecular weight with narrow polydispersities [409].

Polymeric materials also make suitable carriers for single-site catalysts.
Polyethylene itself has been employed by careful low-temperature and -pressure
prepolymerization of a Cp,ZrCl,—Al(i-Bu);—[HNMe,Ph][B(C¢Fs),]; the granular
product can then be used at more demanding process conditions [410]. The reaction
of maleic anhydride grafted polypropylene with MAO affords a supported activator
which can be used with a wide variety of metallocene dichlorides [411]. An
acrylonitrile—divinylbenzene copolymer treated with ethylenediamine has also been
used successfully as a support for Cp5ZrCl,—MAO catalysts [412].

The adsorption of Et(Ind),ZrCl, on silica was examined using modified extended
Hiickel methods. At 200°C, the metallocene adsorbs on the (100) plane containing
geminal —OH groups preferentially to the (111) plane containing isolated hydrox-
yls; treatment with MAO (simulated as an AlO layer) stabilizes the adsorbed
metallocene in both orientations. At 600°C, the adsorbed metallocene is stable in
both planes, but aluminum inhibits coordination [413].

24, Mixed single-site and single-site-Ziegler catalysts

A perceived deficiency in polymers produced from single-site catalysts is that
their narrow molecular weight distribution makes processing more difficult. In
order to overcome some of these difficulties, as well as producing polymers with
superior properties, mixtures of single-site catalysts are used or combinations of
single-site catalysts and conventional Ziegler—Natta catalysts.

Ethylene-1-octene copolymers of varying crystallinities—produced from ‘con-
strained-geometry’ cyclopentadienyl amide titanium catalysts—have been blended
to produce resins with superior softening point and Shore hardness than the
individual components [414]. Thermoplastic elastomers result from the polymeriza-
tion of propylene by the combined catalyst Me,Si(Ind),ZrCl, (isospecific compo-
nent) and Et(Flu),ZrCl, (aspecific component) cocatalyzed by
Al(i-Bu);—[Ph;C][B(C¢Fs),]; the polymer properties can be varied considerably by
adjusting concentrations of the individual catalyst components [415]. Late transi-
tion metal catalysts like (ArN=C(R)-C(R)=NAr)NiX, were combined with metal-
locene catalysts or conventional Ziegler—Natta systems to produce broad molecular
weight distribution polyethylenes and polypropylenes [416].

Polyethylene from a silica-supported Et(Ind),ZrCl,—Cp,HfCl,—~MAO catalyst
shows surprising variations in molecular weight distribution as the pressure is
increased. At low pressures (5 psi) the MWD is broad and unimodal. At intermedi-
ate pressure (50—150 psi), a bimodal MWD is observed, which becomes narrow and
unimodal as the ethylene pressure is increased to 200 psi. The zirconocene fraction
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is unaffected by the change in pressure—indicative of chain transfer to monomer—
while the molecular weight of the hafnocene fraction increases, suggesting that
B-hydride elimination is the predominant chain-transfer mechanism [417].

There is a sizable variety of catalyst formulations and polymerization methods in
hybrid single-site-Ziegler—Natta catalysts. The non-metallocene component may be
a cobalt salt [418], a chromium salt or chromocene [419], a TiCl,—VOCI; mixture
[420], or a Mg(Bu)(Oct)-SnCl,—TiCl, mixture [421]. A magnesium siloxide, formed
from dibutylmagnesium and poly(methylhydrosilane) forms the support for a
Cp,TiCl,-TiCl,—AIEtCl, catalyst [422].

The activity of one binary catalyst was improved when (n-BuCp),ZrCl, was
contacted with MAO (not AlMe, or AlEt;) before addition to the TiCl,—Bu,Mg-—
butanol-silica mixture [423]. Adding Cp'Li (Cp =Cp, Ind) to a TiCl,—MgCl,
catalyst increases the activity considerably, though the catalyst behavior (hydrogen
sensitivity) and polymer properties (broad MWD) are closer to that of a conven-
tional Ziegler system than that of a metallocene catalyst [424].

While the single-site/non-single-site hybrid catalyst is usually added to the reactor
as a single component, polymerization is also possible by using a conventional
Ziegler—Natta catalyst in a first stage, interrupting or terminating the polymeriza-
tion, and adding a metallocene catalyst (in this case, a Zr(O-n-Pr),—Indene—AlEt,
catalyst) in a second polymerization stage [425].

Isotactic/syndiotactic polypropylene blends are formed from a combined conven-
tional supported Ziegler—Natta catalyst (isotactic) and a Me,C(Cp)(Flu)ZrCl,—
MAO catalyst (syndiotactic) [426]. Porous polypropylene produced from a
conventional Ziegler—Natta catalyst was subsequently contacted with an Et(H,-
Ind),ZrCl,—MAO catalyst using incipient wetness methods; the subsequent formu-
lation was used to copolymerize ethylene and propylene, thus forming an impact
copolymer [427].

25. Other process considerations

A continuous stirred-tank reactor was used to study the kinetics of ethylene
polymerization using a Cp,ZrCl,—MAO catalyst. Increasing catalyst concentration
led to a decrease in polymer molecular weight, as did increasing the temperature
from 140 to 200°C. The molecular weights could be increased to a constant level by
increasing the ethylene pressure or by increasing the residence time of the catalyst
[428]. The gas-phase polymerization of ethylene using a silica-supported
Me,Si(Ind),ZrCl,—MAO catalyst shows that catalyst activity increases with increas-
ing temperature, but catalyst deactivation does as well; kinetic models indicate a
first-order dependence on the rate of polymerization [429].

The presence of long-chain branching is believed to arise from reincorporation of
vinyl-terminated macromers in a growing polymer chain. Modeling of a single-cat-
alyst polymerization suggests that the MWD will broaden with increasing long-
chain branching. The model suggests that narrow MWD branched polymers should
have comb-like structures; these can be prepared from a two-catalyst system, one
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for macromers, one for the main chain [430]. Analytical models for chemical
composition distribution predict narrowing CD with increasing long-chain branch-
ing populations [431].

A steady-state kinetic model for polymerization by a homogeneous catalyst was
developed and applied to the data reported for polymerization by
(Me,NCH,CH,Cp)TiCl;—MAO and other metallocene catalysts [432]. A transient-
state kinetic model was derived as well to account for, among other things,
inequalities between the rate of monomer consumption and the rate of polymer
growth [433].

A technique has been developed by researchers at Union Carbide to polymerize
olefins in a fluidized bed gas-phase reactor using unsupported single-site catalysts. A
spray gun is used to inject a mixture of (Ind)Zr(O,C-t-Bu); and MAO in an
ethane-isobutane solution as an aerosol into the gas-phase reactor above the
distributor plate perpendicular to the direction of monomer flow [434].The tech-
nique was also used to polymerize propylene to isotactic PP using a rac-Me,Si(2-
Me-4-Ph-1Ind),ZrCl,—MAO catalyst [435]. Use of a ‘supercondensing’ co-fluidizing
agent such as isopentane improves the space time yield of the process [436].

Polyethylene with broad molecular weight distribution is formed from a single
metallocene catalyst by carrying out the polymerization in a first stage, then
transferring the catalyst to a second stage polymerization with different reactor
conditions; a polymer with a melt flow ratio (MFR) of 20 is produced from the first
stage, but the final blend has an MFR of 56 [437]. Carrying out propylene
polymerizations under supercritical conditions using a = silica-supported
Et(Ind),ZrCl, or Me,Si(Ind),ZrCl, catalyst with MAO results in roughly a doubling
of catalyst activity [438].

By operating a gas-phase polymerization process at an ethylene partial pressure
of 200 psi or less, polyethylenes produced from supported metallocene catalysts
have improved flow and processibility characteristics [439]. The molecular weight of
polymers produced from supported metallocene catalysts is improved when gener-
ated hydrogen is removed from the gas stream. This is done by taking a slip stream
of recycle gas over a palladium catalyst [440]. Catalyst performance in an isobutane
slurry process is improved by contacting the diluent with Raney copper to remove
methanethiol [441].

MAO solutions can form gels over time, which can cause fouling in supported
catalysts. Adding metallocene complexes to the MAO appears to stabilize the
solution and retard gel formation. Even after a month, these metallocene—MAO
solutions can be supported on silica and the supported catalyst used without
fouling [442]. Stable, non-pyrophoric metallocene—MAQO mixtures are formed by
adding a toluene solution of the catalyst to paraffin oil or petroleum jelly and
stripping of the volatile component; good aging properties are observed [443].
Bulky, non-polymerizable olefins such as vinylcyclohexane or vinyltrimethylsilane
appear to stabilize metallocene—MAQO mixtures, improving catalyst performance
[444].

Polymerizations using catalysts activated by boron-based cocatalysts are particu-
larly prone to deactivation by adventitious impurities. A Me,Si(CsMe,)(N-z-
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Bu)Ti(1,3-pentadiene)-B(C¢F5); catalyst maintains high activity when a dialkylalu-
minum alkoxide like diisobutylaluminum(2,6-di-z-butyl-4-methylphenoxide) is used
as a scavenging agent [445]. The high temperature and pressure performance of
hafnium metallocenes activated by trityl or dimethylanilinium salts of [B(C4Fs),] ~
is enhanced when long-chain aluminum alkyls such as tri(z-octyl)aluminum are
added to the system to remove oxygen and water [446].

Bulk monomer or gas-phase polymerizations and copolymerizations of a-olefins
can be carried out without fouling of walls or agitators by blending the catalyst
with a commercially available antistatic agent or by injecting a solution of the
antistat into the process [447]. Stabilized polymers are produced by prepolymerizing
a metallocene—MAO catalyst, letting down the pressure, adding a stabilizer like
tris(2,4-di-z-butylphenyl)phosphite, and repressurizing the system to continue the
polymerization [448].

The activity of a homogeneous metallocene catalyst is enhanced by adjusting the
dielectric of the solution. This is done by adding a weakly-coordinating donor like
trifluoromethylphenyl ether or 2,2,5,5-tetramethyltetrahydrofuran [449]. The initial
spike in catalyst activity often observed in metallocene polymerization catalysts can
be moderated by adding a retardant like 9-BBN or DIBAL-H [450].

Conventional Ziegler—Natta catalysts and metallocene catalysts frequently re-
spond quite differently to temperature, pressure, and hydrogen concentration in
continuous processes. The transition should be smooth and not require shutting
down the reactor. Deactivation of a chromium catalyst with isopropanol allows
introduction of metallocene catalyst, and the metallocene catalyst can be deacti-
vated with CO, in order to transition to a Ziegler system [451]. Polymer product
can be deashed effectively by treatment with water- or methanol-laden nitrogen
stream [452].

References

[1] G.G. Hlatky, Coord. Chem. Rev. 181 (1999) 243.

[2] (a) K. Soga, T. Shiono, Prog. Polym. Sci. 22 (1997) 1503. (b) M. Bochmann, Curr. Opinion
Solid-State Mater. Sci. 2 (1997) 639. (c) O. Olabishi, M. Atiqullah, W. Kaminsky, J. Macromol.
Sci. Rev. Macromol. Chem. Phys. C37 (1997) 519. (d) K. Mashima, Y. Nakayama, A. Nakamura,
Adv. Polym. Sci. 133 (1997) 1. (e) W. Kaminsky, M. Arndt, Adv. Polym. Sci. 127 (1997) 143.

[3] G.J.M. Gruter, J.A.M. van Beek, PCT Int. Appl. 97/42145 (1997).

[4] P.C. Saunders, U.S. Patent 5,763,664 (1998), based on PCT Int. Appl. 97/19905 (1997).

[5] P. Biagini, R. Santi, G. Borsotti, G. Lugli, V. Banzi, Eur. Pat. Appl. 760,355 (1997).

[6] C. Suling, H. Gregorius, W. Dobler, R. Hingmann, B. Rieger, U. Dietrich, J.M. Wagner, PCT Int.
Appl. 97/49661 (1997).

[71 M.-S. Ao, H.Y. Elnagar, A.J. Malcolm, J.R. Strickler, R.W. Lin, J.F. Balhoff, U.S. Patent
5,710,299 (1998), based on PCT Int. Appl. 97/49712 (1997).

[8] J. Weiguny, H. Borchert, U. Dingerdissen, U.S. Patent 5,789,593 (1998), based on Eur. Pat. Appl.
794,165 (1997).

[9] (a) O. Nakazawa, A. Sano, K. Matsuura, Jpn. Laid-Open Appl. 09/095510 (1997) (Chem. Abstr.
127: 18087). (b) T. Seki, S. Mori, A. Sano, Jpn. Laid-Open Appl. 09/095507 (1997) (Chem. Abstr.
127: 18090).



G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329 317

[10] T. Sunaga, N. Kawahara, E. Tanaka, T. Asanuma, Jpn. Laid-Open Appl. 09/202795 (1997)
(Chem. Abstr. 127: 206056).

[11] A. Vogel, T. Priermeier, W.A. Herrmann, J. Organomet. Chem. 527 (1997) 297.

[12] I. Kim, R.F. Jordan, Polym. Bull. 39 (1997) 325.

[13] J.N. Christopher, R.F. Jordan, J.L. Petersen, V.G. Young Jr., Organometallics 16 (1997) 3044.

[14] (a) M. Riedel, T. Weller, A. Jacobs, W.A. Herrmann, M. Morawietz, Eur. Pat. Appl. 779,295
(1997). (b) M. Riedel, T. Weller, A. Jacobs, Eur. Pat. Appl. 779,306 (1997).

[15] (a) LE. Nifant’ev, P.V. Ivchenko, Organometallics 16 (1997) 713. (b) A.Z. Voskoboynikov, A. Yu.
Agarkov, E.A. Chernyshev, 1.P. Beletskaya, 22A.V. Churakov, L.G. Kuz’mina, J. Organomet.
Chem. 530 (1997) 75.

[16] K. Takahashi, H. Uchino, Jpn. Laid-Open Appl. 09/047602 (1997) (Chem. Abstr. 24126: 264465).

[17] (a) K. Schmidt, A. Reinmuth, U. Rief, J. Diebold, H.-H. Brintzinger, Organometallics 16 (1997)
1724. (b) D. Fischer, F. Langhauser, J. Kerth, G. Schweier, H.-H. Brintzinger, K. Schmidt, PCT
Int. Appl. 97/03080 (1997). (c) D. Fischer, F. Langhauser, R. Stiirmer, J. Kerth, G. Schweier,
H.-H. Brintzinger, K. Schmidt, U.S. Patent 5,840,950 (1998), based on PCT Int. Appl. 97/03081
(1997).

[18] J.R. Strickler, J.M. Power, U.S. Patent 5,679,814 (1997).

[19] W. Kaufmann, T. Wisser, J. Streb, T. Rink, R. Zenk, M. Riedel, I. Cabrera, U.S. Patent 5,770,752
(1998), based on Eur. Pat. Appl. 780,396 (1997).

[20] (a) S. Habaue, H. Sakamoto, H. Baraki, Y. Okamoto, Macromol. Rapid Commun. 18 (1997) 707.
(b) S. Habaue, H. Sakamoto, Y. Okamoto, Polymer J. 29 (1997) 384.

[21] (a) F.J. Timmers, D.D. Devore, D.R. Neithamer, U.S. Patent 5,679,816 (1997). (b) F.J. Timmers,
D.D. Devore, D.R. Neithamer, PCT Int. Appl. 97/25336 (1997).

[22] J.T. Park, B.W. Woo, S.C. Yoon, S.C. Shim, J. Organomet. Chem. 535 (1997) 29.

[23] G. Jany, R. Fawzi, M. Steimann, B. Rieger, Organometallics 16 (1997) 544.

[24] K. Ishida, S. Myake, S. Inasawa, Jpn. Laid-Open Appl. 09/059289 (1997) (Chem. Abstr. 126:
277598).

[25] R. Lisowsky, U.S. Patent 5,625,086 (1997).

[26] T.H. Newman, J. Klosin, P.N. Nickias, U.S. Patent 5,670,680 (1997).

[27] T.H. Newman, U.S. Patent 5,616,748 (1997).

[28] J. Okuda, T. Eberle, T.P. Spaniol, Chem. Ber. 130 (1997) 209.

[29] R. Lisowsky, U.S. Patent 5,618,956 (1997).

[30] J. Oh, T. Park, B. Lee, S. Jeong, PCT Int. Appl. 97/19960 (1997).

[31] V. Banzi, P. Biagini, R. Santi, G. Borsotti, G. Lugli, Eur. Pat. Appl. 780,395 (1997).

[32] M.B. Welch, H.G. Alt, B. Peifer, U.S. Patent 5,631,203 (1997).

[33] E. Polo, M.L.H. Green, F. Benetollo, G. Prini, S. Sostero, O. Traverso, J. Organomet. Chem. 527
(1997) 173.

[34] T. Repo, G. Jany, K. Hakala, M. Klinga, M. Polamo, M. Leskeld, B. Rieger, J. Organomet.
Chem. 549 (1997) 177.

[35] M. Mukoyama, M. Mitani, M. Hayakawa, T. Yamada, Jpn. Laid-Open Appl. 09/087312 (1997)
(Chem. Abstr. 127: 18084).

[36] (a) R. Leino, H.J.G. Luttikhedde, P. Lehmus, C.-E. Wilén, R. Sjéholm, A. Lehtonen, J. Seppail,
J.H. Ndsman, Macromolecules 30 (1997) 3477. (b) R. Leino, H. Luttikhedde, C.-E. Wilén, and J.
Néasman, PCT Int. Appl. 97/28170 (1997). (c) R. Leino, H. Luttikhedde, C.-E. Wilén, J.H.
Nisman, Polym. Mater. Sci. Eng. 76 (1997) 327.

[37] R. Santi, G. Borsotti, C. Querci, L. Gila, A. Proto, Eur. Pat. Appl. 791,607 (1997).

[38] M.O. Kristen, P. Jutzi, T. Redeker, PCT Int. Appl. 97/27227 (1997).

[39] (a) P. Jutzi, T. Redeker, Organometallics 16 (1997) 1343. (b) M.O. Kristen, P. Jutzi, T. Redeker,
U.S. Patent 5,840,949, based on Eur. Pat. Appl. 805,165 (1997).

[40] M. Bochmann, U.K. Pat. Appl. GB 2,303,367 (1997).

[41] T. Huhn, N. Suzuki, Y. Yamaguchi, T. Mise, T. Chihara, Y. Wakatsuki, Chem. Lett. (1997) 1201.

[42] K.-H. Thiele, C. Schliessburg, E. Ernst, J. Reussner, B. Bildstein, P. Denifl, PCT Int. Appl.
97/02276 (1997).

[43] B. Wang, L. Su, S. Xu, R. Feng, X. Zhou, D. He, Macromol. Chem. Phys. 198 (1997) 3197.



318 G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329

[44] B. Peifer, M.B. Welch, H.G. Alt, J. Organomet. Chem. 544 (1997) 115.

[45] P. Schertl, H.G. Alt, J. Organomet. Chem. 545 (1997) 553.

[46] A. Steinhorst, G. Erker, M. Grehl, R. Frohlich, J. Organomet. Chem. 542 (1997) 191.

[47] (a) R. Santi, G. Borsotti, A. Proto, L. Gila, K. Bujadoux, U.S. Patent 5,753,578 (1998), based on
Eur. Pat. Appl. 752,428 (1997). (b) V. Banzi, L. Gila, R. Santi, P. Biagini, G. Borsotti, Eur. Pat.
Appl. 806,436 (1997).

[48] (a) M. Koénnemann, G. Erker, R. Frohlich, S. Kotila, Organometallics 16 (1997) 2900. (b) M.
Riedel, G. Erker, M. Koénnemann, Eur. Pat. Appl. 812,853 (1997).

[49] M.T. Reetz, H. Briimmer, C.D. Psiorz, M. Willuhn, PCT Int. Appl. 97/15581 (1997).

[50] D.S. Stelck, P.J. Shapiro, N. Basickes, A.L. Rheingol, d, Organometallics 16 (1997) 4546.

[51] T. Otsu, A. Arai, S. Suzuki, A. Okamoto, Jpn. Laid-Open Appl. 09/302014 (1997) (Chem. Abstr.
128: 35176).

[52] N. Schneider, M.-H. Prosenc, H.-H. Brintzinger, J. Organomet. Chem. 545-546 (1997) 291.

[53] (a) Y. Kim, B.H. Koo, Y. Do, J. Organomet. Chem. 527 (1997) 155. (b) R. Santi, G. Cometti, R.
Po’, N. Cardi, U.S. Patent 5,721,327 (1998), based on Eur. Pat. Appl. 796,875 (1997).

[54] R. Duchateau, S.J. Lancaster, M. Thornton-Pett, M. Bochmann, Organometallics 16 (1997) 4995.

[55] (a) P. Foster, M.D. Rausch, J.C.W. Chien, J. Organomet. Chem. 527 (1997) 71. (b) A.A.H. van
der Zeijden, C. Mattheis, R. Frohlich, Organometallics 16 (1997) 2651. (c) S. Igai, K. Imaoka, Y.
Kai, Jpn. Laid-Open Appl. 09/077817 (1997) (Chem. Abstr. 127: 18099).

[56] S. Igai, K. Imaoka, Y. Kai, Jpn. Laid-Open Appl. 09/077818 (1997) (Chem. Abstr. 127: 18100).

[57]1 R.A.J. Postema, PCT Int. Appl. 97/42231 (1997).

[58] G.J.M. Gruter, JJA.M. van Beek, M. van Kessel, PCT Int. Appl. 97/42198 (1997).

[59] G.J.M. Gruter, J.A.M. van Beek, R.H. A.M. Meijers, PCT Int. Appl. 97/42199 (1997).

[60] P.N. Nickias, M.H. McAdon, J.T. Patton, B.P. Friedrichsen, J. Soto, J.C. Stevens, D.D.
Vanderlende, PCT Int. Appl. 97/15583 (1997).

[61] U. Moll, E. Schauss, R. Klimesch, PCT Int. Appl. 97/14724 (1997).

[62] (a) P. Foster, J.C.W. Chien, M.D. Rausch, J. Organomet. Chem. 545-546 (1997) 35. (b) P.-J.
Sinnema, L. van der Veen, A.L. Spek, N. Veldman, J.H. Teuben, Organometallics 16 (1997) 4245.

[63] P.T. Gomes, M.L.H. Green, A.M. Martins, P. Mountford, J. Organomet. Chem. 541 (1997) 121.

[64] D.M. Antonelli, P.T. Gomes, M.L.H. Green, A.M. Martins, P. Mountford, J. Chem. Soc. Dalton
Trans. (1997) 2435.

[65] M. Namikawa, H. Katayama, A. Imai, Jpn. Laid-Open Appl. 09/169791 (1997) (Chem. Abstr.
127: 162244).

[66] H. Katayama, M. Nabika, A. Imai, A. Miyashita, T. Watanabe, H. Johohji, Y. Oda, H. Hanaoka,
Eur. Pat. Appl. 842,939 (1998), based on PCT Int. Appl. 97/03992 (1997).

[67] H. Katayama, A. Imai, H. Hanaoka, N. Kawamura, A. Miyashita, Eur. Pat. Appl. 852,230 (1998),
based on PCT Int. Appl. 97/08179 (1997).

[68] R.E. Murray, U.S. Patent 5,700,748 (1997).

[69] J. Renkema, B.J. Muskens, J.A.M. van Beek, G.H.J. van Doremaele, PCT Int. Appl. 97/42241
(1997).

[70] M.F.H. van Tol, J.LA.M. van Beek, P.J.J. Pieters, PCT Int. Appl. 97/42237 (1997).

[71] (a) W. Kaminsky, S. Lenk, V. Scholz, H-W. Roesky, A. Herzog, Macromolecules 30 (1997) 7647.
(b) W. Kaminsky, S. Lenk, Macromol. Symp. 118 (1997) 45. (c) W. Kaminsky, S. Lenk, V. Scholz,
H.W. Roesky, A. Herzog, PCT Int. Appl. 97/07141 (1997). (d) T. Iwamoto, H. Kinoshita, J.
Masumoto, Jpn. Laid-Open Appl. 09/183810 (1997) (Chem. Abstr. 127: 136170).

[72] T. Repo, G. Jany, M. Salo, M. Polamo, M. Leskeld, J. Organomet. Chem. 541 (1997) 363.

[73] S. Kanejema, T. Hinoto, T. Aoki, Jpn. Laid-Open Appl. 09/286813 (1997) (Chem. Abstr. 128:
35175).

[74] O. Nakazawa, A. Sano, K. Matsuura, Jpn. Laid-Open Appl. 09/095515 (1997) (Chem. Abstr. 127:
18089).

[75] K. Mikama, A. Nakasaki, Y. Motoyama, Jpn. Laid-Open Appl. 09/241315 (1997) (Chem. Abstr.
127: 278610).

[76] T. Ohara, K. Imanishi, K. Tatsumi, Jpn. Laid-Open Appl. 09/316120 (1997) (Chem. Abstr. 128:
61931).



G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329 319

[77] K. Tatsumi, K. Kazu, Jpn. Laid-Open Appl. 09/316121 (1997) (Chem. Abstr. 128: 61932).

[78] T. Hino, H. Katayama, A. Imai, Jpn. Laid-Open Appl. 09/176221 (1997) (Chem. Abstr. 127:
162245).

[79] T. Kanejima, J. Hinoto, Jpn. Laid-Open Appl. 09/012620 (1997) (Chem. Abstr. 126: 212542).

[80] T. Kanejima, J. Hinoto, T. Aoki, Jpn. Laid-Open Appl. 09/012619 (1997) (Chem. Abstr. 126:
212541).

[81] F.J. Karol, T.R. Lynn, W.T. Reichle, E.P. Wasserman, Eur. Pat. Appl. 784,062 (1997).

[82] P.N. Nickias, D.D. Devore, F.J. Timmers, PCT Int. Appl. 97/35894 (1997).

[83] B. Hessen, H. van der Heijden, J. Organomet. Chem. 534 (1997) 237.

[84] S. Mansel, D. Thomas, C. Lefeber, D. Heller, R. Kempe, W. Baumann, U. Rosenthal,
Organometallics 16 (1997) 2886.

[85] M.M. Corradi, D.J. Duncalf, G.A. Lawless, M.P. Waugh, J. Chem. Soc. Chem. Commun. (1997)
203.

[86] (a) S. Hamura, T. Yoshida, M. Sato, U.S. Patent 5,753,577 (1998), based on Eur. Pat. Appl.
791,608 (1997). (b) S. Hamura, T. Yoshida, M. Sato, Jpn. Laid-Open Appl. 09/227614 (1997)
(Chem. Abstr. 127: 248534).

[87] T. Cuenca, M. Galakhov, G. Jiménez, E. Royo, P. Royo, M. Bochmann, J. Organomet. Chem.
543 (1997) 209.

[88] (a) D. Lee, K. Yoon, S. Noh, S. Woo, Polymer 38 (1997) 1481. (b) D. Lee, K. Yoon, S. Noh, S.
Woo, Macromol. Symp. 118 (1997) 129.

[89] (a) S.K. Noh, S. Kim, J. Kim, D. Lee, K. Yoon, H. Lee, S.W. Lee, W.S. Huh, J. Polymer Sci.
Polym. Chem. 35 (1997) 3717. (b) S.K. Noh, S. Kim, D. Lee, K. Yoon, H. Lee, Bull. Korean
Chem. Soc. 18 (1997) 618.

[90] (a) D. Seyferth, R. Wyrwa, U.W. Franz, S. Becke, PCT Int. Appl. 97/32908 (1997). (b) D.
Seyferth, R. Wyrwa, PCT Int. Appl. 97/32918 (1997).

[91] G.C. Bazan, G. Rodriguez, A.J. Ashe 111, S. Al-Ahmad, J.W. Kampf, Organometallics 16 (1997)
2492.

[92] J.S. Rogers, G.C. Bazan, C.K. Sperry, J. Am. Chem. Soc. 119 (1997) 9305.

[93] G.E. Herberich, U. Englert, A. Schmitz, Organometallics 16 (1997) 3751.

[94] (a) E.J.M. De Boer, R.J. Ruisch, L. Schoon, U.S. Patent 5,821,310 (1998), based on PCT Int.
Appl. 97/01566 (1997). (b) G. Herberich, B. Schmidt, A. Schmitz, A. Fischer, M. Riedel, H.-F.
Herrmann, D. Ozdemir, PCT Int. Appl. 97/23512 (1997).

[95] G.E. Herberich, B. Schmidt, A. Schmitz, J.A.M. van Beek, PCT Int. Appl. 97/23493 (1997).

[96] F.J. Timmers, D.D. Devore, A.J. Ashe 111, S.A. Al-Ahmad, X. Fang, PCT Int. Appl. 97/35867
(1997).

[97] A. Pastor, A.F. Kiely, L.M. Henling, M.W. Day, J.E. Bercaw, J. Organomet. Chem. 528 (1997)
65.

[98] S. Igai, K. Imaoka, Jpn. Laid-Open Appl. 09/110917 (1997) (Chem. Abstr. 127: 34633).

[99] J.A. Ewen, R.W. Strozier, R.L. Jones, Jr. M.J. Elder, PCT Int. Appl. 97/10248 (1997).

[100] G.J.M. Gruter, G.H.J. van Doremaele, H.J. Arts, PCT Int. Appl. 97/42163 (1997).

[101] L. Gila, A. Proto, E. Ballato, D. Vigliarolo, G. Lugli, Eur. Pat. Appl. 757,996 (1997).

[102] T. Saki, Jpn. Laid-Open Appl. 09/328510 (1997) (Chem. Abstr. 128: 102530).

[103] F.G.N. Cloke, D. Peron, PCT Int. Appl. 97/46567 (1997).

[104] G. Rodriguez, G.C. Bazan, J. Am. Chem. Soc. 119 (1997) 343.

[105] M. Sone, O. Yoshida, A. Miyashita, Jpn. Laid-Open Appl. 09/324010 (1997) (Chem. Abstr. 128:
102535).

[106] K.J. Lens, M. Tilset, A. Heuman, PCT Int. Appl. 97/17379 (1997).

[107] L. Matilainen, M. Leskeld, H. Knuuttila, PCT Int. Appl. 97/17355 (1997).

[108] K. Soga, E. Kaji, T. Uozumi, J. Polym. Sci. Polym. Chem. 35 (1997) 823.

[109] M.O. Kristen, H.-H. Gortz, M.F. Lappert, W. Leung, H. Lee, Eur. Pat. Appl. 803,520 (1997).

[110] L. Matilainen, M. Leskeld, H. Knuuttila, PCT Int. Appl. 97/17354 (1997).

[111] W.T. Reichle, F.J. Karol, U.S. Patent 5,852,146 (1998), based on PCT Int. Appl. 97/49713 (1997).

[112] (a) M. Polamo, M. Leskeld, Acta Chem. Scand. 51 (1997) 449 and 703. (b) K. Hakala, B. Lofgren,
M. Polamo, M. Leskeld, Macromol. Rapid Commun. 18 (1997) 635. (c) M. Polamo, M. Leskeld,
K. Hakala, B. Lofgren, PCT Int. Appl. 97/45434 (1997).



320 G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329

[113] G.G. Lavoie, R.G. Bergman, Angew. Chem. Int. Ed. Engl. 36 (1997) 2450.

[114] T. Tsukahara, D.C. Swenson, R.F. Jordan, Organometallics 16 (1997) 3303.

[115] I. Kim, Y. Nishihara, R.F. Jordan, R.D. Rogers, A.L. Rheingold, G.P.A. Yap, Organometallics
16 (1997) 3314.

[116] X. Bei, D.C. Swenson, R.F. Jordan, Organometallics 16 (1997) 3282.

[117] (a) S. Fokken, T.P. Spaniol, J. Okuda, F.G. Sernetz, R. Miilhaupt, Organometallics 16 (1997)
4240. (b) F.G. Sernetz, R. Miilhaupt, S. Fokken, J. Okuda, Macromolecules 30 (1997) 1562.

[118] H. Katayama, M. Nabika, A. Imai, N. Kawamura, H. Hanaoka, U.S. Patent 5,840,646 (1998),
based on Eur. Pat. Appl. 761,694 (1997).

[119] L. Giannini, A. Caselli, E. Solari, C. Floriani, A. Chiesi-Villa, C. Rizzoli, N. Re, A. Sgamellotti,
J. Am. Chem. Soc. 119 (1997) 9198.

[120] R. Santi, G. Cometti, R. Po’, Eur. Pat. Appl. 770,630 (1997).

[121] 1.D. Scollard, D.H. McConville, J.J. Vittal, Organometallics 16 (1997) 4415.

[122] J.D. Scollard, D.H. McConville, S.J. Rettig, Organometallics 16 (1997) 1810.

[123] F. Jager, HW. Roesky, H. Dorn, S. Shah, M. Noltemeyer, H.-G. Schmidt, Chem. Ber./Recueil,
130 (1997) 399.

[124] B. Tsuie, D.C. Swenson, R.F. Jordan, J.L. Petersen, Organometallics 16 (1997) 1392.

[125] N.A.H. Male, M. Thornton-Pett, M. Bochmann, J. Chem. Soc. Dalton Trans. (1997) 2487.

[126] R. Baumann, W.M. Davis, R.R. Schrock, J. Am. Chem. Soc. 119 (1997) 3830.

[127] L. Lee, D.J. Berg, G.W. Bushnell, Organometallics 16 (1997) 2556.

[128] T. Repo, M. Klinga, P. Pietikdinen, M. Leskeld, A.-M. Uusitalo, T. Pakkanen, K. Hakala, P.
Aaltonen, B. Lofgren, Macromolecules 30 (1997) 171.

[129] S. Igai, K. Imaoka, N. Mitani, Jpn. Laid-Open Appl. 09/012582 (1997) (Chem. Abstr. 126:
225669).

[130] C.M. Killian, L.K. Johnson, M. Brookhart, Organometallics 16 (1997) 2005.

[131] J. Feldman, S.J. McLain, A. Parthasarathy, W.J. Marshall, J.C. Calabrese, S.D. Arthur,
Organometallics 16 (1997) 1514.

[132] R.F. de Souza, R.S. Mauler, L.C. Simon, F.F. Nunes, D.V.S. Vescia, A. Cavagnolli, Macromol.
Rapid Commun. 18 (1997) 795.

[133] S. Igai, K. Imaoka, M. Murakami, Y. Kai, Jpn. Laid-Open Appl. 09/194525 (1997) (Chem. Abstr.
127: 176850).

[134] T. Yorisue, Jpn. Laid-Open Appl. 09/255712 (1997) (Chem. Abstr. 127: 319394).

[135] T. Yorisue, Jpn. Laid-Open Appl. 09/255713 (1997) (Chem. Abstr. 127: 359235).

[136] L.K. Johnson, J. Feldman, K.A. Kreutzer, S.J. McLain, M.A. Bennett, E.B. Coughlin, D.S. Scott,
L.T. Jennings, A. Parthasarathy, X. Shen, W. Tam, Y. Wang, U.S. Patent 5,714,556 (1998), based
on PCT Int. Appl. 97/02298 (1997).

[137] S. Hajela, W.P. Schaefer, J.E. Bercaw, J. Organomet. Chem. 532 (1997) 45.

[138] H. Nakazawa, S. Igai, K. Imaoka, N. Mitani, Jpn. Laid-Open Appl. 09/220476 (1997) (Chem.
Abstr. 127: 248532).

[139] W.J. Evans, K.J. Forrestal, JJW. Ziller, Angew. Chem. Int. Ed. Engl. 36 (1997) 774.

[140] J. Soto, J.T. Patton, PCT Int. Appl. 97/43294 (1997).

[141] K. Soga, S. Yamamoto, K. Inematsu, Jpn. Laid-Open Appl. 09/272710 (1997) (Chem. Abstr. 127:
331944).

[142] F. Yuan, Q. Shen, J. Sun, J. Organomet. Chem. 538 (1997) 241.

[143] S. Ya. Knjazhanski, E.S. Kalyuzhnaya, L.E. Elizalde Herrera, B.M. Bulychev, A.V. Khvostov,
A.L Sizov, J. Organomet. Chem. 531 (1997) 19.

[144] S. Igai, K. Imaoka, Y. Kai, J. Yamashita, Jpn. Laid-Open Appl. 09/286811 (1997) (Chem. Abstr.
128: 4008).

[145] N. Tsujimoto, M. Suzuki, Jpn. Laid-Open Appl. 09/316122 (1997) (Chem. Abstr. 128: 48613)

[146] S. Igai, K. Imaoka, Y. Kai, Jpn. Laid-Open Appl. 09/194526 (1997) (Chem. Abstr. 127: 162253)

[147] D.M. Antonelli, A. Leins, J.M. Stryker, Organometallics 16 (1997) 2500.

[148] K.H. Theopold, Chemtech (1997) 26.

[149] R. Emrich, O. Heinemann, P.W. Jolly, C. Kriiger, G.P.J. Verhovnik, Organometallics 16 (1997)
1511.



G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329 321

[150] J.L. Kersten, R.R. Kucharczyk, G.P.A. Yap, A.L. Rheingold, K.H. Theopold, Chem. Eur. J. 3
(1997) 1668.

[151] J. Justino, A.R. Dias, J. Ascenso, M.M. Marques, P.J.T. Tait, Polym. Int. 44 (1997) 407.

[152] D. Pappalardo, M. Mazzeo, C. Pellecchia, Macromol. Rapid Commun. 18 (1997) 1017.

[153] P.T. Matsunaga, J.M. Canich, G.A. Vaughan, D.E. Gindelberger, R.S. Schiffino, K.R. Squire,
R.B. Temme, PCT Int. Appl. 97/48737 (1997).

[154] M.J. Tanner, M. Brookhart, J.M. DeSimone, J. Am. Chem. Soc. 119 (1997) 7617.

[155] M.P. Coles, R.F. Jordan, J. Am. Chem. Soc. 119 (1997) 8125.

[156] S. Igai, K. Imaoka, M. Murakami, Y. Kai, Jpn. Laid-Open Appl. 09/143215 (1997) (Chem. Abstr.
127: 51124).

[157] Q. Wang, J. Weng, Z. Fan, L. Feng, Macromol. Rapid Commun. 18 (1997) 1101.

[158] M. Galimberti, PCT Int. Appl. 97/00897 (1997).

[159] (a) J.K. Roberg, R.E. Farritor, E.A. Burt, U.S. Patents 5,599,964 and 5,606,087 (1997). (b) J.K.
Roberg, E.A. Burt, U.S. Patent 5,663,394 (1997).

[160] (a) T. Iwao, R. Uchima, T. Nishida, Jpn. Laid-Open Appl. 09/110880 and 09/110881 (1997)
(Chem. Abstr. 127: 34356 and 127: 34355). (b) S. Osaka, T. Iwao, A. Tetsuya, K. Abe, T. Nishida,
Jpn. Laid-Open Appl. 09/328488 (1997) (Chem. Abstr. 128: 61916).

[161] S.A. Sangokoya, L.H. Shepherd, Jr., E.A. Burt, U.S. Patent 5,693,838 (1998), based on PCT Int.
Appl. 97/18218 (1997).

[162] T. Kondoh, S. Naganuma, N. Tomotsu, Eur. Pat. Appl. 811,628 (1997).

[163] G.M. Smith, D.B. Malpass, U.S. Patent 5,728,855 (1998), based on PCT Int. Appl. 97/14699
(1997).

[164] J. Rosch, Eur. Pat. Appl. 781,783 (1997).

[165] S.A. Sangokoya, U.S. Patent 5,731,253 (1998), based on Eur. Pat. Appl. 755,936 (1997).

[166] S.J. Palackal, M.B. Welch, R.L. Geerts, Eur. Pat. Appl. 812,860 (1997).

[167] G.M. Smith, S.W. Palmaka, J.S. Rogers, D.B. Malpass, U.S. Patent 5,831,109 (1998), based on
PCT Int. Appl. 97/23288 (1997).

[168] T. Senninger, J. Malinge, D. Ballivet-Tkatchenko, Eur. Pat. Appl. 774,470 (1997).

[169] S. Yamada, A. Yano, Jpn. Laid-Open Appl. 09/110918 (1997) (Chem. Abstr. 127: 34622).

[170] (a) Jpn. Laid-Open Appl., 09/176219 (1997) (Chem. Abstr. 127: 95736). (b) K. Nakanaga, Y.
Kadoi, T. Iwasaki, N. Tani, S. Machida, Jpn. Laid-Open Appl. 09/194521 (1997) (Chem. Abstr.
127: 191202). (¢) K. Sugimura, Jpn. Laid-Open Appl. 09/255710 and 09/255711 (1997) (Chem.
Abstr. 127: 307801 and 127: 307799). (d) K. Nakanaga, N. Tani, T. Abiko, Jpn. Laid-Open Appl.
09/012618 (1997) (Chem. Abstr. 126: 186532).

[171] Y. Kadoi, K. Nakanaga, S. Machida, Jpn. Laid-Open Appl. 09/278817 (1997) (Chem. Abstr. 128:
23294)

[172] M. Kuribayashi, T. Ookane, A. Imai, Jpn. Laid-Open Appl. 09/143217 (1997) (Chem. Abstr. 127:
95724).

[173] D.E. Babushkin, N.V. Semikolenova, V.N. Panchenko, A.P. Sobolev, V.A. Zakharov, E.P. Talsi,
Macromol. Chem. Phys. 198 (1997) 3845.

[174] 1. Tritto, C. Méalares, M.C. Sacchi, P. Locatelli, Macromol. Chem. Phys. 198 (1997) 3963.

[175] R.J. Wehmschulte, P.P. Power, J. Am. Chem. Soc. 119 (1997) 8387.

[176] W.E. Piers, T. Chivers, Chem. Soc. Rev. (1997) 345.

[177] (a) T. Ueno, I. Katsumi, N. Yamamoto, H. Mitsui, Eur. Pat. Appl. 825,195 (1998), based on PCT
Int. Appl. 97/31924 (1997). (b) T. Yamane, K. Ishimaru, Jpn. Laid-Open Appl. 09/295984 and
09/295985 (1997) (Chem. Abstr. 127: 359230 and 127: 359231).

[178] D.R. Wilson, R.E. LaPointe, U.S. Patent 5,744,646 (1998), based on PCT Int. Appl. 97/39003
(1997).

[179] T.J. Marks, Y.-X. Chen, PCT Int. Appl. 97/29845 (1997).

[180] R.K. Rosen, D.D. Vanderlende, PCT Int. Appl. 97/35893 (1997).

[181] L. Jia, X. Yang, C.L. Stern, T.J. Marks, Organometallics 16 (1997) 842.

[182] Y.-X. Chen, C.L. Stern, T.J. Marks, J. Am. Chem. Soc. 119 (1997) 2582.

[183] D.D. Devore, F.J. Timmers, D.R. Neithamer, PCT Int. Appl. 97/36937 (1997).

[184] C. Fritze, F. Kiiber, H. Bohnen, Eur. Pat. Appl. 811,627 (1997).



322 G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329

[185] J.J. Eisch, W. Uzick, K. MacKenzie, S. Gurtzgen, R. Rieger, U.S. Patent 5,726,332 1998), based
on Eur. Pat. Appl. 764,649 (1997).

[186] T. Shiomura, T. Asanuma, T. Sunaga, Macromol. Rapid Commun. 18 (1997) 169.

[187] N. Naga, K. Mizunuma, Macromol. Rapid Commun. 18 (1997) 581.

[188] D.J. Gillis, R. Karpeles, PCT Int. Appl. 97/38019 (1997).

[189] S. Liu, G. Yu, B. Huang, J. Appl. Polym. Sci. 66 (1997) 1715.

[190] G. Jiménez Pindado, M. Thornton-Pett, M. Bouwkamp, A. Meetsma, B. Hessen, M. Bochmann,
Angew. Chem. Int. Ed. Engl. 36 (1997) 2358.

[191] G. Jiménez Pindado, M. Thornton-Pett, M. Bochmann, J. Chem. Soc. Chem. Commun. (1997)
609.

[192] J. Ignacio Amor, T. Cuenca, M. Galakhov, P. Gomez-Sal, A. Manzanero, P. Royo, J. Organomet.
Chem. 535 (1997) 155.

[193] A. Bertuleit, C. Fritze, G. Erker, R. Frohlich, Organometallics 16 (1997) 2891.

[194] Y.-X. Chen, T.J. Marks, Organometallics 16 (1997) 3649.

[195] Y. Sun, R.E. v. H. Spence, W.E. Piers, M. Parvez, G.P.A. Yap, J. Am. Chem. Soc. 119 (1997)
5132.

[196] X. Song, M. Bochmann, J. Organomet. Chem. 545-546 (1997) 597.

[197] J. Karl, G. Erker, R. Frohlich, J. Am. Chem. Soc. 119 (1997) 11165.

[198] J. Karl, G. Erker, Chem. Ber.-Recueil, 130 (1997) 1261.

[199] J. Karl, G. Erker, R. Frohlich, J. Organomet. Chem. 535 (1997) 59.

[200] Q. Wang, D.J. Gillis, R. Quyoum, D. Jeremic, M.-J. Tudoret, M.C. Baird, J. Organomet. Chem.
527 (1997) 7.

[201] (a) T.L. Tremblay, S.W. Ewart, M.J. Sarsfield, M.C. Baird, J. Chem. Soc. Chem. Commun. (1997)
831. (b) M.J. Sarsfield, S.W. Ewart, T.L. Tremblay, A.W. Roszak, M.C. Baird, J. Chem. Soc.
Dalton Trans. (1997) 3097.

[202] I. Tritto, R. Donetti, M.C. Sacchi, P. Locatelli, G. Zannoni, Macromolecules 30 (1997) 1247.

[203] I. Tritto, S.X. Li, L. Boggioni, M.C. Sacchi, P. Locatelli, A. O’Neill, Macromol. Chem. Phys. 198
(1997) 1347.

[204] N.E. Khrushch, F.S. Dyachkovskii, V.P. Mar’in, N.M. Bravaya, Kinet. Cataly. (English Transl.),
38 (1997) 350.

[205] R. Fusco, L. Longo, F. Masi, F. Garbassi, Macromol. Rapid Commun. 18 (1997) 433.

[206] R. Fusco, L. Longo, F. Masi, F. Garbassi, Macromolecules 30 (1997) 7673.

[207] K.J. Bearve, V.R. Jensen, T. Karlsen, J.A. Stevneng, O. Swang, J. Mol. Model. 3 (1997) 193.

[208] A. Shiga, J. Macromol. Sci. Pure Appl. Chem. A34 (1997) 1867.

[209] M.-H. Prosenc, H.-H. Brintzinger, Organometallics 16 (1997) 3889.

[210] L. Resconi, G. Moscardi, Polym. Prepr. 38 (1) (1997) 832.

[211] G. Guerra, P. Longo, L. Cavallo, P. Corradini, L. Resconi, J. Am. Chem. Soc. 119 (1997) 4394.

[212] Y. van der Leek, K. Angermund, M. Reffke, R. Kleinschmidt, R. Goretzki, G. Fink, Chem. Eur.
J. 3 (1997) 585.

[213] T.K. Woo, P.M. Margl, T. Ziegler, P.E. Blochl, Organometallics 16 (1997) 3454.

[214] R.DJ. Froese, D.G. Musaev, T. Matubara, K. Morokuma, J. Am. Chem. Soc. 119 (1997) 7190.

[215] Y. Han, L. Deng, T. Ziegler, J. Am. Chem. Soc. 119 (1997) 5939.

[216] (a) D.G. Musaev, R.D.J. Froese, M. Svensson, K. Morokuma, J. Am. Chem. Soc. 119 (1997) 367.
(b) L. Deng, P. Margl, T. Ziegler, J. Am. Chem. Soc. 119 (1997) 1094. (c) D.G. Musaev, M.
Svensson, K. Morokuma, S. Stromberg, K. Zetterberg, P.E.M. Siegbahn, Organometallics 16
(1997) 1933.

[217] L. Deng, T.K. Woo, L. Cavallo, P.M. Margl, T. Ziegler, J. Am. Chem. Soc. 119 (1997) 6177.

[218] L.D. Cady, C.J. Frye, P. Howard, T.P. Karjala, P.J. Maddox, .M. Munro, S.R. Partington, K.P.
Peil, L. Spencer, W.R. Van Volkenburgh, P.S. Williams, D.R. Wilson, J.M. Winter, PCT Int.
Appl. 97/44371 (1997).

[219] C. Schmid, H.G. Alt, M.B. Welch, U.S. Patent 5,780,659 (1998), based on Eur. Pat. Appl. 798,306
(1997).

[220] T. Uozumi, K. Miyazawa, T. Sano, K. Soga, Macromol. Rapid Commun. 18 (1997) 883.



G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329 323

[221] M.J. Schneider, J. Suhm, R. Miilhaupt, M.-H. Prosenc, H.-H. Brintzinger, Macromolecules 30
(1997) 3164.

[222] J. Imuta, M. Yoshida, Y. Tohi, Eur. Pat. Appl. 754,698 (1997).

[223] T. Kaneko, R. Ikeda, A. Yano, M. Sato, Eur. Pat. Appl. 786,466 (1997).

[224] P. Schertl, H.G. Alt, M.B. Welch, U.S. Patent 5,668,230 (1997).

[225] J.M. Canich, H.W. Turner, G.G. Hlatky, U.S. Patent 5,621,126 (1997).

[226] F.J. Karol, S.-C. Kao, E.P. Wasserman, R.C. Brady, New J. Chem. 21 (1997) 797.

[227] K. Thorshaug, E. Rytter, M. Ystenes, Macromol. Rapid Commun. 18 (1997) 715.

[228] P. Starck, C. Lehtinen, B. Lofgren, Angew. Makromol. Chem. 249 (1997) 115.

[229] N. Naga, Y. Ohbayashi, K. Mizunuma, Macromol. Rapid Commun. 18 (1997) 837.

[230] J. Renkema, PCT Int. Appl. 97/42238 (1997).

[231] M. Kawasaki, T. Tsutsui, T. Tojo, T. Hakuta, U.S. Patent 5,698,651 (1997).

[232] A. Malmberg, B. Lofgren, J. Appl. Polym. Sci. 66 (1997) 35.

[233] J. Renkema, M.F.H. Van Tol, P.J.H. Windmuller, J.A.M. Van Beek, PCT Int. Appl. 97/42239
(1997).

[234] J. Nieto-Palomo, P.J.C. Schouterden, D.J. Mangold, L.P.P. van der Heijden, M. Garcia-Marti,
S.H. Cree, U.S. Patent 5,814,714 (1998), based on PCT Int. Appl. 97/19965 (1997).

[235] (a) R.S. Schiffino, D.J. Crowther, U.S. Patent 5,625,016 (1997). (b) R.S. Schiffino, D.J. Crowther,
PCT Int. Appl. 97/22639 (1997).

[236] K. Chu, T. Park, Mater. Lett. 31 (1997) 11.

[237] R. Quijada, R. Rojas, R.S. Mauler, G.B. Galland, R.B. Scipioni, J. Appl. Polym. Sci. 64 (1997)
2567.

[238] J. Suhm, M.J. Schneider, R. Miilhaupt, J. Polym. Sci. Polym. Chem. 35 (1997) 735.

[239] U. Moll, A. Deckers, A.J. Kingma, W. Weber, PCT Int. Appl. 97/41161 (1997).

[240] M.F. Finlayson, C.C. Garrison, R.E. Guerra, M.J. Guest, B.W.S. Kolthammer, D.R. Parikh, S.M.
Ueligger, PCT Int. Appl. 97/26287 (1997).

[241] T.C. Chung, H.L. Liu, J. Polym. Sci. Polym. Chem. 35 (1997) 575.

[242] L. Oliva, P. Longo, L. Izzo, M. Di Serio, Macromolecules 30 (1997) 5616.

[243] F.G. Sernetz, R. Miilhaupt, F. Amor, T. Eberle, J. Okuda, J. Polym. Sci. Polym. Chem. 35 (1997)
1571.

[244] M.F.H. Van Tol, JJA.M. Van Beek, P.J.J. Pieters, PCT Int. Appl. 97/42240 (1997).

[245] G. Xu, S. Lin, Macromolecules 30 (1997) 685.

[246] S. Fokken, T.P. Spaniol, J. Okuda, F.G. Sernetz, R. Miilhaupt, Organometallics 16 (1997) 4240.

[247] F.G. Sernetz, R. Miilhaupt, J. Polym. Sci. Polym. Chem. 35 (1997) 2549.

[248] T. Tsutsui, M. Kawasaki, U.S. Patent 5,744,566 (1998), based on Eur. Pat. Appl. 781,788 (1997).

[249] (a) T.C. Chung, H.L. Lu, R.D. Ding, Macromolecules 30 (1997) 1272. (b) T.C. Chung, H.L. Lu,
B. Lu, Polym. Mater. Sci. Eng. 76 (1997) 160. (¢) T.C. Chung, H.L. Lu, W. Janvikul, R.D. Ding,
Polym. Mater. Sci. Eng. 76 (1997) 248.

[250] D.J. Joubert, I.H. Potgieter, 1. Tincul, PCT Int. Appl. 97/45454 (1997).

[251] J.LA.M. Van Beek, N.H. Friedrichs, J.A.J. Hahnraths, PCT Int. Appl. 97/12920 (1997).

[252] T.D. Shaffer, J.M. Canich, K.R. Squire, U.S. Patent 5,763,556 (1998), based on PCT Int. Appl.
97/44370 (1997).

[253] C. Bergemann, R. Cropp, G. Luft, J. Mol. Catal. A 116 (1997) 317.

[254] F.G. Sernetz, R. Miilhaupt, R.M. Waymouth, Polym. Bull. 38 (1997) 141.

[255] T. Shiono, Y. Moriki, T. Ikeda, K. Soga, Macromol. Chem. Phys. 198 (1997) 3229.

[256] S. Ikai, N. Mitani, K. Imaoka, Jpn. Laid-Open Appl. 09/316118 (1997) (Chem. Abstr. 128: 75801).

[257] P. Longo, F. Grisi, A. Proto, A. Zambelli, Macromol. Rapid Commun. 18 (1997) 183.

[258] (a) P. Aaltonen, B. Lofgren, Eur. Polym. J. 33 (1997) 1187. (b) B. Lofgren, P. Aaltonen, P.
Knuuttila, PCT Int. Appl. 97/11098 (1997)

[259] S. Bruzand, H. Cramail, L. Duvignac, A. Deffieux, Macromol. Chem. Phys. 198 (1997) 291.

[260] M.J. Schneider, R. Schifer, R. Miilhaupt, Polymer 38 (1997) 2455.

[261] M.J. Mullins, P.N. Nickias, J. Soto, PCT Int. Appl. 97/49738 (1997).

[262] M.F.H. van Tol, J.A.M. van Beek, P.J.J. Pieters, PCT Int. Appl. 97/42236 (1997).



324 G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329

[263] A. Tsuchida, C. Bolln, F.G. Sernetz, H. Frey, R. MilhauptPolymer, Macromolecules 30 (1997)
2818.

[264] N. Schneider, M.E. Huttenloch, U. Stehling, R. Kirsten, F. Schaper, H.-H. Brintzinger,
Organometallics 16 (1997) 3413.

[265] Y. Okumura, T. Sakuragi, M. Ono, S. Inazawa, Eur. Pat. Appl. 834,519 (1998), based on PCT Int.
Appl. 97/40075 (1997).

[266] Y. Obora, C.L. Stern, T.J. Marks, P.N. Nickias, Organometallics 16 (1997) 2503.

[267] J.A. Ewen, U.S. Patent 5,631,202 (1997).

[268] L. Resconi, F. Piemontesi, O. Sudmeijer, Polym. Prepr. 38 (1) (1997) 776.

[269] M.J. Schneider, E. Kaji, T. Uozumi, K. Soga, Macromol. Chem. Phys. 198 (1997) 2899.

[270] E. Shamshoum, R.B. Reddy, M. Lopez, Eur. Pat. Appl. 802,206 (1997).

[271] S.C. Yoon, T.K. Han, B.W. Woo, H. Song, S.I. Woo, J.T. Park, J. Organomet. Chem. 534 (1997)
81.

[272] H. Hagihara, T. Shiono, T. Ikeda, Macromolecules 30 (1997) 4783.

[273] A.L. McKnight, A. Masood, R.M. Waymouth, D.A. Straus, Organometallics 16 (1997) 2879.

[274] T. Kaneko, A. Yano, Jpn. Laid-Open Appl. 09/194552 (1997) (Chem. Abstr. 127: 162263)

[275] J. SaBmannshausen, M. Bochmann, J. Rosch, D. Lilge, J. Organomet. Chem. 548 (1997) 23.

[276] (a) K. Soga, Y. Suzuki, T. Uozumi, E. Kaji, J. Polym. Sci. Polym. Chem. 35 (1997) 291. (b) K.
Soga, J. Jin, E. Kaji, T. Uozumi, Y. Suzuki, Macromol. Symp. 118 (1997) 55. (c¢) K. Soga, T.
Uozumi, Y. Suzuki, Jpn. Laid-Open Appl. 09/012624 (1997) (Chem. Abstr. 126: 186533).

[277] M.D. Bruce, G.W. Coates, E. Hauptmann, R.M. Waymouth, J.W. Ziller, J. Am. Chem. Soc. 119
(1997) 11174.

[278] V.I. Tsvetkova, P.M. Nedorezova, N.M. Bravaya, D.V. Savinov, I.L. Dubnikova, V.A. Optov,
Polym. Sci. Ser. A (English translation) 39 (1997) 235.

[279] R. Kravchenko, A. Masood, R.M. Waymouth, Organometallics 16 (1997) 3635.

[280] J.M. Petoff, M. Leclerc, R.M. Waymouth, Polym. Prepr. 38 (2) (1997) 492.

[281] M.C. Sacchi, E. Barsties, 1. Tritto, P. Locatelli, H.-H. Brintzinger, U. Stehling, Macromolecules 30
(1997) 3955.

[282] M.C. Sacchi, E. Barsties, 1. Tritto, P. Locatelli, H.-H. Brintzinger, U. Stehling, Macromolecules 30
(1997) 1267.

[283] A. Carvill, I. Tritto, P. Locatelli, M.C. Sacchi, Macromolecules 30 (1997) 7056.

[284] G.J. Jiang, J.-M. Hwu, Polym. Prepr. 38 (2) (1997) 243.

[285] S. Koltzenburg, J. Mol. Catal. A 116 (1997) 355.

[286] S. Hahn, G. Fink, Macromol. Rapid Commun. 18 (1997) 117.

[287] J. Huang, G.L. Rempel, Ind. Eng. Chem. Res. 36 (1997) 1151.

[288] S. Jiingling, S. Koltzenberg, R. Miilhaupt, J. Polym. Sci. Polym. Chem. 35 (1997) 1.

[289] H. Kurokawa, H. Uchino, K. Takahashi, T. Sugano, Jpn. Laid-Open Appl. 09/143216 (1997)
(Chem. Abstr. 127: 81876).

[290] T. Asanuma, Jpn. Laid-Open Appl. 09/176235 (1997) (Chem. Abstr. 127:122116).

[291] A. Borriello, V. Busico, R. Cipullo, O. Fusco, Macromol. Chem. Phys. 198 (1997) 1257.

[292] R.C. Zeigler, H. Rychlicki, L. Resconi, F. Piemontesi, G. Baruzzi, Polym. Prepr. 38 (1) (1997) 847.

[293] (a) D. Fischer, F. Langhauser, M. Kersting, R. Hingmann, G. Schweier, PCT Int. Appl. 97/10272
(1997). (b) D. Fischer, F. Langhauser, D. Lilge, R. Hingmann, G. Schweier, PCT Int. Appl.
97/10286 (1997).

[294] F. Forlani, Z.-Q. Fan, I. Tritto, P. Locatelli, M.C. Sacchi, Macromol. Chem. Phys. 198 (1997)
2397.

[295] M.J. Schneider, R. Miilhaupt, Macromol. Chem. Phys. 198 (1997) 1121.

[296] D. Lee, K. Yoon, J. Park, B. Lee, Eur. Polym. J. 33 (1997) 447.

[297] P. Meka, K. Imanishi, G.F. Licciardi, A.C. Gadkari, U.S. Patent 5,670,595 (1997).

[298] J. Rosch, H. Mach, F. Gruber, Eur. Pat. Appl. 811,642 (1997).

[299] T.C. Chung, H.L. Lu, W. Janvikul, Polymer 38 (1997) 1495.

[300] U.M. Stehling, A.L. McKnight, K.M. Stein, R.M. Waymouth, Polym. Mater. Sci. Eng. 76 (1997)
244.

[301] J. Ha, K. Chu, Mater. Lett. 33 (1997) 149.



G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329 325

[302] F.M. Rabagliati, M. Pérez, H.A. Ayal, C.A. Terraza, R. Quijada, Polym. Bull. 39 (1997) 693.

[303] S.S. Reddy, G. Shashidhar, Eur. Polym. J. 33 (1997) 583.

[304] (a) J. Liu, J. Huang, Y. Qian, F. Wang, A.S.C. Chan, Polym. J. 29 (1997) 182. (b) Q. Wu. Z. Ye,
S. Lin, Macromol. Chem. Phys. 198 (1997) 1823. (c) M. Aoyama, N. Tomotsu, Jpn. Laid-Open
Appl. 09/165411 (1997) (Chem. Abstr. 127: 136145)

[305] J.-C. Tsai, S.-J. Wang, S.-L. Peng, M. Sue, U.S. Patent 5,644,009 (1997).

[306] T.H. Newman, M.T. Malanga, J. Macromol. Sci.-Pure Appl. Chem. A34 (1997) 1921.

[307] N. Cardi, R. Po’, R. Santi, G. Cometti, U.S. Patent 5,629,391 (1997).

[308] M.F.H. Van Tol, J.LA.M. Van Beek, P.J.J. Pieters, PCT Int. Appl. 97/42233 (1997).

[309] H. Shouzaki, N. Tomotsu, Eur. Pat. Appl. 810,238 (1997).

[310] R. Po’, N. Cardi, R. Santi, U.S. Patent 5,728,784 (1998), based on Eur. Pat. Appl. 780,405 (1997).

[311] T.H. Newman, K.K. Borodychuk, PCT Int. Appl. 97/42234 (1997).

[312] R.E. LaPointe, PCT Int. Appl. 97/02224 (1997).

[313] A. Grassi, C. Lamberti, A. Zambelli, I. Mingozzi, Macromolecules 30 (1997) 1884.

[314] J. Xu, J. Zhao, Z. Fan, L. Feng, Macromol. Rapid Commun. 18 (1997) 875.

[315] (a) H. Nakatani, K. Nitta, K. Soga, T. Takata, Polymer 38 (1997) 4751; (b) T.A. Callaghan, M.T.
Malanga, PCT Int. Appl. 97/41159 (1997).

[316] R. Thomann, F.G. Sernetz, J. Heinemann, S. Steinmann, R. Miilhaupt, J. Kressler, Macro-
molecules 30 (1997) 8401.

[317] H. Nakatani, K. Nitta, T. Takata, K. Soga, Polym. Bull. 38 (1997) 43.

[318] P. Longo, A. Proto, P. Oliva, I. Sessa, A. Zambelli, J. Polym. Sci. Polym. Chem. 35 (1997) 2697.

[319] M.L. Dias, M.I. Bruno, L.C. de Santa Maria, Eur. Polym. J. 33 (1997) 1559.

[320] A.T. Hu, H. Lee, T. Chen, U.S. Patent 5,698,644 (1997).

[321] J. Wiinsch, J. Hofmann, T. Kesler, D. Fischer, PCT Int. Appl. 97/21742 (1997).

[322] J. Wiinsch, J. Hofmann, T. Kesler, PCT Int. Appl. 97/21741 (1997).

[323] W.M. Kelly, S. Wang, S. Collins, Macromolecules 30 (1997) 3151.

[324] S.J. McLain, J. Feldman, E.F. McCord, K.H. Gardner, M.F. Teasley, E.B. Coughlin, K.J.
Sweetman, Polym. Mater. Sci. Eng. 76 (1997) 20.

[325] H.T. Land, F. Osan, T. Wehrmeister, Polym. Mater. Sci. Eng. 76 (1997) 22.

[326] W. Kaminsky, M. Arndt, 1. Beulich, Polym. Mater. Sci. Eng. 76 (1997) 18.

[327] C.H. Bergstrom, J.V. Seppild, J. Appl. Polym. Sci. 63 (1997) 1063.

[328] C.H. Bergstrom, T.L.J. Védédnénen, J.V. Seppild, J. Appl. Polym. Sci. 63 (1997) 1071.

[329] B.A. Harrington, G.G. Hlatky, J.M. Canich, N.A. Merrill, U.S. Patent 5,635,573 (1997).

[330] M.F.H. van Tol, J.A.M. van Beek, P.J.J. Pieters, PCT Int. Appl. 97/42235 (1997).

[331] (a) N.M. Merrill, J.M. Farley, M.H. Robertson, C.L. Sims, R.B. Pannell, A.A. Montagna, U.S.
Patent 5,652,308 (1997). (b) J.M. Farley, M.H. Robertson, C.L. Sims, PCT Int. Appl. 97/20872
(1997).

[332] N. Tsujimoto, M. Suzuki, K. Imaoka, Jpn. Laid-Open Appl. 09/286810 (1997) (Chem. Abstr. 128:
4009).

[333] A. Peluso, R. Improta, A. Zambelli, Macromolecules 30 (1997) 2220.

[334] G. Guerra, L. Cavallo, P. Corradini, R. Fusco, Macromolecules 30 (1997) 677.

[335] G. Ricci, L. Porri, Macromol. Chem. Phys. 198 (1997) 3647.

[336] H.-J. Miiller, H.C. Horn, R. Spahl, B. Rieger, A.S. Abu-Surrah, PCT Int. Appl. 97/34943 (1997).

[337] E. Drent, M.C.T. De Kock, U.S. Patent 5,688,909 (1997).

[338] A.M. Bradford, A. Buys, U.S. Patent 5,756,656 (1998), based on PCT Int. Appl. 97/28206 (1997).

[339] F. Baardman, J. Jubb, U.S. Patent 5,750,642 (1998), based on PCT Int. Appl. 97/31969 (1997).

[340] A. Sommazzi, F. Garbassi, G. Mestroni, B. Milani, U.S. Patent 5,734,010 (1998), based on Eur.
Pat. Appl. 802,213 (1997).

[341] N.A. Cooley, E.J. Ditzel, U.S. Patent 5,817,745 (1998), based on Eur. Pat. Appl. 754,715 (1997).

[342] S.J. Dossett, PCT Int. Appl. 97/37765 (1997).

[343] N.J. Stewart, S.J. Dossett, U.S. Patent 5,770,684 (1998), based on Eur. Pat. Appl. 759,453 (1997).

[344] N.J. Conti, F.J. Karol, G.N. Foster, U.S. Patent 5,644,023 (1997).

[345] P.K. Hanna, U.S. Patent 5,703,201 (1997).

[346] J.A.M. Van Broekoven, Eur. Pat. Appl. 792,902 (1997).



326 G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329

[347] A. Sommazzi, F. Garbassi, G. Mestroni, B. Milani, L. Vicentini, U.S. Patent 5,717,060 (1998),
based on Eur. Pat. Appl. 774,479 (1997).

[348] G.J.P. Britovsek, K.J. Cavell, M.J. Green, F. Gerhards, B.W. Skelton, A.H. White, J. Organomet.
Chem. 533 (1997) 201.

[349] W. Kldui, B. Domhover, PCT Int. Appl. 97/23492 (1997).

[350] S.Y. Desjardins, K.J. Cavell, J.L. Hoare, B.W. Skelton, A.N. Sobolev, A.H. White, W. Keim, J.
Organomet. Chem. 544 (1997) 163.

[351] D.-J. Liaw, J.-S. Tsai, J. Polym. Sci. Polym. Chem. 35 (1997) 2759.

[352] S. Kacker, A. Sen, J. Am. Chem. Soc. 119 (1997) 10028.

[353] M.R. Ribeiro, A. Deffieux, M.F. Portela, Ind. Eng. Chem. Res. 36 (1997) 1224.

[354] L. Spencer, D.D. Vanderlende, J.C. Stevens, PCT Int. Appl. 97/35892 (1997).

[355] D.G. Harrison, P.S. Chisholm, U.S. Patent 5,661,098 (1997).

[356] M.F.H. van Tol, J.A.M. van Beek, PCT Int. Appl. 97/42228 (1997).

[357] (a) K. Sugimura, K. Yorozu, Y. Suzuki, T. Hayashi, Jpn. Laid-Open Appl. 09/272713 (1997)
(Chem. Abstr. 127: 359237). (b) K. Sugimura, K. Ban, Y. Suzuki, T. Hayashi, Jpn. Laid-Open
Appl. 09/302021 (1997) (Chem. Abstr. 128: 61920).

[358] G.A. Vaughan, J.M. Canich, P.T. Matsunaga, D.E. Gindelberger, K.R. Squire, PCT Int. Appl.
97/48736 (1997).

[359] W. Bidell, F. Langhauser, D. Fischer, H. Gregorious, M.O. Kristen, S. Huffer, P. Muller, R.
Hingmann, G. Schweier, U. Moll, B.L. Marczinke, M. Kersting, J.R. Grasmeder, .D. McKenzie,
P.J.V. Jones, PCT Int. Appl. 97/47662 (1997).

[360] C. Fritze, B. Bachmann, F. Kiiber, PCT Int. Appl. 97/11775 (1997).

[361] C. Fritze, Eur. Pat. Appl. 811,640 (1997).

[362] R. Quijada, R. Rojas, L. Alzamora, J. Retuert, F.M. Rabagliati, Catal. Lett. 46 (1997) 107.

[363] B. Steinmetz, B. Tesche, C. Przybyla, J. Zechlin, G. Fink, Acta Polym. 48 (1997) 392.

[364] (a) N.L. Krzystowczyk, S.P. Diefenbach, E.A. Burt, U.S. Patent 5,739,368 (1998), based on PCT
Int. Appl. 97/43320 (1997). (b) N. Kibino, H. Oohira, A. Hori, S. Myake, S. Inasawa, Jpn.
Laid-Open Appl. 09/003114 (1997) (Chem. Abstr. 126: 186530).

[365] E. Ernst, J. Reussner, Eur. Pat. Appl. 787,746 (1997).

[366] N.L. Krzystowczyk, S.P. Diefenbach, J.Y. Lee, PCT Int. Appl. 97/26285 (1997).

[367] M. Chang, U.S. Patent 5,629,253 (1997).

[368] R.-J. Becker, R. Rieger, Eur. Pat. Appl. 763,546 (1997).

[369] D. Kutschera, R. Rieger, U.S. Patent 5,789,332 (1998), based on Eur. Pat. Appl. 763,545 (1997).

[370] (a) E.M. Carnahan, M.J. Carney, D.R. Neithamer, P.N. Nickias, K.-Y. Shih, L. Spencer, PCT Int.
Appl. 97/19959 (1997). (b) G.B. Jacobsen, J.J. van Dun, P.-W. Chum, L.A. Meiske, F. Matsushita,
A. Miyamoto, PCT Int. Appl. 97/43323 (1997).

[371] S. Hikuma, T. Onomichi, S. Miyake, S. Inasawa, Jpn. Laid-Open Appl. 09/087315 (1997) (Chem.
Abstr. 127: 18103).

[372] K. Soga, S. Uozumi, N. Kishi, M. Ogizawa, Jpn. Laid-Open Appl. 09/302017 (1997) (Chem.
Abstr. 128: 13525).

[373] N.V. Semikolenova, V.A. Zakharov, Macromol. Chem. Phys. 198 (1997) (1997) 2889.

[374] N.G. Dufrenne, J.P. Blitz, C.C. Meverden, Microchem. J. 55 (1997) (1997) 192.

[375] T. Uozumi, T. Toneri, K. Soga, Macromol. Rapid Commun. 18 (1997) (1997) 9.

[376] G. Hidalgo Llinas, B. Pena Garcia, A. Munoz-Escalona, J. Sancho Royo, Eur. Pat. Appl. 802,203
(1997).

[377] W.M. Vega, P. LaFuente, A. Munoz-Escalona, G. Hidalgo Llinas, J. Sancho Royo, L. Mendez
Llatas, U.S. Patent 5,824,620 (1998), based on Eur. Pat. Appl. 757,992 (1997).

[378] (a) E. liskola, S. Timonen, T.T. Pakkanen, O. Hérkki, P. Lehmus, J.V. Seppild, Macromolecules
30 (1997) 2853. (b) E. Iiskola, S. Timonen, T.T. Pakkanen, O. Harkki, J.V. Seppéld, Appl. Surf.
Sci. 121/122 (1997) 372. (c) E. liskola, T. Suntola, Eur. Pat. Appl. 799,641 (1997). (d) E. liskola,
S. Timonen, T. Pakkanen, Eur. Pat. Appl. 799,838 (1997).



G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329 327

[379] L. Gila, A. Proto, E. Ballato, D. Vigliarolo, G. Lugli, U.S. Patent 5,846,895 (1998), based on Eur.
Pat. Appl. 808,841 (1997).

[380] (a) D. Lee, K. Yoon, S. Noh, Macromol. Rapid Commun. 18 (1997) 427. (b) D. Lee, K. Yoon,
S. Noh, Polym. Prepr. 38(1) (1997) 245.

[381] (a) L. Spencer, P.N. Nickias, U.S. Patent 5,688,880 (1997). (b) P.N. Nickias, L. Spencer, PCT Int.
Appl. 97/15582 (1997). (c) L. Spencer, P.N. Nickias, PCT Int. Appl. 97/15602 (1997).

[382] M. Aulbach, H.-F. Herrmann, D. Bilda, C. Bingel, U.S. Patent 5,767,300 (1997).

[383] K. Soga, H. Kim, S. Lee, M. Jung, W. Thosiya, N. Hiroro, U.S. Patent 5,610,115 (1997).

[384] (a) T. Arai, H.T. Ban, T. Uozumi, K. Soga, Macromol. Chem. Phys. 198 (1997) 229. (b) K. Soga,
T. Uozumi, T. Arai, U.S. Patent 5,677,255 (1997).

[385] (a) T. Kitagawa, T. Uozumi, K. Soga, T. Takata, Polymer 38 (1997) 615. (b) K. Soga, T.
Kitagawa, T. Uozumi, Jpn. Laid-Open Appl. 09/124721 (1997) (Chem. Abstr. 127: 51121).

[386] K. Soga, H.T. Ban, T. Arai, T. Uozumi, Marcomol. Chem. Phys. 198 (1997) 2779.

[387] J. Lynch, D. Fischer, H.-H. Gortz, G. Schweier, PCT Int. Appl. 97/31039 (1997).

[388] (a) J. Lynch, D. Fischer, H.-H. Gortz, G. Schweier, PCT Int. Appl. 97/31029 (1997). (b) J. Lynch,
D. Fischer, H.-H. Gortz, G. Schweier, PCT Int. Appl. 97/31038 (1997)

[389] N. Kibino, H. Ohira, T. Maki, A. Hori, S. Miyake, S. Inasawa, Jpn. Laid-Open Appl. 09/157321
(1997) (Chem. Abstr. 127: 109332).

[390] A.N. Speca, PCT Int. Appl. 97/32906 (1997).

[391] V. Fraaije, B. Bachmann, A. Winter, Eur. Pat. Appl. 780,402 (1997).

[392] T.J. Burkhardt, W.B. Brandley, U.S. Patent 5,635,437 (1997).

[393] E.P. Wasserman, M.W. Smale, T.R. Lynn, R.C. Brady, III, F.J. Karol, U.S. Patent 5,648,310
(1997).

[394] V.R.Sagar, M.J. Veraa, B.C. Trudell, PCT Int. Appl. 97/24375 (1997).

[395] A.N. Speca, K. Tormaschy, U.S. Patent 5,688,734 (1997).

[396] A.N. Speca, J.L. Brinen, J.J. McAlpin, U.S. Patent 5,786,291 (1998), based on PCT Int. Appl.
97/31035 (1997).

[397] (a) S. Kobayashi, M. Niwa, M. Yoshikawa, K. Kubo, Jpn. Laid-Open Appl. 09/095508 (1997)
(Chem. Abstr. 127: 18091). (b) N. Kataoka, M. Niwa, K. Kubo, Jpn. Laid-Open Appl. 09/095511
(1997) (Chem. Abstr. 127: 18088) (c) O. Nakazawa, A. Sano, K. Matsuura, Jpn. Laid-Open Appl.
09/151207 (1997) (Chem. Abstr. 127: 109346).

[398] J.H. Zimnoch dos Santos, S. Dorneles, F.C. Stedile, J. Dupont, M.M. De Camargo Forte, L.J.
Rabin Baumvol, Macromol. Chem. Phys 198 (1997) 3529.

[399] A.K. Agapiou, D.L. Litteer, M.E. Muhle, PCT Int. Appl. 97/29134 (1997).

[400] (a) M. de F.V. Marques, C.A. Henriques, J.L.F. Monteiro, S.M.C. Menezes, F.M.B. Coutinho,
Polym. Bull. 39 (1997) 567. (b) M. de F.V. Marques, C.A. Henriques, J.L.F. Monteiro, S.M.C.
Menezes, F.M.B. Coutinho, Macromol. Chem. Phys. 198 (1997) 3709.

[401] (a) T. Suzuki, Y. Suga, Polym. Prepr. 38(1) (1997) 207. (b) K. Inahara, A. Yano, M. Sato, Jpn.
Laid-Open Appl. 09/059310 (1997) (Chem. Abstr. 126: 277880). (c) Y. Uehara, H. Kurokawa, Y.
Ishihama, N. Kusaka, Jpn. Laid-Open Appl. 09/278818 (1997) (Chem. Abstr. 128: 13521). (d) Y.
Uehara, T. Sagae, Jpn. Laid- Open Appl. 09/316119 (1997) (Chem. Abstr. 128: 61930). (e) N.
Kusaka, H. Kurokawa, Y. Uehara, Jpn. Laid-Open Appl. 09/324008 (1997) (Chem. Abstr. 128:
102534). (f) H. Myata, K. Inahara, A. Yano, M. Sato, Jpn. Laid-Open Appl. 09/003112 (1997)
(Chem. Abstr. 126: 186529).

[402] J. Tudor, D. O’Hare, J. Chem. Soc. Chem. Commun. (1997) 603.

[403] S. O’Brien, J. Tudor, T. Maschmeyer, D. O’Hare, J. Chem. Soc. Chem. Commun. (1997) 1905.

[404] C.D. Lee, R.W. Fries, PCT Int. Appl. 97/07887 (1997).

[405] F. Baumann, M. Schmidt, B. Deubzer, M. Geck, PCT Int. Appl. 97/11984 (1997).

[406] J. Rosch, J. Wiinsch, Eur. Pat. Appl. 810,232 (1997).

[407] K. Soga, T. Arai, T. Uozumi, Polymer 38 (1997) 4993.

[408] K. Soga, S. Uozumi, J.S. Kim, Y. Susuki, Jpn. Laid-Open Appl. 97/309910 (1997) (Chem. Abstr.
128: 35179).

[409] S.S. Sarma, S. Sivaram, Macromol. Chem. Phys. 198 (1997) 495.



328 G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329

[410] K. Kanamori, M. Onishi, I. Yamamoto, Jpn. Laid-Open Appl. 09/194520 (1997) (Chem. Abstr.
127: 162252).

[411] T. Sunaga, Y. Ishii, T. Asanuma, Eur. Pat. Appl. 773,237 (1997).

[412] S. Kumamoto, H. Shirashi, A. Imai, Eur. Pat. Appl. 767,184 (1997).

[413] M.L. Ferreira, M. Marta Branda, A. Juan, D.E. Damiani, J. Mol. Catal. A 122 (1997) 51.

[414] D.R. Parikh, P.-W. Chum, P. Jain, R.M. Patel, T.E. Clayfield, T.J. McKeand, K.G. Kummer,
W.A. Khan, R.P. Markovich, PCT Int. Appl. 97/26297 (1997).

[415] J.C.W. Chien, Y. Iwamoto, M.D. Rausch, W. Wedler, H.H. Winter, Macromolecules 30 (1997)
3447.

[416] J.M. Canich, G.A. Vaughan, P.T. Matsunaga, D.E. Gindelberger, T.D. Shaffer, K.R. Squire, PCT
Int. Appl. 97/48735 (1997).

[417] J.B.P. Soares, J.D. Kim, G.L. Rempel, Ind. Eng. Chem. Res. 36 (1997) 1144.

[418] (a) O. Nakazawa, A. Sano, K. Matsuura, Eur. Pat. Appl. 768,319 (1997). (b) O. Nakazawa, A.
Sano, K. Matsuura, Jpn. Laid-Open Appl. 09/151211 (1997) (Chem. Abstr. 127: 109345). (¢) Y.
Takemoto, H. Monoi, S. Waki, S. Inasawa, Jpn. Laid-Open Appl. 09/143221 (1997) (Chem. Abstr.
127:95727).

[419] (a) Y. Takemoto, T. Monoi, S. Inazawa, S. Waki, U.S. Patent 5,723,399 (1998), based on Eur. Pat.
Appl. 763,550 (1997). (b) E. Isobe, Y. Ishihama, K. Fujioka, T. Sugano, F. Yamada, S. Suga, Jpn.
Laid-Open Appl. 09/132613 (1997) (Chem. Abstr. 127: 66323).

[420] S. Hong, J. Park, B. Lee, S. Lee, W. Huh, Polym. Prepr. 38 (2) (1997) 289.

[421] F. Milani, A. Labianco, B. Pivotto, Eur. Pat. Appl. 785,220 (1997).

[422] D.E. Gessell, L.V. Cribbs, PCT Int. Appl. 97/24380 (1997).

[423] (a) R.I. Mink, T.E. Nowlin, S.D. Schregenberger, P.P. Shirodkar, G.O. Tsien, PCT Int. Appl.
97/02294 (1997). (b) Y.V. Kissin, R.I. Mink, T.E. Nowlin, P.P. Shirodkar, G.O. Tsien, S.D.
Schregenberger, PCT Int. Appl. 97/35891 (1997).

[424] J. Dupuy, R. Spitz, J. Appl. Polym. Sci. 65 (1997) 2281.

[425] M. Niwa, S. Kobayashi, K. Kubo, Jpn. Laid-Open Appl. 09/095503 and 09/095509 (1997) (Chem.
Abstr. 127: 18128 and 127: 18127).

[426] (a) B.R. Reddy, E.S. Shamshoum, U.S. Patents 5,643,846 and 5,648,428 (1997). (b) R. Sugimoto,
N. Inoe, K. Takeuchi, Jpn. Laid-Open Appl. 09/003116 (1997) (Chem. Abstr. 126: 172049).

[427] G. Collina, A. Pelliconi, P. Sgarzi, F. Sartori, G. Baruzzi, Polym. Bull. 39 (1997) 241.

[428] P.A. Charpentier, S. Zhu, A.E. Hamielec, M.A. Brook, Ind. Eng. Chem. Res. 36 (1997) 5074.

[429] P. Roos, G.B. Meier, J.J.C. Samson, G. Weickert, K.R. Westerterp, Macromol. Rapid Commun.
18 (1997) 319.

[430] S. Zhu, D. Li, Macromol. Theory Simul. 6 (1997) 793.

[431] J.B.P. Soares, A.E. Hamielec, Macromol. Theory Simul. 6 (1997) 591.

[432] (a) M.M. Marques, C. Costa, F. Lemos, F.R. Ribiero, A.R. Dias, React. Kinet. Catal. Lett. 62
(1997) 9. (b) M.M. Marques, A.R. Dias, C. Costa, F. Lemos, F.R. Ribiero, Polym. Int. 43 (1997)
77.

[433] (a) M.M. Marques, C. Costa, J. Justino, F. Lemos, F.R. Ribiero, A.R. Dias, React. Kinet. Catal.
Lett. 62 (1997) 17. (b) M.M. Marques, A.R. Dias, J. Justino, C. Costa, F. Lemos, F.R. Ribiero,
Polym. Int. 43 (1997) 86.

[434] G.E. Keller, K.E. Carmichael, J.B. Cropley, E.R. Larson, A.V. Ramamurthy, M.W. Smale, T.T.
Wenzel, C.C. Williams, U.S. Patent 5,744,556 (1998), based on Eur. Pat. Appl. 764,665 (1997).

[435] M.G. Goode, C.C. Williams, T.R. Lynn, R.C. Brady, J.M. Moffett, PCT Int. Appl. 97/46599
(1997).

[436] M.G. Goode, D.J. Schreck, T.T. Wenzel, C.C. Williams, Eur. Pat. Appl. 780,404 (1997).

[437] G.N. Foster, D.E. James, F.J. Karol, Eur. Pat. Appl. 770,629 (1997).

[438] H. Andtsjo, I. Pentti, A. Harlin, PCT Int. Appl. 97/13790 (1997).

[439] N.A. Merrill, J.M. Canich, A.H. Dekmezian, R.B. Pannell, C.J. Ruff, PCT Int. Appl. 97/29138
(1997).

[440] A. Watanabe, T. Mimura, Eur. Pat. Appl. 778,293 (1997).

[441] H. Ohira, S. Miyake, S. Inasawa, Jpn. Laid-Open Appl. 09/165419 (1997) (Chem. Abstr. 127:
66335).



G.G. Hlatky / Coordination Chemistry Reviews 199 (2000) 235-329 329

[442] A.K. Agapiou, P. Brant, PCT Int. Appl. 97/06187 (1997).

[443] R. Rieger, H.-G. Volland, W. Uzick, Eur. Pat. Appl. 798,315 (1997).

[444] O.S. Andell, H. Hokkanen, M. Mustonen, PCT Int. Appl. 97/27224 (1997).

[445] R.K. Rosen, J.C. Stevens, J.C. Tracy, PCT Int. Appl. 97/27228 (1997).

[446] H.W. Turner, G.A. Vaughan, R.A. Fisher, J.F. Walzer, Jr., C.S. Speed, B.J. Folie, D.J. Crowther,
U.S. Patent 5,767,208 (1998), based on PCT Int. Appl. 97/22635 (1997).

[447] (a) D. Fischer, H. Frank, M. Lux, R. Hingmann, G. Schweier, Eur. Pat. Appl. 803,514 (1997). (b)
H.L. Kiu, F.D. Hussein, C.C. Williams, Eur. Pat. Appl. 811,638 (1997).

[448] B. Rotzinger, T. Schmutz, M. Brunner, W. Stauffer, U.S. Patent 5,703,149 (1997).

[449] R. Fusco, L. Longo, A. Proto, D. Vigliarolo, G. Gugliemetti, L. Gila, Eur. Pat. Appl. 771,822
(1997).

[450] J. Rosch, W. Bidell, F. Langhauser, Eur. Pat. Appl. 810,233 (1997).

[451] (a) V. Almquist, T. Aastad, I. Melaaen, H. Hokkanen, K. Kallio, PCT Int. Appl. 97/32905 (1997).
(b) K. Kubo, M. Yoshikawa, M. Niwa, Jpn. Laid-Open Appl. 09/095505 (1997) (Chem. Abstr.
127: 18129)

[452] R. Yamamoto, S. Ohtani, H. Nishikawa, T. Kojima, Eur. Pat. Appl. 808,850 (1997).



