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CHAPTER III

LITERATURE REVIEWS

3.1 Historical development of metallocene research

Metallocene-based catalysts, the so-called “single-site” catalysts have become

important for the polymer industry. The V/lJtion of the metallocene catalyst for

Z

Table 3.1. Timetab

1952 Develop
(Fisher a

1935 Metallocene as componcnt of Ziegler-Natta catalysts, low activity

with co

1973 to increase the activity
y feyer and Breslow)
1975 the ratio AI:H,O

=1:2 (Kﬂﬁnsky, Sinn and Motweiler)
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lefin polymen’zatign (Kaminsky, Sinn)
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0
199% S s1 n | with €, tr intzinger)
1984 Polymerization of propylene using a rac/meso mixture of ansa

titanocenes leading to partially isotactic polypropylene (Ewen)

1984 Chiral ansa zirconocene producing highly isotactic polypropylene

(Kaminsky and Brintzinger)
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3.2 Complexes from group III metals

Neutral iso-electronic group III complexes such as Cp,*MR (M = Sc, Y and
lanthanide metals) show isolobal analogy to cationic group IV metallocenes. Highly
active catalysts for the polymerization of ethylene are found in this group”>>. This
activity is in the order La> Nd>> Lu. These catalysts show high initial activity, but

the activity decreases rapidly with time.

3.3 Complexes of gr
& / e —— . . o o
A 2-methylbenz(e)inde ‘ m&clgpentadlenylarmdo titanium
catalyst was reported 7). /st was opolymerize ethylene and 1-
octene and gave high acti di1-¢ ctene i ion, high molecular weight

(Mw = 327,000 and

Dimethylsilyl-z-mefﬁribe

s B BELINENIHENAT.. v e

with metallocene catalysts. Priifiod'sly Et(Ind),ZzCl,/MAQO had./been used to

copolyribab 4313k \ad 0wy heq i the st ndofpbritn was very

low. The &corporation of isobutylene was claimed up to levels of 45%. The catalyst

ylaEidotitaniumdichloride

used was Me,Si(Cp*)cyclodecylamidodimethyl titanium, activated by either
dimethylaniliniumtetrakis(pentafluorophenyl)borate, triphenylmethyltetrakis(pentaflu-

orophenyl)borate or MAO. The cocatalysts were chosen to prevent any possible
: carbocationic polymerization of isobutylene. Activities of 100,000 to 400,000 g mol™
h' were repbrted (very similar to those for ethylene/styrene polymen’.zation) and

molecular weights varied between 9,000 and 50,000 g/mol.
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Sita et al.® described the synthesis of a wide range of derivatives of
Cp*TiMez-[NR'-C(Me)NR3] in high yield and used them for the polymerization of
ethylene upon activation by MAO.

R'N=C=NR®

Trimethylmonopentameth

pentadienyltitaniu
Jayaratne et al.M ¢la of din | - monocyclopentadienyl
zirconium acetamidinate . ' 1-Bu, R? = cyclohexyl or

1.5):

i \
um ﬂmwwﬁ/

D1methylmonopentamethylcyclopemta- Dimethylmonopentamethylcyclo-

d‘e“WW”E&WW AT SRR

Schaverien et al.”*” prepared the titanium or zirconium sterically hindered
chelating alkoxide complexes {1, 1'-(2, 2/, 3, 3-OC0HsSiR3) },ZrCl, {R; = Mejs (1),
~ MePh; (2), Phs (3)} by reaction of M(CH,Ph)s (M = Ti, Zr) or Zt(CH,Ph),Cl2(OEt2)>
with the appropriate biphenol or binaphthol, or by reaction of TiCl4 with the diol. The

chelating phenoxide and binaphthoxide titanium and zirconium species, in the

presence of an aluminum cocatalyst are active for the oligo-polymerization of o-
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olefins. Steric modifications also have a clear influence on the degree of 1-hexene
polymerization as well as the tacticity of poly(1-hexene). In particular, the chelating
alkoxide ligand framework can induce stereoregularity. For 1 and 2, with

methylaluminoxane as cocatalyst (100 equiv.), regioregular and stereospecific

polymerization of 1-hexene is observed to give high molecular weight (Mw =

674,000, Mw/Mn = 2.2) and highly (> 90%) isotactic polyhexene.
SiR3

{N(SiMe3)C(R"C(R?)(CsH4N- ;‘@fg‘fﬁ& - Ph.] iMe; (1d); R! = +-Bu, R = H
(2d)) and Zr{N(SiMes3)C(Ph es)(( Hy. (3d). When activated with

MAO, these compounds were highly active in ethylene polymerization. Compound 1d -

-

also showed some olig omerizatfe:){l’;‘rﬁﬁ 1-

copolymerization of

Using the disymmetric N,N’-bis(tn'meth Isilyl)aminobenzylamine (HMABA;
= TR v

1) ligand, the qwﬂﬁﬂﬁ%ﬁ(wﬁmﬁ (MABA)TiMe; (3),
(MABA)Ti(CHBh), (4), (MABA)ZrCl, (5), and (MABA)Zr (6) were prepared./*”
Complexes CHvV. yﬂflﬁi “hyvl (g respectively,
have mo rﬁjﬁﬁcﬁﬁ ﬁszgo fﬂ:’eje (Szjvity = 9,200

and 92,500 g mol™ h™', Mw = 6,990 and 56,600, Mw/Mn = 3.2 and 5.1 respectively).

?iMe3
N
MR, M = Ti, Zr
,L R = Cl, Me, CH,Ph
“SiMes

N,N’-bis(trimethylsilyl)aminobenzyltitaniumdialkyl complex
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Shiono ez al.* polymerized propylene and 1-hexene with the conventional
TiCl3-Al(C;Hs),Cl catalyst in the presence of Zn(C,Hs), as chain transfer reagent. The
catalyst produces isotactic polyolefins as well as olefin copolymers. In addition, Zn
(CyHs), reduces the molecular weight of polymers. The TiCly/ Zn(C,Hs), catalyst
system was found to be active for the 1-hexene polymerization even in the absence of

Al(C,Hs),Cl. The activity of TiCls/Al(C;Hs),Cl was about 10 times higher than that

of the TiCls/ Zn(C,Hs), system. , ,
Wy,

Nomura ez al.™ st cff$t 0 nt on cyclopentadienyl group

ization with the series of
1,3-Me,CsHj3 (38), 1,3-2-
O) catalysts have been

for catalytic activity i
Cp'TiCl,)0-2,6-"Pr,Cs
BuCsH; (4a), and Cs
explored, and the activity i
4a < 1la
(26,000) (63,000)
The catalytic activity in
[OAr = 2,6-'Pr,C¢H; (5a)
Me,C¢H; (8d), 4-MeCgHy (Se)]- Mﬁ@:ﬁa lysts i ereased in the order:
5b <

he series of Cp*TiCl,(OAr) -
,6-Me,C¢Hs (5c), 2-t-Bu-4,6- )

< 5d

Although (1,3-1-BuCsH3)Ti€EL(O- 26—'Pr2C6H;) (4a) showed the lowest catalytic

sty forpo A Sk B DB YES I $I V) Gt e gt

activity for cop&ymenzatlon of etbylene with lhexene resulSBg in obtammg

R R TR HAY THE AR Yo s

narrow mélecular weight distributions.

1-4a S5a-e
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Group 4 complexes (Ti, Zr, Hf); [1a, 1b]TiCl,, [1a, 1b]TiMe,, [1a]Ti(CH,Ph)
2, [la-c]M(NMe,), (M = Zr or Hf), [1a-1¢]MCl, and [la-1c]MR; {la = (2,6-
Me,C¢H3;NCH,CH,),0, 1b = (2,6-Et;CsHsNCH,CH,),0, 1¢ = (2,6-'ProC¢H;NCH,
CH,),0 and R = Me, Et, "-Bu) were prepared by Aizenberg et al.'’’ Addition of
lequivalent of [PhNMe,H][B(C¢Fs)4] in C¢DsX (X = Br, Cl) to [1a, c]MMe, (M = Zr,

Hf) gave cationic complexes that contain coordinated dimethylaniline. Analogous

n of 1-hexene, although the
to ~20,000-~25,000 under
(C6Fs)a] nor {[1c]HfMe

temperature.

molecular weight of the
the conditions emplo
(ether) } [B(CsFs)4] pol

Chelating tridentate diamid. up 4 complex

polymmﬂolJ@EJh'; NUNTUENDT. +oere -

decene were camed out at 30°C in teluene by using, highly isospeeific rac-Me,Si(1-
2 @ A0 A0 Jeirbpoins 1 the Joeiet "3r5 afibunicrns
[B(C6F5)4? as cocatalystm]. Highly isotactic poly(c-olefin)s of high molecular weight
(Mw) were produced. The Mw decreased from polypropylene to poly(1-hexene), and
then increased from poly(1-hexene) to poly(1-decene). The isotacticity of the polymer
decreased in the order: poly(1-pentene) > poly(l-hexene) > poly(1-octene) > poly(1-

- decene).

T2104%903
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Dimethylisilylbis(3-tert- - lopentadienylzirconium

15°C to 180°C. The mgle lags weigh btained polymers increases with
decreasing polymerization § ‘
20 to 100°C, moderate isota " - Pre tside this temperature range, the

polymer was less stereoregular.
el

Frauenrath er al.'® used catalyst systems consisting of different zirconocene
- dichlorides [CpZrCl,(1), Et(Ind),ZrCl,(2) and iPr(Cp)(Flu)ZrCl3(3)] and MAO as the
cocatalyst for 1-hexene polymerization. The polymerization behaviour of 1-hexene
has been studied as a function of polymerization temperature (Al/Zr = 5,000, [Zr] =

1x10* M). The molecular wei ght distributions of poly(1-hexene)s obtained with (1) at
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temperatures between 0°C and —60°C are bimodal. Proceeding from high to low
temperatures, a high molecular weight shoulder develops at T, = 0°C, which increases
with decreasing temperatures. The same is observed for polymerizations with (2) and

(3) produces lower molecular weight poly(1-hexene)s than the other catalysts.

Jeon er al.'* iTe . Iew sanci d 2,2-ethylenebis(N,N’-
(triisopropylsilyl)anilini ' i -': - Q xes (EBT'P)ZrCl, (2) and
(EBT'P)ZtMe, (3). Comp m o\ TAO, mplex 3, activated by either
MAO (500 equiv) or B(C
olefins. The polymerizati , 7 ly. _
(0°C) is living ( activity = 540,000 and 394000 g4nol 'h', Mw = 26,517 and 146,088 -
and MWD = 1.2). 2 o

e polymerization of terminal

(C6Fs)3 at low temperature

\J‘
Iﬁ;
n%’ﬁmm

uﬁﬁq‘nmaﬂ

Aty
RN S

Scollard e al.®” studied the reaction of RHN(CH,);NHR (1a, b) (a, R = 2,6-
iPr2C6H3; b, R = 2,6-Me;CgH3) with 2 equiv of BuLi, following by 2 equiv of
- CISiMes yields the silylated diamines R(Mes;Si)N(CH,);N(SiMe;)R (3a, b). The
reaction of 3a, b with TiCly yields the dichloride complexes [RN(CH;);NR]TiCl, (4a,
b) and two equiv of CISiMe;. Compounds 4a, b react with 2 equiv of MeMgBr to
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give the dimethyl derivatives [RN(CH;);NR]TiMe, (Sa, b). These titanium dimethyl
complexes are active catalysts for the polymerization of 1-hexene, when activated
with methylaluminoxane (MAO). Activities up to 350,000,000 g mol'h"' were
obtained in neat 1-hexene. These systems actively engage in chain -transfer to
aluminum. Equimolar amounts of Sa or Sb and B(C¢Fs); catalyze the living aspecific

polymerization 1-hexene. MWDs as low as 1.0 were measured. Highly active living

systems are obtained when Sa is activated with [Ph3C][B(C¢Fs)a4].

polymerization by w

—

Tshuva et al @g studied several [ONXO]-typ(LraI zirconium and hafnium

dibenzyl comp s of afiifiéxbis phenolat ﬁgand where X is a heteroatom donor

located on a pe u&l)a w‘l%ll:’l I:lajsyntheswed directly

from the ligand precursors and the ;orrespondmaetrabenzyl metal complexes in
quantitaﬂeWi&*sa@ ﬂo%p@ds HXW@’}eWrEIJQ @tiﬁt’es in the
polymerizdtion of 1-hexene using B(C4Fs); as cocatalyst, yielding high molecular
weight polymers (Mw is in range 20,000-250,000). The activity order of the
zirconium complexes as a function of the side-arm donor was found to be OMe >
NMe; > SMe (5:2:1). However, the activity order was found to be different in the
hafnium series, namely SMe > OMe > NMe; (3.5:1.5:0.2), the [ONSO]-type complex
exhibiting the highest acti\/ity ever reported for a hafnium complex‘ under the

conditions employed.
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Bn
t-Bu Bn‘I\'A o [P
O x
N-
t-Bu
t-Bu

Chelating tetradentate dibenzyl complex of amine

Nomura et al.®

using Cp*TiMe,(O-2,

Pr,CsH3) (2) exhibited hi ; Cp*TiC12(0-2,6-iPr2C6H3)
the polymerization was inv ture (0 - 30°C). The use of )
AliBu3/Ph3CB(C6F5)4 was foimd‘ improve the activity and a notable -

: . o o L) 4 2 ) : ; :
increase in the activity was obtained if 2 was pre-treated 2 equivalent of AliBus
in advance. Activity c (5,710,000 g miol h could be attair ed after 16 min under the

i .
optimized conditions and the Mn value | ant- poly(1-hexene) increased

| . |
upon the consumption of 1-hexene suggesting the possibihg' of living polymerization.

‘o v/

Flores eﬂl.% %&Lh,ea % &p%qt@ dejn%ﬁ-@nor ligand; cis-2,5-
(AI/NHCHz)z(C‘J%O) (Hy[1]) and c'%s-2,5-(AleHg-Iz)(ArNHCsz‘tHsO) (H,[2];
- QAR SIS ) B o
», from which [1]ZrCl, and [1]ZrMe, were prepared readily. The stable cations of the
type {[1]ZrMe(PhNMe,)}[B(CsFs)s] and {[2]ZrMe(PhNMe,)} [B(C¢Fs)4], prepared
in the reaction between the dimethyl species and [PhNHMe;][B(CgFs)4], could be
observed, while cations prepared in the reaction between the dimethyl species and
 [Ph3C][B(C¢Fs)s] appeared to be relatively unstable. Poly(1-hexene) that had a
molecular weight approximately 45000 could be prepared by employing [1]ZrMe,
activated with [Ph3sC][B(CsFs)4] in chlorobenzene at 0°C.
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Warren et al.™ prepared (CyBen)M(CH,SiMes), complexes (CyBen)z' =
([cyclohexyl)zBNCHZCHzNB(cyclohexyl)z]2' by the reaction between Liy(CyBen)
(ether) and M(CH,SiMe;3),Cl,(ether)y (M' = Ti, Zr, or Hf). Diisobutyl complex
(CyBen)Zr(CH,CHMe,), reacts with [Ph3C][B(CgFs)4] in chlorobenzene at —30°C to
give the cation (CyBen)Zr(CH,CHMe;) [B(CgFs)4], which is believed to be stabilized
by coordination of chlorobenzene or toluene. Chlorobenzene solutions of (CyBen)M

(CH2CHMe;)(S)] [B(CgFs)s] (M = Zr, Hf; S = chlorobenzene) polymerize 225 equiv
of 1-hexene quantitatively at —30° regioregular poly(1-hexene) of high
molecular weight (M, = (0.4-1.: \{ h polydxspersxty (5-6).

Tshuva et al.’®

te) [ONNO] ligands by a
one-pot Mannich conde v ylenediamine, 2 equiv of
formaldehyde and 2 equi 3 {2 {-di-zert-butyl-phenol (1) and 2,4-
di-methyl-phenol (2)}. W cac \%h@uzyl)zirconium, zirconium
complexes; [ONNO]Zs ;

(pentafluorophenyl)boras

pon activation with tris
I-hexene polymerization

catalyst (activity of 18,000°g ly(1-hexene) obtained had a

ﬂumwmwmm
‘W YKRATAVB 10 RN (11013 mw

ligand: [z - PtNON] Ti (CH,CHMe,),, [i - PrNON] Ti CH,CMes),, [i - PPINON] Zr
(CH,CH3), , and [i-PrNON]Zr(CH,CHMe;), and analogous dialkyl complexes
[CyNON]MR; (Cy = cyclohexyl; M = Zr, R = Me, Et, i-Bu, CH,CMe;, allyl; M = Ti,
R = Me, CH,CMejs, i-Bu). Consistent with the relatively uncrowded coordination
sphere in [i-PrNON]* or [CyNONJ* complexes, activated dialkyls will only

oligomerize 1-hexene.
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3.4 Complexes of group V metals

Whereas the complexes NbCl;Cp,, NbCl,Cp, and NbClL,Cp show no
polymerization activity, the types of complex [MRCp(1,3 diene)]" where M = Nb and
Ta were found to give “living” polymerization of ethylene®®®. Similar substituted Cp-
based catalysts polymerized ethylene to Mn = 23,000 and MWD = 1.05 at Tp =
-20°C, while the same polymerization at Tp = 20°C gives PE with Mn = 83,000 and
MWD = 1.3.5

P
A=

Group III metal

analogue (RN),CrX; 1 are active for ethylene

J - il
polymerization. Tris(b:'z;iene) complexes of Mo and W(0) also show activity for the

AN NI NGNS
AR N8 Y

The metals of group VIII-X tend to catalyse the dimerization and
oligomerization of the olefins, they prefer B-hydrogen elimination followed by
reductive elimination. There are however some exceptions, in particular complexes of
" Pd and Ni. Ni-diimine complexes were reported to give the living polymerization of

ethylene and o-olefins.
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New catalyst systems by Brookhart et al.™ jron(Il) and cobalt(II) catalysts
are based on tridentate pyridine bisimine ligands, in which the imine moieties are
bulky ortho-substituted aryl rings. The key to the polymerization activity of these late
transition metal catalysts are the bulky ortho substituents on the aryl group in the

catalyst systems. The catalyst preparation and structures are presented below:

2,6-dialkylaniline  2,6-pyriding

)
2,6-bis(imino)pyridyl ligand *
Ar = 2,6-diaklyphenyl ring. =

A

Ballivet et al. [m reported a preparation of tthatalytlc species by two

methods. fﬁjﬂ m AgBF,, AgClO, or
NaBPh4 and tﬁ(ﬁ\ﬂ ﬁﬂ ’j\ﬁ ﬁ compound [Fe(NO)
2L.]Y (L = acetonitrile, acr rylonitrile dnphenylpho@me Y = PF¢aBF,, ClO4, BPhy)
s B VOV 3 B VORI Bt
type (a) ahd (b) catalysts (L = MeCN). The compound [Fe(NO),Ly]BPh, is inactive
when L is triphenylphosphine. Styrene is polymerized at low temperature (-20°C) by

using type (a) catalyst and polar medium. Finally, norbornadiene is dimerized

selectively to the exo-trans-exo dimmer (95%). The starting material [Fe(NO),Cl]»

| (type (a) catalyst) is active whereas [Fe(NO)2(MeCN),]PF; is not.
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Carbonaro et al.'” prepared dibutadienecarbonyliron (I), diisoprenecarbonyl
iron (II), di-1,3-pentadienecarbonyliron (III), isoprenecyclooctatetraenecarbonyliron
(V) and 1,3-pentadienecyclooctatetraenecarbonyliron (IV) complexes. All compounds
smoothly oligomerized butadiene. In the presence of protic acids (HCI, CCI3COOH),
(I), (II), and (III) readily induce butadiene polymerization at —10°C and 0°C, whereas
(IV), (V) and (VI) are transformed into stable allylic derivatives. Molecular weight
(Mw) of the obtained polybutadiene is 4700.

(|30 CH,
F— /—Fe—\
Q 7\
(I1T)
co co
7| 7|
— Fe— ==
AN
(Iv) CH; (VI)

Zhang et al. of butadiene that catalyzed by Fe
(acac)s;-Al(i-Bu)s- pheﬁnthrolme catiiystf ition for the catalyst was
determined; Ph/Fe > 0 Z7Fe/Ba="1x10"7Al/Fe =201t polymer obtained with such
a catalyst consists of eﬂal Amounts ) iene and 1,2-polybutadiene.

The polymerization temp'qrature is raised, the conversion of butadiene decreases,

accompanied bﬂaﬁjﬁﬂwﬂmﬁwgqﬁﬁems as well as an

increase in trans1|4 content

ﬂdﬁ lﬁﬁ;mmumlgdm IEJ ’1 ahﬂn and Pd(II)

catalysts for the polymerization of cyclopentene. Unlike the case when cyclopentene
is polymerized with C,-symmetric metallocenes and highly crystalline materials with
Tm = 395°C is obtained, the Ni and Pd catalysts below give lower melting

temperatures, probably due to lower tacticities of the polymers.



>

Peruch er al.’®” studied th er reations involved in the catalytic -
activation process o-" inoxane (MAO) for 1-hexene
polymerization kine h;f—__ ible Si {"’.. the catalytic system and
structural analysis of tlﬁpo y pectroscopic data have underlined

the important role of thé‘,monomer in the stabilization process of the nickel-based

| o (V]
active species. ﬁrﬂ @rﬁlﬂ%ﬂvﬂrﬂﬂ mo, nickel derivative
“An ap :

and monomer were determined. parently negative monomer order of the

e LIRS Rt

=

Chelating diimine nickel dibromide complex
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