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Abstract 

The synthesis, characterization and olefin polymerization properties of Group 4 compounds {I,2-(CH z)lo(CsH 3))2 MCI, (M =, Ti 5. Zr 
6, Hf 7) containing annulated twelve-membercd ring cyclopemadienyl ligands are reported. The reactions of lithiated annulated 
cyclopentadiene (Li[ 1,2-(CH2),oCsH3]) with MCI4(THF)2 (M ~, Ti. Zr) or HfCI 4 in tetrahydrofuran gave new metallocene products in 
reasonable yields. 6 and "/have been characterized by single crystal X-ray diffraction studies. The compound 6 [7] crystallizes in the 
orthorhombic space group P 2 t212 i[ P 2,212 ~ ], with a - 8.188(I) [8.190(5)] ,~. b - I 1.37 I(I) [ 11.352(5)] A., c - 30.253(I) [30.177(8)] 
~, Z - 4 [4] and V - 2816.6(4) [2805.7] ~'+. Both compounds are isostructural and adopt a distorted tetrahedron around the metal center. 
The steric crowding of the annulated twelve-membered ring in 6 and 7 is greater than that of the sevenomembered ring in 
(2.Me+4.54CH++)+Cp},ZtCl~,. The calalytic behavior of the new metallocenes in propylene and ethylene polymerization has been studied 
in the presence of excess amount of n~ethylaluminoxane. 

Keyw, rdw Group 4; Caealysts; Metallocene eompleses; Anaulated ey¢lopentadienyl; Olefin polymerization; Stmclures 

I. Introduction 

The Group 4 metallocene compounds have become 
an important class of catalysts for the synthesis of 
organic molecules [I] and polymers [2]. The known 
organometallic chemistry of the Group 4 metals Ti, Zr 
and Hf has largely been developed by the use of 
cyclopentadienyl and substituted cyclopentadienyl lig- 
ands [3]. The broader, tunable features of electronic and 
steric factors in the cyclopentadienyl type ligands allow 
greater versatility in the design of catalytic systems, 
able to specifically change the catalytic activity and 
product properties [4-7]. At present, many research 
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groups are involved in iigand modification to introduce 
novel features into the catalytic behavior, reactivity and 
stability of the resulting complexes, and in finding an 
explicit relationship between ligand properties of the 
catalysts and polymer structures [8-16]. It is known that 
the chemical and physical properties of Group 4 bent 
metallocenes can be varied over a wide range by modi- 
fying the substituents on the cyclopentadienyl ring. 

Particuhtrly in comparison with olefin polymerization 
studies of a series of (CpR,)2MCI2 complexes [3b], 
only a few studies have been carried out with annulated 
cyclopentadienyl ring complexes. The complex A. which 
leads to highly isotactic polypropylene in the presence 
of methylaluminoxane (MAO) as a cocatalyst [8], is 
easily accessible through simple hydrogenation of the 
indenyl precursor compound, lterrmann et al. [17] h,'tve 
also prepared zirconium complexes B (n = 5, 6) with a 
larger fused-ring cyclopentadienyl ligand than the tetra° 
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hydroindenyl ligand, but their catalytic behavior in olefin / . .  t .  ff  
polymerization has not been reported. 
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Scheme I. 
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We thought it would be interesting to prepare Group 
4 bent metalloeenes containing much larger annulated 
ring systems, and to evaluate the increased annulated 
ring size effect on the catalytic behavior and stability of 
the complexes. As part of our efforts in developing new 
non-bridged metallocene catalyst systems, we have ex- 
plored the reactions of Group 4 metals with a fused-ring 
cyclopentadienyl ligand (C) containing a ten-membered 
alkylidene group, =(CH~)t0+. in 1,2,positions. Re- 
ported herein are accounts of the synthesis, structural 

characterization and catalytic activity of the new Group 
4 metal complexes with annulated twelve-membered 
ring cyclopentadienyl ligand (C). 

2. Results and discussion 

A synthetic approach to the new Group 4 metal- 
Iocenes is outlined in Scheme I. Reduction of 

Table I 
Analytical and ,pectro,copi¢ data" 

C~mpound Analy~t,~ I i t  NMR 

C II 

I'C(* HI NMR 

$ f~,05 9,18 

6 63,24 
(03,3,S) 

6.29[2H.d(d m ,~ = 3), H~] 
6,19 { IH ,  ~ d|lt-  |12 " 3), 111 ] 
2,7o {z., m, It~,! 
2.39 t2H. m. tl.,.l 
1.74+1.23 tI6H, m(br). H~+tI~] 

7,~ 6.12 t3H, s, H, and ll:] 
(~,16} 2.59 t2H, m, H~] 

2,39 [2H, m, He] 
1.73~ I. 15 [ 16H. m(br), I i~l l~i 

? 55.26 ?,94 6,02 DH. ~. u, and I!:] 
(54.95) (7,07) 2.57 i2H. m. u~l  

2,41 [2H, m, i t+l 
1,65 - I ,  19 [ 161.1, m(br), i&- t& ] 

13,.0 [3C, t;,J 
i l9.912c, c~] 
I IO,O [IC, C,] 
29.312¢, c J  
26.1 12c, c~l 
25.812c, c+l 
25,012C, C+] 
22,812C, &! 

133.4 [2C, ¢d  
114,6 [2C, C,] 
Io7.? [no, c,! 
29,? lac, c J  
as.712c, cd  
25.212C, C~] 
25.1 12C. C~! 
22.8 [2C, Cs] 

131.2 [2C. C~] 
I 13,4 [2C, C 2 ] 
I06,I tiC, C I } 
29.9 [zc, c'J 
2s.7 [2c, Cd 
25. I [4(7. C+ and C~ ] 
22.1; [2C. C,] 

Analytical data are given as observed (calculated) in pet cent, The NMR spectra were recorded in CDC|~, Data given as: chemical shift (~) 

intensity, multiplicity ( , / i n  hertz) for I H NMR. assignment], Key labelling used for the assignment: ~ " "  T x l ~ l  [relative 

6 4 2 
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bicyclo[ 10,3,0]pentadec- 12(I)-en- 13-Gae 1, which is 
commercially available, with LiAIH.I in diethyl ether, 
followed by acidic work-up and dehydration with p- 
toluenesulfonic acid, gave the new ligand precursor 
fused-ring cyclopentadiene 3 via 2 as a pale yellow oil 
in ca. 60% overall yield. The 'H NMR spectrum of the 
product revealed the presence of a mixture of isomers, 
as expected. Treatment of crude 3 in hexane solution 
with a slight excess of n-butyllithium gave fine white 
precipitates; after filtration and thorough washing with 
pentane, extremely moisture sensitive Li[I,2- 
(CH.,)I0(CsH3)] 4 was obtained in ca. 92% yield. This 
can be stored in a giovebox at room temperature for an 
extended period. 

Straightforward treatment of the lithium salt 4 with 
MCI4(TltF) 2 (M = Ti, Zr) or HfCI 4 in 2 : I molar ratio 
under the conditions usually applied for metallocene 
formation (see Experimental section) resulted in the 
formation of the new metalloeene derivatives {I,2- 
(CH~)I0(C~H ~)}, MCI " , (M = Ti 5, Zr 6, Hf 7) in yields 
of 32-46%. 

The analytical and spectroscopic data for the metal- 
Iocene compounds 5 -7  ate ~ummarized in Table I. The 
titanium compound $ gives a pseudo-doublet and a 

triplet signals for Cp-ring protons (Ju_ u = 3 ltz). while 
the zirconium and hafnium compounds show only one 
singlet Cp-ring proton signal. The 'H and t~C{'lt} 
resonances of the Cp-ring Ibr the metallocenes 5-7 tend 
to appear upfield for the heavier congener analogue. A 
simihtr trend, which is the consequence of the different 

C1 

Cg 

C~ 

CI2 

C11A 

Fig, I, oR'n':P drawing of the molecular structure of 6 showing the 
atomic numbering scheme. Atoms are drawn with 50% probability 
thermal ellipsoids. Hydrogen atoms are omitted for clarity. 

Table 2 
Selected bond distances and angles for 6 and 7 a 

213 

6 7 

Bond disrunces ¢~ 
M-CI I 2.451 ( 1 ) 2.424(4) 
M-CI2 2,444(1) 2,420(3) 
M-CI 2.460111 ) 2.42(2) 
M-C2 2.477(091 2.45(2) 
M-C3 2.542(I I) 2.51(3) 
M-C4 2.592(12) 2.56~3) 
M-C5 2.554(10) 2.5 !(31 
M-CI A 2.461(12) 2.47(3) 
M-C2A 2.428(13) 2.48(2) 
M-C3A 2,500(12) 2,54(2) 
M-C4A 2.547(10) 2.57(3) 
M-C5A 2.527( I I ) 2.55(3) 
M-Cpl 2.2186 2.1839 
M-Cp2 2.1946 2.2037 

Bond angles (dt, g~ 
Cpl - M-Cp2 129.9 130. I 
CpI~M-CII 106.4 104.5 
Cpl -M-CI2 1(16.7 107.5 
Cp2- M-CI I 107.9 I 10.4 
Cp2-M~CI2 106.2 104.7 
CI 1 - M - CI2 94.2( I 1 93.7( I ) 
Cpl ~Cp2 (dihedral) 54.9(31 54.0(7) 

a Cpl is the ccntroid of CI-C2-C3-C4-C5,  Cp2 is the centroid of 
CI A-C2A-C3A~C4A-C5A, 

electronegativities of the metals, has been observed 
previously [18]. The extent of magnetic inequivalency 
of the allylic CH, can be measured as the chemical 
shift difference between two allylic CII: protons, which 
tends to decrease from titanium ((I.31 ppm) to zirc,',, 
nium ((I.20 ppm) to haflaium ((I.16 ppm) derivatives. In 
tl~e I~C{'1t} NMR spectra, the appearance of only three 
signals for Cp°ring carbons and five signals for ten 
annulated ring c~trbott,,; for $, 6 and 7 indicates th:tt 
rotation of Cp-rings about the metal~Cp-ring vector is 
almost unhindered in :~olution. 

2.1. X-ray analysis 

In order to ascertain the conformation of these metal° 
Iocene complexes in the solid state, the Xoray crystal 
structures of 6 and 7 i~ave been determined. The molec- 
ular structure of { 1,2-(CH, )t0CP}z MCI, (6) is shown in 
Fig. I. No ORTEP dra~ing of the hafnium complex is 
displayed since 6 and 7 ate isostructural. The atomic 
numbering scheme used for both molecules is the same. 
Selected interatomic bond distances and angles are given 
in Table 2. 

As expected, in both molecules the geometry about 
the metal atom is a distorted tetrahedron, each annulatcd 
cyclopentadienyl ligand occupying a single coordination 
position. The Cp-rings of the annulated cyclopentadi- 
enyi ligand are approximately planar, mad the dihedral 
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C2 

Fig, 2. Aleemalive view of 6. This view is a projection of the 
annulaled Cp ligands onto the ZrCl; plane. 

angle between the least-squares planes through these 
rings is larger for zirconium 6 (54.9 °) than for hafnium 
7 (54.0°). These values are larger than that found (52. ! °) 
for the similar zirconocene compound {2-Me-4,5- 
(CH2)sC~H,}zZrC!: (8) [17], and consequently the CI- 
M-C! angles of 94,2(I) ° in 6 and 93.7(1) ° in 7 are 
smaller than that (97.74 ° ) in 8. 

In contrast to the structure of 8 which contains 
two-fold rotational symmetry, a projection of the anna- 
iated Cp iigands onto the MCi, plane, displayed in Fig. 
2. shows that in 6 and 7 the Cp-rings are almost 
eclipsed and the bulky twelveomembered rings lie on 
the same side, folded away from the center of the 
molecule, Thus, one of the chlorine atoms is situated in 
the space between the annutated twelve-membered rings 
of the molecule. 

The metal=halogen bond distances are in the typical 
range at Zr~CI ~ 2,448 /~ (av.) and Hf~CI ~ 2.422 /~ 
(av.). The M=Cporing centroid distance of 2.207/~ ('tv,) 
in 6 is similar to that (2,194 A (av.)) in 7, The Cporing 
centroid~M=Cporing centroid angles for 6 and 7 are 
129,,9" ~ and 130,1 ° respectively, both of which fall within 
the normal range for these types of complex [18]. 

The metal~Cp-ring carbon bond distances indicate 
that the metal~Cporing interaction is asymmetric. These 
distances are in the ranges 2,460~2,592 and 2,428-2,547 
,,~ for the zirconium compound and 2.42°2,56 and 
2,47~2,57 ,~ for the hafnium compound, As noted for 
the other (qs-RCp), MCi: structures, the metaI-Cp~ring 

carbon bond distance is longest for the carbon atom 
bonded to the substituent group [19]. In fact, the bridge- 
head carbon atoms C4, C5, C4A and C5A for 6 and 7 
form longer distances with the metal atom than the 
other Cp-ring carbon atoms (see Table 2). 

2.2. P o l y m e r i z a t i o n  

The newly synthesized metallocenes 5 -7  described 
above were used for generating homogeneous Ziegler- 
type ot-olefin polymerization catalysts in order to inves- 
tigate the effects of the elongated annulation on the 
catalytic properties of these compounds. The non- 
bridged bent metallocene compounds were dissolved in 
toluene and activated in the presence of excess olefin by 
treating with a large excess of methylaluminoxane. The 
polymerization of propylene was carried out at two 
temperatures ( - 3 0  and 25°C). The results of the 
propylene polymerization are given in Table 3. As cm, 
be seen from the table, the polymerization activities of 
zirconocene 6 / M A O  catalyst systems are significantly 
higher than those of titanocene $ systems, and this may 
be due to the larger size of the zirconium atom. Increas- 
ing the temperature of these homogeneous catalyst sys- 
tems from - 3 0  to 25°C under otherwise analogous 
conditions resulted in about a double increase in polym- 
erization activity, ,However, the viscosity average 
molecular weight M n of the polypropylene products, 
which was calculated by the Mark-Houwink equation 
[20a] (11] ~ !.0 X 10 -~ ~o,~o decreased with an ino 
crease of the polymerization temperature. An interesting 
observation is that the molecuhu ° weight of polypropylo 
ene prtxluced by using the zircon<~'cne calalyst at 

3(FC is higher than tbose of polypropylene by using 
the titanocene and hafnocene catalysts, whereas at 25~C 
a hafnocene ? / M A O  system produces the highest 
molecular weight polypropylene. These results differ in 
some important aspects from those previously reported 
for general Group 4 metallocene catalysts, in which a 
hafnocenc system produces the highest molecular weight 
polymer at any temperature. Although the l~lymeriza- 
tion activities of our systems cannot be exactly com- 
pared with those of related metallocene catalyst systems 
because the polymerization reactions were conducted 

Table 3 
Results of the polymerteation of propylene w~th compounds 5, 6 and ? ~ 

C~lal)'~t [M] (tttnol} tAil {retool) I, l'w, I"C) h, (h} Yield tg} Activi|v ' ~,~ a x IO 
$ |~ 7~ ~ 30 6 1,2 I 1.0 1.44 
$ I 5 75 25 12 3,0 28.0 -~ 
6 15 ":5 - 30 6 2L6 210 3. I 
6 7,5 37,5 25 2 7.2.1 400 0.57 
? 32 80 - 30 6 1,25 5.4 1.48 
? 15 30 25 3 0,6 i I. ! 0.95 

* Co~litio~ ~0 ml of toluene, 1.2 am~ of C~H~,, e At content in MAO, c Units of Kg PP/(mol M) atm h. 
I0  - a M°'~° Vi~"osity average molecular weight cakulated by M,'u~k-Houwink equation [20a], [11] ~ 1,0 × _._ --,i ' 
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under different conditions, the polymerization activity 
of the 6 /MAO system at -30°C is similar to that (400 
kg PP/(mol Zr) atm h) of the Cp.,.ZrCI2/MAO system 
[21], and about six times higher than that (32.8 kg 
PP/(moi Zr) h) of the non-bridged bis(neoisomenthyl- 
tetrahydroindenyi) zirconium dichloride/MAO system 
[15b]. 

The t3C{tH} NMR spectra of the methyl triad region 
of the polypropylenes obtained using 5, 6 and 7 with 
MAO at -30°C reveal a similar pattern to typical 
atactic polypropylene with l :2.3: 1.5, 2.1:2.2:1 and 
1.8 : 2.5 : l ratios of mm: mr: rr respectively, and the 
decreased tacticity can be ascribed to the rotation of the 
Cp-ring about the metal-Cp-ring center vector in solu- 
tion state. 

The new metallocenes, {I,2-(CHz)IoCP} 2 MCI z (M = 
Ti 5, Zr 6, Hf 7), have also been tested as catalysts for 
the polymerization of ethylene, which is a smaller 
monomer than propylene and lacks prochirality. The 
polymerization behavior of metallocene catalysts toward 
ethylene is thus believed to reflect more the electronic 
rather than the steric properties of the metallocene 
structure [7d,22]. The results ate summarized in Table 
4. The ethylene polymerization activity is also highest 
in the zirconium complex 6 system, as for propylene 
p..olymerization. The viscosity average molecular weights 
M,~ of the polyethylenes produced were calculated by 
the Mark-Houwink equation [20b] ['q] ~ 2.3 X 
10°4M, °'s2. The viscosity molecular weights of po~yeth - 
ylene products ptx)dnced by the catalyst systems 6 and 7 
at~ simihn', but a significantly lower molecular weight 
polylner was obtained for the catalyst S. The melting 
points of the polyethylenes obtained lbr 5, 6 and 
7 /MAO catalyst syslems at 40°C were measured as 
128.7, 137.1) and 133.{FC respectively. 

3. Experimental section 

3.1. Gc,wral procedures 

Manipulations of organic compounds were per- 
formed in air. keactions with organometallic reagents 
were carried out under a pure dinitrogen atmosphere 
using standard Schlenk or glovebox techniques. Organic 
solvents were carefully dried by distillation froln suit- 

able drying agents under an atmosphere of dinitrogen 
and degassed prior to use: THE diethyl ether and 
toluene from Na/K alloy benzophenone ketyl; n-hexane 
from sodium metal; CH:,CI 2 from Call z followed by 
storage over activated 3 ~, molecular sieves. 
Bicyclo[ 10,3,0]pentadec- 12( 1 )-en- 13-one, LiA IH 4. 
MCI 4 (M = Ti, Zr, Hf) and "BuLl (1.6 M solution in 
hexane) were purchased from Aldrich and used as re- 
ceived. TiCi4(THF) z and ZrCI4(THF) 2 were prepared 
according to a literature procedure [23]. Poly- 
merization-grade propylene (Korea Petrochem. Ind. Co., 
Korea) and ethylene (Daelim Ind. Co., Korea) were 
used without purification. MAO was purchased from 
Toso-Akzo as a toluene solution. ~H NMR spectra were 
recorded at 200.13 MHz on a Bruker AC 200 spectrom- 
eter and were referenced to internal solvent peaks. "aC 
NMR spectra were obtained either at 50.3 MHz on a 
Bruker AC 200 or at 75.0 MHz on a Bruker AM 300 
spectrometer and were referenced to internal solvent 
peaks. Mass spectra were recorded on a Hewlett Packard 
5289 spectrometer. Elemental analyses for C and H 
were carried out at Korea Basic Science Institute Seoul 
Branch Analytical Laboratory on a CARLO ERBA EA 
1108 elemental analyzer. 

3.2. Annulated twelve-membered ring cyclopentadiene 
(3) 

're a suspension of LiAItl4 (800 mg. 20 ,nmol) in 
100 ml of diethyl ether at 0°C a solution of 
bicyclo[10,3,0]pentadec-12(I)-enol3-one (4.4 g, 20 
rnmol) in I(X) ml of diethyl ether was added dropwise 
over ;t pe.'iod of 30 rain using a cannuht. The reaction 
mixture was allowed to warm slowly in the cold bath to 
room temperature o~¢et' a 4 h period, and then hydro° 
lyzed carefully with water until hydrogen evolution 
ceased. The ether layer was separated from the mixture 
and the solvent was retrieved on a rotary evaporator 
giving a colorless oil (2). The oil product was dissolved 
in 5{) ml of methylene chloride and p-toluenesultbnic 
acid hydrate (ca. I 6) was added with stirring. The 
extended stirring (4 h) of the resulting reaction mixture 
gave a green s~lution which was washed with aqueous 
Na~CO~ (1.0 g, 100 rnl) and H,O (2 × 100 ml). The 
aqueous layer was extnlcted with methylene chloride 
(2 x 20 ml), and the combined portion of organic layers 

Table 4 
Results of tile polymerization of ethylene with compotmds S. 6 and 7 " 

Catalyst [MI (~mol) [All (retool) t, q, (h) Yield (g) Activity r ~,~ a x 10 s Mp. 
5 8 40 3 0.61 21.2 0.21 128.7 
6 1.2 6 6 4.70 6580 I.I 2 137.0 
7 4.8 24 6 2.20 380 1.58 133,0 

"C~onditions: 250 ml of toluene, 1.2 atm of C2H4. Tp = 40°C. b AI content in MAO. ¢ Units of kg PE/{mol M) arm II. ,i Viscosity average 
molecular weight calculated by Mark-Houwink equatio,i [20b], [~1] = 2.3 x 10-4M°n "s2. 
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was dried (MgSO 4) and concentrated in vacuo to give a 
yellow oil. The ycllo~, oil was chromatographed on 
SiO, (hexane) to give a light yellow oil. Yield 50-60%. 
MS(El): m / e  204(M+). H NMR (200 MHz, CDCI.~, 
298 K): 5 6.37-6.00 (m, 2H). 2.70 (m, 2H), 2.34 (m, 
4H), 1.64-1.20 (br, 16H). L~C{~H} NMR (50 MHz, 
CDCI.~, 298 K): ~ 141.1, 139.6, 134.7, t29.9, 42.9, 
27.9, 26.6, 24.5, 23.6. 22.3, 22.2. 

3.3. Lil /.2.(CI-I, )w(Cs Hs )] (4) 

The compound 3 (2 g, 10 retool) was dissolved in 
100 ml of hexane. At -78°C.  8 ml (12.8 retool) of 
butyllithium (I.6 M hexan¢ solution) was added drop- 
wise over 20 rain. The reaction mixture was warmed 
slowly to room temperature. From the pale yellow 
solution a white precipitate was formed. After 12 h of 
stirring, the cyclopentadienyllithium salt 4 was collected 
by filtration, washed twice with hexane (50 ml each) 
and dried in vacuo. Yield 82% (1.7 g). 

3.4. il.2.(CH, )t,,(C~ H~ )/,TIC/: (5) 

followed. The resulting greenish solid was collected and 
recrystallized from toluene/hexane, affording analyti- 
cally pure product 6 in 32% yield (90 mg) as a colorless 
crystalline solid. Anal. Found: C, 63.24: H, 7.84. 
C30H46CI2Zr Calc,: C, 63.38; H, 8,15%. nH NMR (200 
MHz. CDCI~, 298 K): a 6.12 (s, 6H), 2.59 (m, 4H), 
2.39 (m, 4H}, i.73-1.15 (br, 32H). L~C{~H} NMR (50 
MHz, CDCia, 298 K): a 133,4, 114.6, 107.7, 29.7, 25.7, 
25.2, 25.1, 22.8. 

3.6. [ 1,24CH, )~otCs H~ )] z HfClz (7) 

By adopting a similar procedure described ior the 
compound 6. the hafnium compound 7 was obtained 
from 210 mg (i mmol) of lithium salt 4 and 160 mg 
(0.5 retool) of HfCl,~ in 46% yield (150 rag) as a 
colorless crystalline solid. Anal. Found: C, 55.26: H, 
7.94, C30H4~CI_,Hf Calc.: C, 54.95; H, 7.07%, IH 
NMR (200 MHz, CDCI ~, 298 K): ~ 6.02 (s, 6H), 2.57 
(m, 4H), 2.41 (m, 4H), 1.65-I.19 (br, 32H). L~C{~H) 
NMR (50 MHz, CDCI~, 298 K): 6 131.2, 113.4, 106.1, 
29.9, 25.7, 25.1, 22.8, 

A solution of lithium salt 4 (210 me, i retool) in 20 
ml of tetrahydrofuran was added dropwi~ at = 78°C to 
a precoolcd solution of TiCI=(THF): (166 rag, 0.5 
retool) in 20 ml of tetrahydrofuran. The reaction mix. 
lure was allowed to warm slowly it) the cold bath to 
room temperature during 6 h and then stirred tot' an 
additional IX It. After removal of volatiles, the residue 
was extracted with 50 ml of methylene chloride, and 
t'enloval of solvent in vacuo resulted in a greenish 
powder which was collected and extracted with IIX) ml 
of toluene, TreatmeMt of the t'iltet~d toluene extract with 
aM excess amount of hexan¢ gave a red crystallhte solid. 
Recryslallization of this product fi'om toluene/hexan¢ 
afforded an analytically pmx~ pr~xluct in a yield of 37% 
(97 me), Anal, Found: C, 68,05; H, 9,18, CL0tI.~t, CI,Ti 
Calc.: C. 68.61; t1. 8.83%. ~F[ NMR (2(X) MHz. CDCI ,  
298 K): 8 6,29 (d, J ~  3 Hz, 4H), 6.19 (t, J = 3 Hz. 
2H), 2.70 (m, 4H), 2.39 (m, 4H), 1,74= 1,23 (br, 32H), 
~C{=|1} NMR (50 MHz, CDCI, 298 K): ~ 138.0. 
119.9, I I0.0, 29.3, 26.1, 25.8. 25.0, 22.8. 

3.5, 11,24CH: %tC~ H, )/: ZrCi: Ni~ 

To a suspension of lithium salt 4 (210 rag, I retool) 
and ZtCI,~(TIIFL, (188 rag, 0,5 retool) in I0 ml of 
hexane was added 20 ml of tetndlydrofuran at 78~( ", 
111e l~,'g'tion mixtut~ was allowed to wam~ slowly' in the 
cold bath to ~om temperature during 6 h and th~n 
stirred for an additional 18 h, Solvent was removed in 
vacuo and the remaining solid wa-~ extracted with !0/0 
ml of methylene chloride, A precipitate was filtered oft" 
and the clear filtrate was concentrated in vacuo to a 
final volume of I0 ml, addition of ca, 50 ml of hexane 

3.7. X, ray structural determh~arions 

Diffl'action-quality crystals were, obtained by diffu- 
sion of hexane at = 10°C into solutions of tile com- 
pounds (6 and 7) in CH,CI,  as colorless rectangular 
blocks. All crystals were mounted on glass fibers and 
diffraction data wetx~ collected on an Enral:Nonius 
CAD4 diffractometer equipj~'d will) ~raphit¢ rnon~lwo- 
nlatcd Mo K~ radiation (0.71073 A) operating at ca. 
293 K. Accurate unit cell paratnek:rs and an orientation 
matrix were detcrmhxed flx~tu tile leastosquatx~s fits of 
accurately centered reflections (6, 24 M'lections with 
19 ° g 20 ~ 28°: 7, 21 reflections with 12 ~' ~ 20 :~ 22~). 
Intensity data were collected in the ~ - 2 0  scan mode for 
6 and 7 to a maximum 20 of 5(F and 46 ° respectivdy. 
The intensities of three standard reflections were moni- 
tored every 7200 s of exposure, and no significant 
decay was observed over the course of the data collec- 
tion. Two standard reflections checked every 200 reflec- 
tions were used to check the orientation changes of the 
ctSstal. All data sets wc~ connected for Ix,~entz and 
polarization effects, and empirical absorption correc- 
tions were applied using azimuthal xj'oscan data. Syso 
tematic absences uniquely defined tl)c space groups of 
botll compounds, 

ileavy atoms were located by use of the Pallet'SOl| 
meth~l (SIII~I+XS 86) [24], Atoms not located fl'om the 
initial structure solution were found by successive dif- 
fel~znce Fourier maps with iterative cycles of least+ 
squares refine.uent (StlELXL 93) [25] on an IBM 
RS/6(XX) workstation. All non-hydrogen atoms except 
carbon atoms in 7 were anisotropically treated. Full-ma- 
trix least-squares refinements were used in all cases, in 
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Table 5 
Details of crystallographic data a for 6 and 7 
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Compound 6 7 

Formula C.~oH 46CI2Zr C~oH ~CI .Hf  
FW 568.79 656.06 
Crystal system orthorhombic orthorhombic 
Space group P2n2k21(No. 191 P2n2t2 n (No. 19) 
a(/~) 8.188(I) 8.190(5) 
b (,~) 11.371(I) 11.352(5) 

c (A) 30.253(15 30.177(8) 
Z 4 4 
Cell volume (.~..~) 2816.6(4) 2805.6(22) 
dcatc (gcm -3) 1.341 1.553 
Ix (ram- ') 0.596 3.925 
F(000) 1200 1328 
No. of independem reflections 1816 2046 
No. of observed reflections 1617 ( i  > 20"( ! 5) 1873 ( I  > 2 0"(I)) 
Rt b; wR 2 ,, (%) 2.26; 5.55 5.36; 13.37 
GOOF ( = $5 (obs.) I.I 36 3.191 
a c 0.0293 0.0293 
b c 1.2111 1.2111 

a All data collected with graphite monochromaled Mo Kt~ radiation (h = 0.71073 .~,5 at 293 K. 
h R, -- ).211 Fo I - It%1 I / E l  F,, I. + wR, = [~[w(Fo" - F+:5+'l/E[w(t"o"Sq] '/2, where w =  I/[0.Z(Fo2) + (aP) 2 + bP], P = (Fo 2 + 2/',.2)/3. 

Table 6 
Positional and equivalent isotropic thermal parameters a for non-hydrogen atoms of 6 

Atom x y z U,,q t, ( ~ 2 )  

Zr 0.8226014 ) 0.90785( 3 ) 0,75011 ( 5 ) 0,03114( 13 ) 
CII I. I 1788(12) 0,94312(9) 0,750612) 0.053(X 3) 
CI2 0.75258( 131 I,I 168418) 0,7502(2) 0,0469(3) 
CI 0.647 I( 171 0.794 I( I I ) 06998(4) 0.052(4) 
('2 0,7991( 171 0,7455(8) 06959(3) 0,044(3) 
C3 1),903(g 151 0,8233(12) 0,6755(3) 0,042(5) 
C4 0.8153( 131 0,9251X I I ) 0.6647(4) 0,042( 31 
C5 0.{~454( t 41 0.9128( I I ) 0.6807(3) 0,059(3) 
CO 0. 51125( I O ) 0,9874(14) 0,678 I( 5 ) 0.009(5) 
C7 0,3946( 161 0,9506( I I ) 0,G354151 0.106101 
C8 0,4525(91 0,9947(9) 0,5951(31 0,059(3) 
C9 11,421 I( 191 I, 1263115) 0,5895(5) 0,096161 
CIO 05048(221 I, 1564( I 7) 0.5435(6) O, 145(81 
Ci I (1~6687(16) I, 1 4110(81 0.5509(4) 0,00513) 
CI2 0.7874118) 1.1981(1 I) 0.5581(4) 0.008(4) 
C 13 0.9409( 18 ) 1.1216(12) 0.5653141 0.073{ 4) 
CI 4 0.9131 (16) 1.0112( ! I ) 0.5944(5) 0,062{4) 
C 15 0.8733(14) 1.0302( 101 0.6423( 31 0,044(3) 
C I A 0.8926(15) 0.8265(13) 0.8231(4) 0.051(41 
C2A 0.7912(19) 0.7447( I I ) 0.8012(4) 0.067(4) 
C3A 0.6359(15) 0.7970( I I) 0.8005(4) 0.047(3) 
C4A 0.6453( I I) 0.9046(12) 0.8193(41 0,037(3) 
C5A 0.8019(13) 0.9285(8 ) 0.8331(4) 0,030(2) 
C6A 0.8713(13) 1.0369( I I ) 0.8585(4) 0,049(3) 
C7A 0.9085(15) 1,0049( I I ) 0.9(169(31 0,051(4) 
CgA 0,9388(14) I, I 15 I(14) 0.9335(4) 0.072( 41 
CgA 0,7956(20) I, 1937(12) 0.9392(41 0.076(4) 
C 10A (I.6453(21 ) I. 14(12(17) 0.9688(4) 0.139{71 
C I I A 0.4767(15) I. 1716(12) 0.958'/(4) 0.075(4) 
C I 2A 0.4358(14) I. 1338( I I ) 0.9125(51 0.065(4) 
C I 3A 0.4(185( 21 ) 1.008 I( 155 0.9015(4) 0.154(7) 
C i 4A 0.3757(10) 0.9593( 12 ) 0.856'7(4) 0.063(3) 
CISA 0.4995( I I ) 0.9910(I I) 0.8236(4) 0.046(4) 

" Units of each e.s.d, in parentheses are those of the least significant digit of the corresponding parameters, b The isotropic equivalent thermal 
parameter is defined as one-third of the trace of the orthogonalized U~j tensor. 
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the final stages o f  refinement, hydrogen atoms were 
placed at the calculated positions of  0,93 A (aromatic) 
and 0.97 ,~, (methylene) from their parent carbon atoms 
for 6. with isotropic thermal parameters the distances 
were !.2 times these. Final difference Fourier maps 
showed insignificant residual electron density for 6 and 
four residual electron densities of 1.98, 1.78, 1.73 and 
1.69 e ~ - 3  only near the hafnium atom for 7. The 
floating origin restraint was applied automatically for 
both non-eentrosymmetdc systems by the use of SrIELXL 
93. Attempts to confirm the correct absolute structures 
were made by evaluating the Flack absolute structure 
X-parameters of -0.01(14) for 6 and 0.12(6) for 7. A 
summary of the crystal and other data is given in Table 
5. Final atomic coordinates and equivalent isotropic 
thermal parameters for non-hydrogen atoms are listed in 
Tables 6 and 7. 

3.8. Polymerizations and polymer analysis 

Solution polymerizations in toluene were carried out 
,sing a Teflon magnetic spinbar for agitation at a total 

pressure of 1.2 atm in a 500 ml glass reactor. Toluene 
(200 ml) was introduced into the reactor, the tempera- 
ture was increased to polymerization temperature, and 
then the toluene was saturated with monomer. A pre- 
scribed amount of  MAO and a given metallocene dis- 
solved in toluene were injected into the reactor by a 
tuberculin syringe. After the polymerization was stopped 
by removing monomer and injecting ethanol, the poly- 
mer produced was quenched by an excess of acidified 
methanol (ca. five times the amount of  toluene used), 
The precipitated polymer was collected by filtration, 
washed with fresh ethanol and dried in vacuo, The 
appearance of the resulting polypropylenes is resinous. 

The intrinsic viscosity ['q] of the polymers obtained 
was determined using a modified Ubbelohde viscometer 
at 135°C by one-point intrinsic viscosity, The viscosity 
average molecular weights M, of the polypropylene 
and polyethylene were calculated from a Mark- 
Houwink equation [25]. The melting point of the 
polyethylenes was determined from the peaks of the 
DSC curves obtained with a Du Pont Analyst 2000 

Table 7 
Positional and equivalent isotropie thermal parameters a for non.hydrogen atoms of ? 

Atom ,¢ y : t;~q " (~ : )  

Hf O, 17816(4) 0.0936213) 0,24998(4) 
CII 0.2453(4) = 0,) 137(2) 02503(2) 
02 = O. 1146(3) 0.0585(2) 0.2498(3) 
C1 0.3484(16) 0.20511( I I ) 0.2004(4) 
C2 0,19S2(16) 0.25311(9) 0,i967(4) 
C3 0,0075(~O) 0. I 7,UXg) O. I ?5 ;(41 
('4 0,1904(17) 0,0707(iO) 0, I0,~4(5) 
C~ 0,3454(14) 0.0903(I l) 0,1111 I(5) 
CO 0,49~11(26) 0,01 ~ I ~) 0.178o(o) 

0.6124(37 ) o.o3~o( 21 ) O. 1378(9) 
L~8 0.3917(44) = 0.0085(27) 0,09?3(8) 

t~lO 0.497S(52) = 0 , 1 0 0 5 ( 3 1 )  0 . 0 4 4 1 ( 1 2 )  
CI I 0,3259(40) - O, 1490(29) 0,0320(9) 
C) 2 0.1969(40) - o, 1920(22) 0,0576(DO) 
CI 3 0,0S62(24) - O. 1192(18) 0,0664(7) 
CI 4 O, I023(19) = 0,003 I(15) 0.(~)28(6) 
C15 0.1206(28) =0.0247(18) 0.1406(7) 
CI A 0,378,9(16} 0,2013( I I ) 0,300345) 
C2A 0,2223420) 0,258(f 10) 0,3030(4) 
C3A 0,1090(16) 0,1777(12) 0,3229(4) 
C4A O. 1953( 141 0.0705(I0) 0.3328(5) 
COA 0.3021(14) 0.085 I( I0) 0,3189(5) 
COA 0,4993(27) 0.egk37(20) 0,3230(8 
CTA O,t~2 If~22) 0,0451(21 ) 0.356~g7) 
CSA o 5034{ 231 0,0059( i 8) O. 4028(7) 
O A  0,551 =/(43) : O, 12~3(27) 0.4144(9) 
CIOA 0,52~ I(34) = O, I ~/~9(~ I ) 0,4573(8) 
CI IA 0,35"/~43) - 0,1324(23~ 0.4/00(6) 
CI2A 0,21f~33) - 0,20~H(19) 0.4396(5) 
C13A 0.(~72(40) -0,I 193(23) 0.4351(8) 
C 14A 0,0637( 27 ) - 0,~ 152(23 ) 0,4052(9) 
CISA O, 1308(29) - 0,0384(13) 0,3565(5) 

Units o~f each e,s,d, in parentheses are tho,~ of the least significant digit of the corresponding 
parameter is dcfinctl as or~4hird of the I.raee of the orthogonalizcd U,j tensor. 

parameters, 

o,o3o~x3) 
0.0439(6) 
0.05O8(7) 
0,042(5) 
o, o43(5) 
0.04~(6) 
0.04X(61 

O049(61 
0,107( 121 
0.127(16) 

0.135(21) 
O.(D3( I O) 
0.088( I O) 
0.054(6) 
0.028(4) 
0.053(6) 

0,071(71 
0.054(7) 
0.038(51 
0.033(4) 
0,057(01 
0,065{ 7) 
0.(~1(71 
O.{D2( 101 
0.064(71 
0.081(9) 
0.05346) 
0,095(12) 
0.058(7) 
0.036(5) 

b The isotropic equivalent them~al 
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diffe~ential scanning calorimeter at a heating rate of 
20°(: min- ~. 
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