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Chiral bridged metallocenésxercise stereocontrol in the
polymerization of propylen&? Extensive investigation of sub-
stituent effects has resulted in highly active, highly isospecific
homogeneous catalystsThese contain two indenyl groups with
a bridge (CH,CH,— or —SiMe,—) linking the 1,1-positions.
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Figure 1. Synthesis of 1,2-ChCH{4-(7-Me-indenyl},ZrCl,.

conventional 1,tbridged metallocenes, its synthesis requires the
stepwise assembly of the cyclopentadienyl ring.
Friedel-Crafts addition of CICHCH,COCI to para-substituted

We report here a new class of chiral bridged metallocenes which bis(aryl)ethanes affords the skeleton of the cyclopentadienyl-ring

are efficient catalysts, after activation with MAO, for the

fragment in only one position relative to the ultimate’4H,-

polymerization of ethylene and propylene, and are very active CHz- bridge in the metallocene. Because Friedefafts acylation
for their copolymerization. They have an ethylene bridge between is not regiospecific, three isomers 2fre formed. Subsequent

the 4,4-positions, i.e., linking the two phenyl ringsather than
the cyclopentadienyl rings, as is the case with all hitherto known
bridged bis(indenyl) ligands.

The synthesfs of rac- and mesel,2-CHCHy{4-(7-Me-
indenyl},ZrCl, (1) is shown in Figure 1. In contrast to
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Huttner, G.; Brintzinger, H. HJ. Organomet. Chen1985 288 63.
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(5) A bridged metallocene in which the bridge is part ofiafused bis-
(tetrahydroindenyl) ligand has been reported.nBmaan, M.; Erker, G.;
Frohlich, R.; Kotila, K. Organometallics1997, 16, 2900. Resconi, L.;
Nifant'ev, I. E.; Dubitsky, Y. A.; Barbassa, E.; Schaverien, C. J.; Ernst, R.
WO 96/38458 to Montell Technology Company. Uchino, H.; Endo, J.;
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WO 96/04317 (in Japanese) to Idemitsu Kosan.

(6) (i) 100 g (0.71 mol) ofp-MeC¢H4CH,CI and 0.39 mol of Mg in 650
mL of THF gave 70 g of bis(tolyl)ethane, 93%. (ii) CIGEH,COCI, 1 equiv
of AICI; in CH,Cl, at 0°C gave2 (3 isomers), 86%. (iii) Concentrated,H
SO, reflux 4 h, 94%. (iv) NaBH added to3 in THF/MeOH at 0°C; then
dehydration with HCI in ether gavé, 46%. (v) 82.5 mL of 1.6 Mn-BulLi
added to 18 g oft in ether at—=78 °C, warmed to 20C; ZrCl, added at-40
°C and warmed to 20C. See the Supporting Information for full details.
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ring closure of2 with concentrated k80O, afforded three isomers
of 3.7 Reduction with NaBH and dehydration with dilute HCI
gave two (double bond) isomers 4f Reaction of f]>~ with
ZrCl, in ether gave two (diastereo)isomerslah a ca. 4:1 ratio
(*H/A3C NMR) which could be separated by extraction with
toluene.

As well as different 7-MéH NMR chemical shifts§2.60 ppm
for 1r;8 62.33 ppm forlm?), the 4,4-CH,CH, bridge of1r gave
a deceptively simple &dab pattern $3.04, 3.35 ppm; da= 5.04,
ab=4db' = —13.1, ab=db = 4.35, bbb = 13.97 Hz, simulated),
while 1m gave a more complex pattera3.29, 3.47 ppm; da=
8.85, ab= —14.4, ab= 3.77, & = 8.51, &' = —14.5, bb =
9.26 Hz, simulated).

To confirm that the two isomers were indeed the rac and meso
isomers as expected by UFF molecular modeling (vide infra) and
to understand the geometric consequences of ‘abdidge, the
X-ray crystal structur€sof both 1r and 1m were determined.
Their molecular structures are given in Figures 2 and 3.

Molecules ofLlm/1r consist of a Zr(IV) center coordinated by
two chloride ligands and a bis(indenyl) ligand so as to form the
meso(rac) isomer of. The local geometry at zirconium is of

(7) See the Supporting Information.

(8)*H NMR (CD,Cl,): ¢ 7.08-7.21 (dd,J = 6.9 Hz, 4H), 6.72 (t] =
3.5 Hz, 2H, 5 ring), 6.67 () = 3.5 Hz, 2H, 5 ring), 4.48 (dd, 2H, 5 ring),
3.35 (m, 2H, bridge), 3.04 (m, 2H, bridge), 2.60 (s, 6H, Me) ppid@.NMR
(CD.Cl): ¢ 19.90 (CH), 36.58 (CH), 102.18 (CH, 5 ring), 108.48 (CH, 5
ring), 125.13 (CH, 6 ring), 126.48 (C), 126.55 (CH, 6 ring), 126.95 (C), 130.59
(CH), 135.08 (C), 137.08 (C) ppm.

(9) *H NMR (CD,Cly): 6 7.14 (dd,J = 3.45 Hz, 2H, 5 ring), 6.67 (m, 4H,
6 ring), 6.60 (tJ = 3.45 Hz, 2H, 5ring), 6.51 (dd} = 3.45 Hz, 2H, 5 ring),
3.47 (m, 2H, bridge), 3.29 (m, 2H, bridge), 2.33 (s, 6H, Me) ppi@.NMR
(CD.Cl,): 0 19.62 (CH), 30.83 (CH), 99.30 (CH, 5 ring), 106.09 (CH, 5
ring), 121.52 (C), 122.76 (CH, 5 ring), 125.47 (CH, 6 ring), 125.75 (CH, 6
ring), 130.75 (C), 132.96 (C), 134.81 (C) ppm.
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was found with a strain energy 18 kcal mbhigher than the
first.” These two rac-gauche conformations are separated by a
transition barrier of 21 kcal mot in which the hydrogen atoms
in the —CH,—CH,— bridge are approximately eclipsed. These
UFF results were within 42 kcal mof?, with and without,
Coulombic interactions. The strain energy of the meso isomer
(also gauche) is 10 kcal mdlhigher in energy than the lowest
energy rac-gauche isomer with Coulombic interactions, and 4 kcal
mol~* higher without Coulombic interactioris.On the basis of
these calculations, the isolation of both rac-gauche medo
metallocenes was to be expected.

CompoundLr, after activation with excess MMAO, polymer-

Figure 2. X-ray crystal structure afac-1,2-CHCH,{ 4-(7-Me-indenyl) ,- izeg*15 ethylene with an activity of 138 kg/g of Zr h to give
ZrCl (1r). Thermal ellipsoids are drawn at the 30% probability level. high molecular weight polyethyleneMl( = 390 0089). The
Hydrogen atoms are given arbitrary radii. complex of IM/MMAO is more active (375 kg/g of Zr h) and

gives polyethylene with lower molecular weigl{ = 32 500).
The complex of1r/MAQO, polymerize$’ propylene with an
activity of only 10 kg/g of Zr h. The polymer hagd, = 122 000
and is highly regioregular with 99.7 mol % 1,2- and 0.3 mol %
3,1-insertions. No 2,1-units were observed. The polymer has
low isotacticity (mm= 77%; mmmm~= 65%). The complex of
1m/MAO is appreciably more active (204 kg/g of Zr h) and
affords atactic-PP (mn¥ 28%, mr= 49%, rr= 23 mol %) with
a molecular weighM, = 29 000. There were no regioerrors.
These catalysts were significantly more active for the copo-
lymerizatiori® of ethylene and propylenér/MAO afforded a high
molecular weight i, = 335 000) copolymer with an activity of
230 kg copolymer/g of Zr h. The copolymer contained 60 mol
% ethylene and 40 mol % propylen€G NMR). Under the same
conditions, 1m/MAO was much more active and afforded a high
molecular weight i1, = 224 000) copolymer with very high
activity (5350 kg/g of Zr h;= 490 tons copolymer/mol oim
h!). 13C NMR analysis indicated 75 mol % ethylene incorpora-

the usual distorted pseudo tetrahedral sort typical of group 4 tion.

ci2)

Figure 3. X-ray crystal structure afhesel,2-CHCH{4-(7-Me-indenyl) --
ZrCl, (1m). Non-hydrogen atoms are represented as ellipsoids enclosing
50% probability density.

metallocene dichloridégdata forlm; 1r in {}) (i.e., bond angles Further research will focus on gaining understanding into the
(°) CI(1)—Zr(1)—CI(2) 96.38 (3){94.50(3}, CI(1)—Zr(1)—cpl potential of this new class of chiral metallocene and to improve
106.1{106.12(2), CI(2)—Zr(1)—cpl 105.1{107.64(2), CI(1)— polymer properties.

Zr(1)—cp2 106.9107.09(1), CI(2)—Zr(1)—cp2 105-.7{ 105.43- Acknowledgment. This research was sponsored by Montell Technol-

(2)}, cpl-Zr(1)—cp2 131.3{130.31(1)). The zirconium- ogy Company, Hoofddorp, The Netherlands. We thank Olof Sudmeijer
chloride bond lengths are approximately equal at@HK1) = (SRTCA) for running the NMR spectra of the (co)polymers and Tiziano

2.4330(7) A and Z+Cl(2) = 2.4464(7){2.4358(8), 2.4277(3) Dall'Occo (Montell, Ferrara) for the ethylene polymerizations.

A. The Zr—Cp centroid distances are effectively equal at-Zr Note Added in Proof. Similar 4,4-bridged metallocenes

Cpl= 2228 A and ZrCp2 = 2.231{2.222, 2.22p A. The have just been published. Halterman, R. L.; Combs, D.; Khan,
Zr—Cp bond lengths lie in the range of 2.458.634 A{2.466- M. A. Organometallics1998 17, 3900-3707.
2.58@ (av 2.535{2.527% A) indicating that the indenyl rings

arenS-coordinated to the zirconium. These parameters are quite  Supporting Information Available: = Synthetic methods, polymeri-
normal for zirconium metalloceneés. zation details and results of UFF calculations, as well as tables of data

S . - llection parameters, atom coordinates, bond distances and angles for
To gain insight into the geometry and strain energy of the ¢° P P ' g
isome?s 10 wa% modeled ugsling theyUniversaI Force g?iélé?. mandlr (25 pages, prin/PDF). See any current masthead page for

) . . ordering information and Web access instructions.
Two sets of calculations were performed: with and without
Coulombic interactions. In the former case, the atomic charges JA9811290
were calculated using the charge equilibration metfodhe (14) Ethylene polymerizations at 8@ under 9.6 bar in hexane using

idi i ih. “modified” MAO with Al:Zr ratio = 1000.
:—:‘?qu’el?’otl'\fllilllgl\t/:\yeg'{ tef:]eesre methOdS hastrl])een prewou_sly deSCI’IIE) (15) Under identical conditions, QBH2(4,7-dimethylindenyQZrCIZ/MAO, ]

: . - gy ISomer was the rac ISomer In & gaucne as reference compound, gave polyethylene (molecular weight 205 000) with
conformation’. The structure is in good agreement with that of an activity of 420 kg/g of Zr h. See: Resconi, L.; Piemontesi, F.; Camurati,
1r as found by X-ray diffraction. The rac-anti bridge conforma- !-: Balboni, D.; Sironi, A.; Moret, M.; Rychlicki, H. Zeigler, ROrganome-

. f d b ilibri d f d tallics 1996 15, 5046 and references therein.
tion was found not to be an equilibrium structure and was foun (16) Polyethylene and atactic and isotactic polypropylene viscosity-averaged

by constraining the dihedral anglg,{6—CH,—CH,Cipso to 18C°. molecular weightsNl,) were obtained from the experimentally determined

i _anti i i i intrinsic viscosities using the correlations reported in the literature. For PE,
Tth|§ led to an unstialble rf;u;j antlI qonforrr;altgznkwnlr]rf I\L/Jery high D] = (3.8 % 10°%) MOT25 for a-PP. ] = (185 x 10-%) M7 for PP, f]
strain e_nergy (n_onp anar '_n enylrings) o cal molupon . =(1.93x 104 M,°7 Moraglio, G.; Gianotti, G.; Bonicello, UEur. Polym.
relaxation of this constraint, a second rac-gauche conformationJ. 1973 9, 623. Pearson, D. S.; Fetters, L. J.; Younghouse, L. B.; Mays, J.
W. Macromoleculesl988 21, 478.

(10) The 7-Me group was omitted in the UFF calculations. This should (17) Propylene polymerizations were performed at'60with 4 gmol of

have little effect on the strain energy. metallocene; Al:Zr ratic= 5000 in a 5 Lreactor containing 1.6 kg of liquid
(11) Rappe A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A., llI; propylene for 1 h.

Skiff, W. M. J. Am. Chem. Sod 992 114, 10024. The UFF calculations (18) Copolymerizations at 50C with 0.49 umol of metallocene, Al:Zr

were performed using the Molecular Classical Mechanics (MCM) software ratio = 40 000, in a 25 L reactor containing 7.5 kg liquid propylene and 6

written by Rappeand Skiff. mol % GH,. The very large Al:Zr ratio is a consequence of the high catalyst
(12) A pseudoatom was used to attach each cyclopentadienyl ring to the activity. From experience, 20 mmol MAO is necessary for efficient and

metal center. Castonguay, L. A.; Rdppe K. J. Am. Chem. S0d.992 114, effective scavenging of 7.5 kg of liquid propylene in a 25 L autoclave. The

5832. very small amount of metallocene added therefore necessarily implies a very

(13) Rappe A. K.; Goddard, W. A., lllJ. Phys. Chem1991 95, 3358. large Al:Zr ratio.



