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Abstract: Doubly [SiMe)]-bridged metallocenes (1,2-SiMe{ 17°-CsHz-4-R} { °-CsH-3,5-(CHMe),} ZrCl, (R

= H (1a), CHMe;, (1b), SiMes (1¢), CHMe(CMe) (1d), (+)-menthyl (Le)), when activated by methylalumi-
noxane (MAQ), catalyze propylene polymerization with high activities. The preparations and X-ray structures
of the dilithio salt of an enantiopure, doubly silylene-bridged bis(cyclopentadienyl) ligagdl R-MeSi),-
{CsH2-4-(1R,2S,5R-menthyl} { (CsH-3,5-(CHMe),)} ] -3THF, as well as the corresponding zirconocene dichlo-
ride, [(1,2-MeSi)y{ 75-CsHz-4-(1R,2S, 5R-menthyl} { 75-CsH-3,5-(CHMe) 2} 1ZrCl; (1€), are reported. ThEs
symmetric systeméa—c are highly regiospecific and syndiospecifie §9.5%) in neat propylene. At lower
propylene concentrations, polymers with lower molecular weights and tacticity (modtlpe stereoerrors)

are obtained. The microstructures of polymers produced under differing reaction conditions are consistent
with stereocontrol dominated by a site epimerization process, an inversion of configuration at zirconium resulting
from the polymer chain swinging from one side of the metallocene wedge to the other without monomer
insertion. The relative importance of chain epimerization (atgtmarbon) has been established by parallel
polymerization of 2d;-propylene andls-propylene with1b/MAO at low propylene concentrations. Tik-
symmetric system$d,e/MAO display an unusual dependence of stereospecificity on propylene concentration,
switching from isospecific to syndiospecific with increasing propylene pressure, consistent with a competitive
unimolecular site epimerization process and a bimolecular chain propagation. The microstructures of the
polypropylenes produced yd/MAO and 1&MAO with [r] ~ 50% resemble the hemiisotactic microstructure
produced by MgC(;7°-CsHs-3-Me) (75-C13Hg) ZrCl, (2b)/MAO. Contrastingly, the hemiisotactic polypropylene
microstructure obtained witBb/MAO is found to be maintained at all propylene concentrations examined.

Introduction Cs+Symmetric precatalysts such ds—c and 2a enchain
Polymerization ofo-olefins by metallocene systems is one o-olefins with regularly alt_ernatlng enantiofaces _and conse-
of the most efficient and selective catalytic reactions, commonly duently produce syndiotactic polymet Methyl-substitute®b
displaying activities and stereoselectivities approaching those 9€Nerates polypropylene, whose microstructure closely ap-
of enzyme<. Intense efforts have been undertaken to elucidate Proximates hemiisotactic, one in which every other propylene
the mechanistic details of the process in order to correlate has been enchained with the same enantioface and the interven-

polymer properties (tacticity, molecular weight, etc.) with the ing one stereorandomly. Syndiospecificity is believed to arise
molecular structure of the catalyst counterp&i-symmetric

from three key features: (1) t&-symmetricansametallocene
metallocene catalysts enchain selectively one ofcthgefin structure has one cyclopentadienyl possessing bulky substituents

enantiofaces to produce highly isotactic polym&sSymmetric flanking the center of the metallocene wedge to direct the
metallocenes may also be isospecific but usually to a lesser (3) (a) Herzog, T. A.; Zubris, D. L.; Bercaw, J. B. Am. Chem. Soc.

extent24c 1996 118 11988. (b) Henling, L. M.; Herzog, T. A.; Bercaw, J. Ecta
: Crystallogr, submitted. (c) Herzog, T. A. Ph.D. Thesis, California Institute

T California Institute of Technology. of Technology, 1997. (d) Veghini, D.; Henling, L. M.; Bercaw, J.i&org.

* Exxon Chemical Co. Chim. Actal998 280, 226.

(1) Reviews: (a) Brintzinger, H.-H.; Fischer, D.; Mhaupt, R.; Rieger, (4) (a) Ewen, J. A.; Jones, R. L.; Razavi, A.; Ferrara, JJ.0Am. Chem.
B.; Waymouth, R. M.AAngew. Chem., Int. Ed. Engl995 34, 1143. (b) Soc.1988 110, 6255. (b) Ewen, J. A.; Elder, M. J.; Jones, R. L.; Curtis,
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polymer chain segment (up) toward the less substituted cyclo- correct
pentadienyl, whether it resides on the left or right side in the ‘“Se"“’"l
transition structure for propagation (Scheme 1); (2) an open R M
region between the bulky substituents on the lower cyclopen- ?ﬁ'? P
tadienyl to accommodate tlieolefin alkyl (methyl for propy- { ze gl BN propylene
lene), which is directed by the polymer segment trans (down), Y@\(
the dominant steric interaction in the transition strucffrand ) = enantiofacial
(3) migratory insertions that result in regular alternation of the  epimerisation “ misinsertion
monomer approach from the left and right side of the metal- R r R ik
locene wedge. . , ?F? sropytene | T ﬁ? ()
Our laboratory recently reported the preparatiorCef and wl& s — | \*ffi;zﬁ;. —,
C;-symmetric catalyst$a—d along with some preliminary data W/ég\( j/()sx\(

on their polymerization behavigf.The Ce-symmetric precata-
lysts 1a—c, when activated with methylaluminoxane, display
high activity and syndioselectivity and produce high-molecular-
weight polymers. On the other han@;-symmetric systems ;“n?
display a remarkable dependence of stereospecificity with )’S\/T
increasing propylene concentration, switching from isospecific 7’5)\(
to syndiospecific. In this contribution, we report the results of

some recent investigations on the mechanisms of stereocontrol  ierion

operating in these catalytic systems.

?&
S
b
l

R )//'
Results and Discussion z, without ste epmeroaton
Dependence of Stereoselectivity on Monomer Concentra- W/kéj\( N ; R ¥

tion in Cs-Symmetric 1a—c/MAO. Although the stereospeci- AN )ﬁ propylene | 1S ﬁ? I
L . . zr [N =
ficities of catalysts derived fromha—c and2a are high at low tﬁ\( SE;\( T
temperatures in liquid propylene, under other conditions pro- ZPK

pylene enchainment does not occur with perfectly alternating wih sit epimerization

olefin enantiofaces, and isolated or mm stereoerrors are

produced. Three types of stereoerror mechanisms are generallypropagation, the frequency of stereoerrors produced by processes
considered for thes8s-symmetric systems (Schemes 2 and 3): 2 and 3 should depend on propylene concentration.

(1) enantiofacial misinsertion, giving ampdi triad, the number There are some curious differences in the behavior of the
of which is independent of the concentration of propylene singly linked fluorenyl/cyclopentadienyl catalyst syst&nThe
(Scheme 2); (2) site epimerization (chain migration without numbers of isolatean stereoerrors andiinj triads produced
insertion), giving an isolatenh stereoerror (Scheme 2); and (3) by catalyst2ayMAO have been reported to increase with
chain epimerizatiori;® giving either m or mm stereoerrors, decreasing propylene concentration. Some residnad friads
depending on the whether stereochemistry at the metal centewere observed at all propylene concentrations exanfiriy.

is inverted or retained (Scheme 3). Since the epimerization contrast, the stereoselectivity displayed @ysymmetric2b/
processes are unimolecular and compete with bimolecular MAO was found to be relatively constant under all conditions
studied!® and the observed polymer microstructure, closely

() (8) Corradini, P.; Guerra, G.; Vacatello, M.; Villani, Bazz. Chim. resembling hemiisotactic, was rationalized by invoking a regular
ltal. 1988 118 173. (b) Corradini, P.; Guerra, G.. Cavallo, L.; Moscardi, ng ona Dy Invoking a reg
G.; Vacatello, M. Ziegler Catalysts. Biegler Catalysis, Recent Scientific alte'_’nat'on of Stereos_pec'f'c Ol_ef'n insertion (with propylene
Innovation and Technological Impe@ments Fink, G., Mihaupt R., adding to the more hindered side of the metallocene wedge),

Brintzinger H. H., Eds.; Springer-Verlag: Berlin, 1995; p 237. (c) Guerra, followed by aspecific insertion (with propylene adding to the

G.; Corradini, P.; Cavallo, L.; Vacatello, Mdakromol. Chem., Makromol. . . 12 e . . o .
Symp.1995 89, 77, less hindered sidé}.12Competitive site epimerization and chain

(6) Gilchrist, J. H.; Bercaw, J. El. Am. Chem. Sod.996 118 12021. propagation were invoked in the other ca¥€Ehus, the relative

(7) (a) Busico, V.; Cipullo, RJ. Am. Chem. S0d.994 116 9329. (b) rates of propagation vs site epimerization for catalyst systems
Busico, V.; Caporaso, L.; Cipullo, R.; Landriani, 0. Am. Chem. Soc.
1996 118 2105. (c) Busico, V.; Brita, D.; Caporaso, L.; Cipullo, R.; (10) Herfert, N.; Fink, G.Makromol. Chem., Makromol. Symp993
Vacatello, M.Macromolecules 997, 30, 3971. 66, 157.

(8) Resconi, L.; Fait, A.; Piemontesi, F.; Colonnesi, M.; Rychlicki, H.; (11) Farina, M.; DiSilvestro, G.; Sozzani, Macromoleculed993 26,
Ziegler, R.Macromolecules1995 28, 6667. 946.

(9) Leclerc, M. K.; Brintzinger, H.-HJ. Am. Chem. Sod995 117, (12) Cavallo, L.; Guerra, G.; Vacatello, M.; Corradini,\#acromolecules

1651;1996 118 9024. 1991 24, 1784.
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Table 1. Propylene Polymerization Data witta—c/MAO at 24 + stereoerror mechanism. The strong dependence of the isolated
1 °C in Toluene Solution (Entry Numbers Are Correspondingly the m stereoerrors with [propy|ene] further Suggests that site
Same as for Table 2) epimerization and olefin insertion occur at competitive rates over

[CsHel o [l Tm My/ this range of monomer concentrations, tentatively permitting
entry catalyst (M)  activiy® (%) (°C)  Mw Mn us to assign the major stereoerror-producing process to site
1 la 0.8 3x10°® 90.6 109 2.9 10* 1.9 epimerization (Scheme 2). The remaining errors would then be
2 la 15 1.3x 10“’b 95.0 125 nd nd attributable to a less frequent chain epimerization, giving rise
3 la 21 2.9x10° 947 131 6.1x 100 3.0 to a few percentnmtype, and becoming apparent only at the
4 la 2.8 3.1x10'® 959 139 9.0x 10 4.2 .
5 1a 34 53x%10°° 971 140 1.01x 1 1.5 lowest propylene concentrations. No!’u_at_heless, thes_e results do
6 1b 0.8 19x10* 802 nd 3.4x 10* 25 not allow us to exclude another possibility: that the isolated
7 1b 15 19x10* 918 d 59x 10" 2.4 stereoerrors arise from the combination of chain epimerization
g ﬂ; %El) g-gx ig gé-z d118 11-4165: 1? %Z) and site epimerization (Scheme 3), ithat chain epimerization
10 1b 34 104%1F 971 127 16610 18 occurs mostly with S|multar_1eous site epimerization (gl_vmg an
1 1c 08 7x10° 815 d 38x 100 19 |sql§1ted m) and only occasionally without site epimerization
12 1c 15 24x10¢ 867 d 49x10° 2.2 (giving rise to anmmstereoerror).
13 1c 21 43x10* 907 102 7.7 100 1.7 We therefore further examined the importance of chain
14 1lc 28 54x10° 936 119 nd nd epimerization by performing a labeling study analogous to the
15 lc 34 57x10° 965 124 1.33<1C° 1.8 those described by Brintzinger and Busi¢oThe number of
aDefined as grams of polymer per gram of Zr per héuk.different stereoerrors (isolatad andmmtypes, Scheme 3) that arise from
sample of methylalumoxane cocatalyst was employed for entfi®s 1 chain epimerization should decrease in proportion to the kinetic
The activity data are therefore not comparable with entrie$% ¢ Not deuterium isotope effect fg#-H elimination, k;)- (L = H, D)

VY ; )
determined? No melting point observed by DSC. or, alternatively, in proportion to the preequilibrium deuterium

isotope effect for3-H elimination, K1) (Scheme 4). Parallel
polymerization reactions usirdg-propylene and 2h-propylene

as a substrates were thus carried out, and the microstructures
of the poly-do-propylene and poly-2h-propylenes so obtained
Svere compared.

The good precatalyst candidate for the experiments comparing
unlabeled and deuterium-labeled propylenes appearedlb, be
since at [propylene} 0.8 M it produces a large number of
mmand isolatedn stereoerrors. The reactions were performed
in toluene solution saturated with propylene (1 atm, [propylene]
= 0.8 M) at room temperature. As can be seen from the results
presented in Table 3, although the molecular weights differ,
the poly-24d;-propylene and polyg-propylene samples so
obtained have essentially the same microstructures within
experimental error{(H}3C NMR). The number-average mo-
lecular weight of polydy-propylene (32 800) vs poly-8r-
propylene (56 800) implies a kinetic deuterium isotope effect
for chain transfek(s-H)/k(3-D) = 1.6, assuming$-H transfer
as the predominant chain transfer pathway.

The{H}2H NMR spectrum of poly-Z-propylene displays
two broad signals at 1.4 and 0.5 ppm in an approximately 50:1
ratio 1> We tentatively assign the former t6€CD(CHsz)— groups
and the latter to ca. 2% CH(CH,D)— groups arising from chain
epimerization (Scheme 4). This assignment is in agreement with
the finding of 2-3% mmstereoerrors fotb/MAO under similar
conditions, implicating chain epimerization as the major source
of the mmstereoerrors. More importantly, the observation that
poly-2-d;-propylene has essentially the same microstructure (in
fact, slightly more (19.6% vs 17.3%), not fewemjrr] pentads,
as would be expected from a normal deuterium isotope effect
for p-H elimination), together with the observed dependence
'of stereospecificity on propylene concentration, allows us to
confidently assign site epimerization as the principal process

(13) (a) Rieger, B.; Jany, G.; Fawzi, R.; Steimann,®tganometallics for stereoerror formation with the catalyst systéar+c/MAO.

1994 13, 647. (b) Gauthier, W. J.; Collins, $4acromolecules 995 28, Temperature Effects on the Polymerization Behavior of

3779. (c) Jany, G.; Repo, T.; Gustafsson, M.; LeskMg Polamo, M.; _ iynifi ; _
Kiiga. M. Dietrich U.: Rieger, B.Chem. Ber /Reci1997 130 747, (d) L& C/MAO Catalyst Systems A significant temperature influ
Waymouth, R. Oral presentation at the Meeting “Advances in Polyolefin’, €NCe On stereoselectivity is expected for syndiospecific catalyst
Napa Valley, CA, 1997. (e) For a related example in a heterogeneous systemsystemsla—c/MAO, where a first-order stereoerror process (site
see: Busico, V.; Cipullo, R.; Talarico, G.; Segre, A. L.; Chadwick, J. C.
Macromolecules1997, 30, 4786. (15) The{*H}?H NMR spectra were recorded at 80 in CeHzCly/CsHs

(14) [MAQ]/[Zr] ratios in the range from 50:1 to 15000:1 were  solution containing a small amount of benzefeexternally lock-shimmed
investigated. The activity reaches a maximum about 7000:1, butrthe [ in theH channel on a separatgl@:Cly/CsDs Sample having no polymer.
content is found to be essentially independen8%o) of the Al/Zr molar The2H chemical shifts (100 transients) are referenced to the small amount
ratio. of benzene-ds,

2a/lMAO and2b/MAO appear to depend explicitly on the nature
of the substituent R.

To quantify the relative contributions of [propylene]-depend-
ent and [propylene]-independent stereoerrors for catalyst system
la—c/MAO, polymerizations were carried out at 241 °C in
toluene solution at various propylene pressures to effect a
propylene concentration range 8.8.4 M. The reproducibilities
of the polymer yield and molecular weight, as well as the
influence of [MAQ]/[Zr] ratio on activity and polymer tacticity,
were investigated. Polymerization reactions carried out under
the conditions described gave reproduciblediad contents
({H}13C NMR) with composite errors amounting to ap-
proximately+2%. The [MAOQ]/[Zr] ratio significantly influences
the catalyst activity, but the polymer tacticity is unaffected, at
least over the range examin&No regioerrors (“2,1" or “3,1"
errors) with any of the catalysts under any conditions investi-
gated were detected B§C NMR spectroscopy, as was reported
earlier for catalysa 324

The variations of ] diad contents with varying propylene
concentration are given in Table 1 and Figure 1. The stereo-
selectivities for all three catalysfisa—c/MAO are comparable
at [propylene] > 3.5 M but differ significantly at lower
concentrations. As the [propylene] increases, thdifd content
rises moderately fota and more significantly fodb and1c.
Themmand (substantially morej stereoerrors follow a similar
trend (Figure 2), decreasing with increasing [propylene] over
the entire range of concentrations examined. At low propylene
concentrations, 23% mm stereoerrors are detected for all
catalysts, while at higher concentration these are no longer
detectable forlb and 1c, accounting for less than 1% fdma.

Thus, stereoselectivity increases with propylene concentration
indicating that enantiofacial misinsertion is not the major
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Table 2. Pentad Distributions (%) for the Polypropylene Samples Producethbyg/MAO at 24+ 1 °C in Toluene Solution (Entry Numbers
Are Correspondingly the Same as for Table 1)

entry catalyst fnmmnh [mmmi [rmmi] [mmri] [mrmnj+ [rmrr] [mrmi] [rrrr] [mrrr] [mrrm]
1 la 1.7 3.6 11.6 68.6 14.4
2 la <1 15 51 79.5 13.5
3 la <1 21 47 83.6 9.0
4 la <1 2.0 35 86.1 7.7
5 la <1 1.9 2.7 90.7 4.2
6 1b 1.4 3.0 6.0 19.9 51 41.5 20.4 2.5
7 1b 2.3 12.6 <1 68.2 17.0
8 1b <1 1.4 10.3 <1 71.6 13.3 2.6
9 1b 1.3 8.6 82.6 7.4
10 1b 5.5 89.0 55
11 1c <1 12 2.4 5.3 18.8 4.2 47.2 18.0 1.7
12 1c 1.7 3.6 16.7 3.4 59.0 15.0
13 1c <1 21 13.0 1.3 68.9 135
14 1c 2.4 7.8 75.8 12.7 1.2
15 1c 7 81.6 11.3
0T T T T Table 3. Polymer Analyses for Polgo-propylene and
Poly-2d;-propylene Produced byb/MAO in Toluene Solution at 1
o5 atm Propylene, 25C
[r] [rmrr] [rmmi] Muw/
S polymer (%) ([mrmni+) (%) (%) Mn Mn
= 0 poly-do-propylene  83.3 17.3 2.2 32840 1.9
poly-2-di-propylene 84.2 19.6 1.6 56830 1.8
85
Table 4. Propylene Polymerization Data witte—e and
gp — . . . (PheC)[(7°-CsHa)(175-C13Hg)]ZrCl (3)/MAO in Liquid Propylene
0.5 1 1.5 2 2.5 3 35 (Entry Numbers Are Correspondingly the Same as for Table 5)
[propylene] (M) T [I’] T My/
Figure 1. Dependence of] diads on propylene concentration f6¢ entry catalyst (°C)  activiy* (%) (°C) Mw Mn
symmetric catalystg@a—c/MAO. 16 la 20 2.8x10° 97.1 151 125 1C° 1.9
17 la 50 79x10° 96.6 140 3.3 10° 23

25 T T T T 18 la 70 16.9x 10° 94.1 119 1.6x10° 3.2

L . 19 1b 20 3.2x10P 994 151 9.8 10° 2.0
20 1b 50 14x10° 945 123 2.9% 10° 2.0
21 1b 70 9.2x 10>  90.6 13x 10 23
22 1c 20 35x10°F 979 152 7.9 10° 1.8
23 1c 50 8.3x10° 96.0 124 2.6x10° 2.1

20

o

—
&)

g < 24 1lc 70 73x1¢ 913 b 14x1C 22
T10 S 25 1d 20 25x10F 754 102 1910 2.2
E E 26 le 20 49x10° 787 b 47x10° 1.9

27 3 20 1.3x 1P 99.2 147 84x10° 2.3
5 28 3 40 2.0x 10*¢ 95.6 137 3.8 10° 2.0

A 1 2% 3 60 9.0x 10%¢ 94.4 132 2.1 2.0
0 lay o . B g 1 gl - -
1 15 2 25 3 3.5 aDefined as grams of polymer per gram of Zr per héudo melting
[propylene] (V) point observed by DSC.These two runs were carried out earlier with

a differing catalyst:MAO ratio (1:325) and with propylene of generally
Figure 2. Dependence ofrfnrr] and ffmmi pentads on propylene lower purity that for the other runs.
concentration folCs-symmetric catalystéa—c/MAO.

typically characterized by a much more negati&&" and

Scheme 4 commensurably smallekH* as compared with the first-order
gL(CHS)P Lo L process. Thus, we expect that site epimerization (langet)
| ' [Z]”’WCHSW_, z‘mﬁHl would become more important (relative to propagation with
(e cta o, CH, ! C(CHyP N smallerAH¥) at higher temperatures, and a strong temperature
)t AN “?HZL dependence of stereospecificity would obtain.
[Zr1~T—P To establish the influence of temperature on activity and
,7 CHs stereospecificity for catalystea—c/MAO, polymerization reac-
o C(CH,LP tions were performed in neat propylene at 20, 50, and@0
zl—ch, = -] o [zj--ng (Tables 4 and 5). A singly bridged cyclopentadienyl/fluorenyl
‘lg“““z”"  cerbr gy catalyst systerh Ph,C(;5-CsHa)(75-C1aHg)ZrCl, (3)/MAO, 160

was also examined for comparison. Catalysts the most active
system of the series, producing about ¥.68.0" g of polymer

g of polymer g Zr h~1, as compared with less thanxl 10°
epimerization) competes with a second-order chain propagationg of polymer gt Zr h=! for the others at 70C. Moreover,
process. Under conditions where a first-order process and a (16) (a) Razavi, A Awood, J. L1, Organomet, Chen1993 459, 117,
second-ordgr process have cpmparable rates, and hence COMp) Winter, J.; Rohrmann, M.; Dolle, V.; Spaleck, W. Eur. Pat. Appls. 0,-
parable activation free energies, the second-order process 887,690 and 0.387,691, 1991.

([Zr] = Cp,Zr*; L = H, D; P = remaining polymer chain)
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Table 5. Pentad Distribution (%) for the Polypropylene Producedlby-e and (PRC)[(7°-CsHa)(17°>-Ci3Hs)]ZrCl, (3)/MAO in Liquid
Propylene (Entry Numbers Are Correspondingly the Same as for Table 4)

entry catalyst fnmmmh [mmmi [rmmi] [mmrr] [mrmn] + [rmrr] [mrmid [rrrr] [mrrr] [mrrm]
16 la 0.8 15 0.9 93.4 35
17 la <1 2.0 2.4 90.6 4.9
18 la <1 3.0 7.3 <1 79.5 10.0
19 1b - - 12 97.5 1.2
20 1b 1.6 1.9 4.2 81.0 111
21 1b 1.8 24 12.9 <1 68.4 14.3
22 1c 0.3 0.6 1.6 94.2 3.3
23 1c - 12 4.8 83.8 10.1
24 1c <1 3 13.6 <1 65.8 17.1
25 1d 1.3 4.4 4.0 14.4 6.6 49.5 17.5 2.3
26 le 3.3 4.5 6.0 12.9 11.4 454 13.7 2.8
27 3 1.2 97.5 12
28 3 15 31 2.0 0.8 83.6 9.1
2% 3 0.5 1.7 3.4 2.6 0.9 81.1 9.3 0.6

@ These two runs were carried out earlier with a differing catalyst:MAO ratio (1:325) and with propylene of generally lower purity than that for
the other runs.

while the activities forlb and1c decrease on going from 50 to Scheme 5
70°C (probably due to partial catalyst decomposition at elevated 1. n-BuLi
temperatures)lareaches its maximum at 7C. No regioerrors h( 2 SiclkMe; h(
are detected at any of the temperatures examined.

Stereocontrol is generally high at 2C ([r] = >99%), but
a moderate decrease in tacticity at higher temperaturetafor
is more pronounced fatb andlc. In all cases, al = 70 °C,
isolated fn] diads constitute the main type of stereoerrors present
in the polymer microstructure rghrr] = 7-12% for all )\Kk )\if\ 1.2 n-BuLi
catalysts), while fmmi] pentads account for less than 3% of o/ e, 2" s/ Sive, <t

@

the stereoerrors. At 2TC, the stereocontrol displayed iy is i
comparable to that found f@; slightly better than those fdra @
and 1c. Assuming an equal number of active sites for all ‘

catalysts, a considerably higher rate of propagationléois
also indicated.

The polymerization experiments in neat propylene at@0
with 1a—c/MAO and 3/MAO produced syndiotactic polymers

7

structur@ was determined by an X-ray diffraction stddy

with high melting points T > 150°C for 1a—c/MAO, T = (Figure 3). The very soluble dilithio salt may be metalated

147°C for 3IMAQ). The molecular weights are in the order of ~Successfully using Zrglin situ (see Experimental Section),

1 000 000 decreasing to about 100 000 af@QPDIs= 1.8— affording 1e (eq 1). The'H NMR spectral data and the X-ray

3.2). crystal structure data fdre?? (Figure 4) confirmed the molecular
C:-Symmetric Systemsin a preliminary report2we noted geometry shown in eq 1.

the exceptional behavior @;-symmetricld, which appeared

to switch from isospecific to syndiospecific with increasing

propylene concentratiot$ AnotherC;-symmetric system was

therefore prepared to examine the scope of this “ambispecificity” @

for systems bearing a chiral substituent at the central position Li*

of the (upper) cyclopentadienyl ligand. Enantioputg-menthyl Me,Si SiMe,

was chosen for the preparation of doubly [SijAeridged Et0

zirconocene dichloridée Although we anticipated no differ- @ Li*

ence in the performance of a catalyst having an enantiopure k

substitutent rather than a racemic one, the availability of the ‘ \\\\ le
7

precursor tale only in enantiopure form led us to incorporate
(+)-menthyl.

(1R,2S5R)-Menthylcyclopentadiene was prepared according
to a procedure closely analogous to that reported by Marks and .
co-workerst8 The steps shown in Scheme 5 proceeded in high  Dependence of Stereoselectivity on Monomer Concentra-
yields, giving6 as a high-boiling oil The dilithio salt L[(1,2- tion with the 1d,e/MAO Catalyst Systems.Polymerization
MesSi)A 175-CeHo-4-(1R 2S5R-menthyl}{ 775-CsH-3,5-(CHMe)3} - reactions were performed in toluene solution in the propylene
3THF (7) was crystallized from THF/petroleum ether, and its

(19) Because of the rapid fluxionality of neutral, silyl-substituted
(17) For a catalyst system that switches from moderately isospecific to cyclopentadienyl compoundsand 7, the NMR spectra are complex and
moderately syndiospecific as a function of temperature, see: Erker, G.; thus are not diagnostic (see Jutzi, Ghem. Re. 1988 86, 983). More

Fritze C.Angew. Chem., Int. Ed. Endl992 31, 199. informative NMR analyses could be performed on the lithium salts of these
(18) (a) Giardello, M. A.; Conticello, V. P.; Brard, L.; Sabat, M.;  derivatives.

Rheingold, A. L.; Stern, C. L.; Marks, T. J. Am. Chem. S0d.994 116, (20) (a) Hiemeier, J.; Kaler, F. H.; Mler, G. Organometallics1991,

10212. (b) GagheM. R.; Brard, L.; Conticello, V. D.; Giardello, M. A;; 10, 11787. (b) Siemeling, U.; Jutzi, P.; Neuman, B.; Stammler, H.-G.

Stern, C.; Marks, T. JOrganometallics1992 11, 2003. Organometallics1992 11, 1328.
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Figure 3. Molecular structure of [LY[(MezSi)A{ 7°-CsHo-4-(1R,2S 5R-
menthyl)¢;5-CsH-3,5-(CHMe),)]-:3THF (8). One of the molecules
contained in the asymmetric unit is shown (molecule A), the other being
essentially isostructural. Hydrogen atoms and some carbon atom
labeling is omitted for clarity.

Figure 4. Molecular structure of (MgSi)[75-CsHy-4-(1R,2S5R-
menthyl)] [7°-CsH-3,5-(CHMe),]ZrCl, (1€). Hydrogen atoms and
carbon atom labeling are omitted for clarity.

Table 6. Propylene Polymerization Data wittd,e/MAO in

concentration range 0-5.6 M at 25°C. The results are given Toluene Solution (Entry Numbers Are Correspondingly the Same as

in Tables 6 and 7. As can be seen in Figure 5, there is a nearlyfOr Table 7)

linear increase ofr] diad content with increasing propylene [CsHg] . [r] T Mu/
concentration over this range for botld and 1e, the former ~ SNty catalyst (M) actviy® (%) (°C) Ms M.
displaying a slightly stronger response than the latter. Contrast- 28 1d 05 20x10° 115 nd nd nd
ingly, the tacticity for polypropylene prepared with tleMAO 38 ig g-? ggi ig éé-g ;08 31-59’; igi %-g
catalyst system remains essentially constant over the entire 57 1d 34 53108 537 b nd b
concentration rang®. The comparatively large changes inthe 35 1d 46 1.0x10" 633 ¢ 48x 100 2.8
pentad distribution forld are further illustrated in Figure 6. 33 le 05 20x10° 403 b nd b
For 1g the limit in syndiospecificity at [propylene} 4.6 M is 34 le 0.8 40x10® 442 80 4.0<10° 1.9
close to what is observed in neat propylene at°@5([r] = 35 le 21 85x10° 546 106 6.2<10' 1.6

36 le 34 18x10* 677 b nd b

74.5% vs f] = 78.7%, respectively). At @C in neat propylene, 37 1o 16 25« 10° 745 c 15%x 10 16

(21) Suitable crystals for X-ray structure analysis7ofvere obtained
from a petroleum ether/ED solution containing a few drops of THF.
Crystallographic dataa = 9.919(7) A,b = 15.117(9) A,c = 15.554(9)
A, o= 75.15(5}, = 85.85(5), y = 74.81(5); V= 2176(2) B, 2 = 2;

aDefined as grams of polymer per gram of Zr per hofijlot
determined® No melting point observed by DSC.

space groul. Data (11 635 reflection®max = 22.5", GOFnerge= 1.00) 100 T i T j T j T
were collected on a CAD-4 diffractometer with MoaK(A = 0.7107) at I
160 K. Final solution parameter® = 0.078 for 3057 reflections witk,? 80 -

> 30(F.?); GOF = 1.50 for 480 parameters and 5668 reflections; largest
excursions in final difference map were 0.76 @3A—0.79 e A 3. The two
molecules in the asymmetric unit are related by an approximate center of
symmetry and have similar conformations and geometric parameters. There
is slight disorder in a few of the THF ligands. The most relevant bonds
(averages) are given here: HCCp=2.17 A, Li2—CCp=2.29 A, Li1—
Cheentroid= 1.80 A, Li2—Cprenroia= 1.94 A, Lil-01=1.88 A, Li2—0 = 20 L
2.02 A, CRentroig—Li1—01 = 168.

(22) The crystals used for the X-ray structure analysibsofiere obtained

60

[r]1(%)

404

from a concentrated petroleum ether/fM@ solution. CEKstaIIographic 0
data: a = 12.094(6) Ab = 15.285(9) A ,c = 25.949(17) Ao = 90.52- 1 2 3 4 5
(5)°, B = 98.47(5%, y = 90.28(4}; V = 4744(5) B; Z = 6; space group [propylene] (M)

P1. Data (22 659 reflection§max= 22.5", GOFnerge= 1.20) were collected

on a CAD-4 diffractometer with Mo K (4 = 0.7107) at 160 K. The crystal
was non-merohedrally twinned by rotation of 2&bout theb-axis. As a
result, all non-hydrogen atoms were refined isotropically, and several groups . .
of atoms were restrained to have similar geometries for all six molecules. the stereocontrol improves considerably] (F 90.4%), as
The six molecules are related pairwise by a pseudocenter; the three pairsexpected with a polymerization system where a unimolecular
by approximate translations along {11 1. Final solution parameterR - sjte epimerization process occurs in competition with a bimo-
= 0.115 for 9453 reflections witlr,?2 > 20(Fy?); GOF = 2.96 for 692 | | P hai P fi id AF: | 5
parameters, 693 restraints, and 20 826 reflections; largest excursions in final ecular chain propagation (vide supra). [propylere0.

difference map were 9.1 e & —4.8 e A3, Relevant bond distances and M, the pentad relationship offmmi:[mmri:[mrrm] ~ 2:2:1

angles (average): ZICpl= 2.22 A, Zr—Cp2=2.24 A, Zr—Cl = 2.43 displayed byld/MAO is characteristic of isospecific catalysts

A, Cp1—zr—Cp2 = 122, Cl-Zr—Cl = 105’. Both 1e and 1b (ref 3b,c) : . ‘o
hove Similar eorformations. operating under enantiomorphic site control.

(23) The pentad distributions (average, %) for polypropenes produced ~Assuming that, as fola—c/MAO, site epimerization also
by 2b in the propene concentration range-8486 M with [r] = 55.3 and competes with propagation for propylene polymerizations with

Figure 5. Dependence of the][diads on propylene concentration for
Ci-symmetric catalystdéd,e and 2b.

92 r‘[“'rfﬁr?]di’e['#rﬂ %ﬂgmzfﬂl[r:mﬁ{] et T frmmd o sy catalystsld/MAO and16MAO, we can rationalize the observed
[mrm;] = 5. The polymer microstructure is éssemia”y identical 4€Gn polymerization behavior for the latter two systems as follows:

neat propene. at higher propylene concentrations, migratory insertions occur
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Table 7. Pentad Distribution (%) for the Polypropylene Producedlbdye/MAO in Toluene Solution (Entry Numbers Are Correspondingly the

Same as for Table 6)

entry catalyst fnmmmh [mmmi [rmmi] [mmrr] [mrmn] + [rmrr] [mrmid [rrrr] [mrrr] [mrrm]
28 1d 65.6 14.4 <1 13.6 <1 <1 <1 <1 3.8
29 1d 65.5 13.0 <1 12.8 <1 <1 <1 <1 4.2
30 1d 29.3 16.6 3.2 18.1 7.3 <1 7.2 8.8 9.1
31 1d 17.7 15.0 33 19.9 9.1 14.6 12.0 8.3
32 1d 9.9 11.6 3.7 18.9 10.3 23.9 16.2 5.7
33 le 26.3 15.3 3.8 17.2 8.9 3.0 7.0 8.5 9.7
34 le 18.6 15.9 2.6 215 9.4 <1 11.2 11.8 8.2
35 le 115 12.9 4.4 19.5 12.1 18.8 13.3 7.4
36 le 43 8.1 3.9 14.7 11.4 34.4 17.2 5.9
37 le 1.6 6.8 2.6 16.1 11.4 38.3 19.3 3.8

mmrr
rrrr

rmrr+mrmm

g
g
g
S

mmmr
rmmr
rrrm
mrrm

rmrm

v

20

21.0

Figure 6. Methyl region of the"*C{*H} NMR spectra of polypropylene
produced at various propylene concentrationsLdiMAQO.
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Scheme 6
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> i Q; 1
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\
Lo B | (}Z‘r* by

[r] diad
etc. = syndiotactic PP

[m] diad
etc. = isotactic PP

predominantly from regularly alternating sides of the metal-
locene wedge (and from alternating propylene enantiofaces,
Scheme 6), and thus the system behaves syndiospecifically

However, as the propylene concentration is lowered, the second-

[propylene] =3.4 M
[r] (%) = 54
Figure 7. Methyl region of theé3C{*H} NMR spectra of polypropylene
produced byld,dMAO and 2b/MAO having [r] ~ 50%

[propylene] = 0.85 M
[ (%) = 45

[propene] =3.4 M
[r1 (%) = 54

epimerization becomes competitive, allowing the chain a greater
opportunity to migrate to the less hindered side of the metal-
locene wedge. In the limit of very low [propylene], the migratory
insertion occurs preferentially from the same side of the
metallocene wedge (with the same propylene enantioface,
Scheme 6); isotactic polypropylene is produced. Apparently,
2b operates with a different stereocontrol mechanism, since its
stereoselectivity is essentially independent of propylene con-
centration (Figure 6), in agreement with the original proposals
that its stereocontrol arises from regularly alternating insertions
from stereospecific and aspecific sides of the metallocene wedge
(without competitive site epimerizatiofd4d.11

At intermediate propylene concentrations, catalyst systems
1d/MAO and1&MAO produce a polypropylene with][= [m]
~ 50% that is not, howeer, atactic Rather, the pentad
distributions (Figure 7) at] = 54% and ] = 45% ([propylene]
= 3.4 and 0.8 M, respectively) appear to be, at first glance,
close to what is required for perfectly hemiisotactic polypro-
pylene (Inmmnk[mmmi:[rmmf:[mmrd:[mrmn} + [rmrr]:
[mrma:[rere l:[rerm]:[mrrm] = 3:2:1:4:0:0:3:2:1). In fact, the
{1H}13C NMR spectra of the polymers produced by/MAO
and 1&MAO under these conditions are quite similar to that
produced by2b/MAO (Figure 7).

A closer examination of the microstructure of the hemiiso-
tactic-like polypropylenes produced Bg/MAO and 1dMAO
reveals some important differences from that of perfectly
hemiisotactic examples: whereas tharin] pentad is es-
sentially absent (Figure 7, Table 7), that farrpnn + [rmrr],
also strictly required to be missing for a perfectly hemiisotactic
microstructure, is clearly present, comprising 9.1% and 9.4%
of the pentads, respectively. For polypropylene generated by
2b, these comprise only ca. 2824 Further consideration of
the consequences of the mechanism proposed in Scheme 6, in
the limiting situation where the rate for the disfavored direction
of site epimerization is zero, leads to the prediction that eight
of the nine possible pentads should be observed, including
[rmrr]. Only the [mrmr] pentad is predicted to be absent, as is

(24) Since these pentads may arise from site epimerization, it may be

order chain propagation process slows, and unimolecular sitethe case that site epimerization does occasionally occur, evebAdAO.
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20 . : . - Conclusions
by ] Some of the doubly silylene-bridged zirconocene catalysts
15 - * investigated here have high syndiospecificity99.5%) for
< a Te | insertion ofa-olefins into zirconium-polymeryl bonds. Loss
¥ ol d o i of stereospecificity in these catalysts occurs mainly by stereo-
23 o 1la chemical inversion at the metal center and, to a lesser extent,
. f by a chain epimerization process which inverts the chirality of
5+ o " - the g-carbon of the polymer chain. The R substituents (on the
L g u 1d | upper cyclopentadienyl ligand) dfa—e influence migratory
0k " . . . olefin insertion and site and chain epimerization and transfer,
0 1 2 3 4 5 and thus affect catalyst activity as well as the tacticity and
[propylene] (M) molecular weight of the polypropylene. Although these effects
Figure 8. Dependence of molecular weights on propylene concentra- aré_presently difficult to quantify, the polymerization data
tion for 1a—e/MAO. available suggest a significantly faster chain propagation for

la (R = H) than for the other catalysts, as shown by its
observed® Thus, this model for stereocontrol does accom- astounding activity, while retaining relatively high syndiotac-

modate the observed polymerization behaviordesymmetric 1S

catalyst systemgac-1d/MAO and enantiopurd MAO.2° In comparison to Ewen/Razavi singly bridged fluorenyl/
cyclopentadienyl zirconocene catalysts (2g/MAO) and aryl-

Chain Transfer. AIthough there appears to be considerable substituted, singly bridged cyclopentadienyl/fluorenyl (e.g.,
scatter, the molecular weights (GPC) of the polymers produced 3)\ja0), the doubly [SiMe]-bridged catalysts described here
by 1a—€/MAO increase with increasing propylene concentration gisplay a slightly higher stereospecificity, but a stereoselectivity
(Figure 8). A roughly linear increase with [propylene] is that appears to be more sensitive to changes in propylene
apparent forla—c/MAO, suggesting that chain transfer is concentration. A major difference in stereocontrol is observed
predominantly a unimolecular proce8sOn the other hand,  for Ci-symmetric, doubly bridgedid,e/MAO as compared with
catalystsld,e/MAO display a less than first-order dependence singly bridged2b/MAO. The former catalyst systems, as a result
of MW with [propylene], possibly indicating that chain transfer of competitive chain propagation and site epimerization, produce
might depend on propylene concentration for these two systems.polypropylenes of widely differing microstructures, from mod-
IH NMR analysis of low-molecular-weight polypropylene erately syndiospecific through a form resembling hemiisotactic
produced byld/MAO at [propylenel= 0.5 M and 25°C shows to moderately isotactic, as the propylene concentration decreases.
vinylidene signals ad 4.72 and 4.80 ppm, indicative of chain ~ The latter produces a polypropylene more closely matching
transfer byp-H elimination. There are no signals attributable hemiisotactic at all propylene concentrations examined, since
to vinylic end groups that would arise frofaCHs elimination. site epimerization does not compete with propagation. These
A primary kinetic isotope effeck(s-H)/k(3-D) of about 1.6 dn‘ference_s may l_:)e a res_ult of the more open structl_Jr_es of the
derived from the difference in number-average molecular 90UPlY [SiMel-bridged zirconocene catalysts, permitting the

weights of polydy-propylene (32 800) vs poly-r-propylene polymer chain to swing more freely from side to side of the
(56 800) (vide supra), further suggests that chain transfer Occursmetallocene wedge.

primarily by p-H elimination. As is commonly found for
o-olefin polymerization catalysts, a decrease in molecular

weights with increasing temperature is also observed in liquid  General Methods. Al compounds were manipulated using high-
propylene and in toluene solutidh. vacuum line, Schlenk, cannula techniques or in a drybox under nitrogen
atmospheré? Argon and nitrogen gases were deoxygenated and dried
(25) A full analysis of the possible pathways to the “allowed” pentads by passage over columns of MnO on vermiculite and activated
is given in the Supporting Information. molecular sieves. Solvents were stored under vacuum over sodium
(26) The pentad distributions in th&C NMR spectra for polypropylenes  penzophenone ketyl (THF, £, and (SiMe);0) or titanocene (toluene,
produced byld/MAO in neat propylene and in toluene solutions having - petrgleum ether) and freshly distilled immediately prior to use.

differing [propylene] can be fit very well to a three-parameter model: one . .
parameter @) represents the monomer enantiofacial selectivity when the ToPylene was dried by passage through a Matheson 2110 drying system

chain is on the less crowded side of the metallocene wedge, a segond ( €quipped with an OXISORB column. For polymerization experiments
represents (the same) monomer enantiofacial preference with the chain onin toluene solutions, MAO (Albemarle) was used as a solid after
the more crowded side of the metallocene wedge, and the #irelresents removal of toluene in vacuo and being dried under high vacuum at 25
the probability of site epimerization wherein the chain moves from the less o¢ for 2 days. Comparisons of the activities between runs employing

selective side to the more selective side (in the favored direction of Scheme . L o 2
6). As required by the model in Scheme 6, least-squares fitsogive.99, different MAO batches indicated strong deviatiots, 2H, and*C NMR

B ~ 0.17, andk increases steadily as the [propylene] decreases from that SPectra were recorded on a Bruker AM500 or a AMXS500 at 500.13,
in liquid propylene é ~ 0.12) to 0.5 M ¢ ~ 0.91). Details of this statistical 76.77, and 125.77 MHz, respectively. Elemental analyses were
model will be presented in a forthcoming manuscript (Miller S. A.; Bercaw, performed by Fenton Harvey of the Caltech Analytical Laboratory.

J. E., manuscript in preparation). The compounds (ME€)[(1°-CsHaMe)(#7°-C1aHs)]ZrCl2,20 (Ph.C)-

(27) The dependence of the degree of polymerizatiqr) (B propene - ~ )
concentration is a function of the rate of propagatiog) (vs rate of [(7° CsHa)(7° CaaHg)]ZrCl, ***metalloceneda—d, and MeCISi[CsHs-

termination ¢r) by -H transfer to olefin Kro/ke) or to metal kru/kp).

Experimental Section

Since PN= Mn/42 = vplvt = C*kp[C3He]/C*(krm + kro[CsHe]), one (28) Propene polymerizations at [propene] 3.4 M by 1b/MAO
obtains 1/PN= (krm/ke)(1/[CsHe]) + kro/ke. A plot of 1/PN vs 1/[propene] produced a polymer of Y= 101 000 at 23C and 157 000 at 0C (PDI
giveskru/ke about 103 for 1a—e andkro/ke about 1073 for 1d and<10-* = 1.5 for both).

for the other catalysts. These data suggest dominant monomolecular chain  (29) Burger, B. J.; Bercaw, J. E. I&Experimental Organometallic
termination forla—c andleand partial contribution of a bimolecular process  Chemistry Wayda, A. L., Darensbourg, M. Y., Eds.; ACS Symposium
for 1d. For analogous discussions, see: Stehling, U.; Diebold, J.; Kirsten, Series 357; American Chemical Society: Washington, DC, 1987: Chapter
R.; Rdl, W.; Brintzinger, H. H.; Jmgling, S.; Milhaupt, R.; Langhauser, 4.

F. Organometallics1994 13, 964 and ref 8. (30) Razavi, A.; Atwood, J. LJ. Organomet. Cheml995 497, 105.
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3,5-(CHMe);]%a3 were prepared as previously reportedS 285 5R)- present. The polymer microstructures were obtained by analyzing the
(+)-neomenthol was used as received (Aldrich), whil® 25 5R)- 18-22-ppm region in the{*H}'3C NMR spectra, as previously
menthylcyclopentadiene was prepared by a slight modification of a described?
recently reported preparatiéh.6 2-d;-Propylene was prepared as Syntheses. GHs-4-(1R,2S,5R-Menthyl) (4). To a solution of 5.0 g
previously reportetland purified by distillation at-100 °C (cyclo- (32 mmol) of (152S5R)-(+)-neomenthol (degassed) in 150 mL of THF
hexane/LN slush) to a trap at-196 °C, passing through two traps at  at —20°C was added 20 mL (32 mmol) of a 1.6 M solutionreBuLi
—80°C. Gas chromatography afid NMR analyses showed no traces  in hexanes over 15 min. The temperature was kept constant for 1 h,
of residual E40. The product was stored a0 °C in a Schlenk tube  and then a solution of 6.77 g (35 mmol) of tosyl chloride in 50 mL of
equipped with a Teflon valve. The concentration of propylene in toluene THF was added over 20 min. The reaction mixture was allowed to
solutions was calculated according to literature data. warm to room temperature ové h and stirred for an additional 8 h.

Polymerization Reaction ProceduresThe polymerization experi- A solution of 3.52 g (32 mmol) of Na(is) in 150 mL of THF was
ments in toluene solutions were carried out in a 250-mL glass reactor then slowly added to the reaction mixture-at0 °C under vigorous
(Andrews Glass Co., maximum pressure 120 psi) equipped with a stirring over 30 min. Afte 2 h at—10 °C, the solution was warmed to
septum port, a large stir bar, and a pressure gauge2@0 psi). room temperature and stirred for 14 h. The solution was then quenched
CAUTION: All of these procedures should be performed behind a blast with 15 mL of H,0, the two phases were separated, and the water
shield. Stirring was kept at 700 rpm. In a typical procedure, the glass phase was extracted with>350 mL of E£O. The organic phases were
reactor described previously was charged with solid MAO (180 mg collected, the solvent was removed in vacuo, and the product was
for runs -5 and 500 mg for all others) and assembled in the drybox. Kugelrohr distilled at 70C/high vacuum, givingt in 72% yield (4.75
The reactor was then connected to the propylene tank and purged withg, 23 mmol). The NMR analyses are consistent with the reported@ata.
propylene at atmospheric pressure for 10 min. After this time, 40 mL Li[C sH4-4-(1R,2S,5R-menthyl)]. To a solution of 4.00 g (19.6
of toluene was introduced in the reactor through the septum port. Under o) of 4 in 100 mL of E4O at 0°C was added 12.5 mL (20 mmol)
vigorous stirring, the reactor was purged again for an additional 15 f 5 1.6 M solution oh-BuLi in hexanes over 10 min. After the solution
min and, if necessary, pressurized for 10 min. The freshly prepared 45 stirred at-10 °C for 10 min, the cold bath was removed. Stirring
standard precatalyst solutions (1 mL) (0.42 mh& 1.0_5 mM, 1b§ was continued for 10 h at room temperature. The volume was then
0.98 mM,1c; 2.52 mM,2b, 1d, and1€) were added by using a gastight  yequced to ca. 20 mL, and 100 mL of petroleum ether was vacuum
syringe through the septum port. The polymerization reactions were yansferred onto the reaction mixture. The product was filtered and dried
guenched by slow addition of MeOH initially and then poured into overnight under vacuum, giving LigBls-4-(1R 2S5R-menthyl)] in 80%
400 mL of HCI:MeOH (1:4) and stirred for about 4 h. Slow precipitation yield (3.3 g, 15.7 mmol)!H NMR (THF-dg): 6 5.52-5.48 (m, 4H,
of the polymeric material from the toluene/MeOH solution allows an Cp), 2.28 (m, 1H, Cp-6), 1.62 (m, 1H, @& Me), 1.38 (m, 1H,
efficient elimination of aluminum residues from the polypropylene \e,) 1.26-0.80 (m,—CH,—), 0.85 (d,3J = 6 Hz, 3H, Me), 0.71
samples. o ) ) ) (d,3Jun = 7 Hz, 3H, CHVley), 0.65 (d,%Jun = 7 Hz, 3H, CHVley). 13C

Bulk polymerization reactions were carried out in a 2-L steel reactor NvR (THF-dg): 6 125.1, 101.9, 101.6, 51.1, 48.7, 41.3, 36.8, 34.8,
according to the following procedure. The reactor was purged with 57 g8 260, 25.6, 23.4, 22.2, 16.1.

dinitrogen for several hours, 0.2 mL of a 10% MAO toluene solution . L g A
was added, and condensed propylene was added. Under stirring (400r o(gﬂiﬁ?t{igs%}igg 928(953 m;n;:;ygf}&%ﬁgiég;gg“@%&gﬁ
rpm), the temperature was then set at the desired value by use of an, 100 mL of THE was added 2.00 g (9.52 mmoi) of Lifg-4-

external metal jacket with circulating water. In the drybox, 4 mg of (1R, 2S5R-menthyl)] in 50 mL of THF at room temperature over 10
. . o ,
the metallocene was activated for 10 min with 9 mL of a 10% MAO min. The resulting mixture was stirred overnight. Solvents were then

toluene so_lunon ([MAQ]/[Zr]— 2000/1). An aliquot of th|s_ solution removed in vacuo, and the residue was extracted with petroleum ether.
was then introduced into a 5-m_L pressure _chamber, which was then Removal of the solvent gavas a yellow oil in 92% yield (3.6 g, 8.7
connected to the_ r_eactor and introduced into the reactor undgr N mmol). 13C NMR (benzenak) (mixture of double bond isomers)s
pressure. The stirring was kept constant at about 400 rpm with a 164.3 161.3. 159.2. 157.0. 152.6. 152.3. 152.0. 150.7. 150.3. 150.1
nitrogen flow controlled stirrer. After the given reaction time, the reactor 143 6‘ 143 4' 143 1’ 142 9’ 141 9’ 134 3’ 133 9’ 133 7' 133 1’ 132 4'
was depressurized and the polymer collected and vacuum-dried ;31 g 1313 1311, 130.8, 130.3, 127.4, 127.0, 126.8, 125.8, 125.1,

OVer”Iight'_ on of 2.1/d | oveb b 125.0, 124.6, 123.9, 123.8, 122.6, 122.3, 121.2, 52.2, 51.0, 50.9, 50.0,
Polymerization of 2-/do-Propylene. In a glovebox, around-bottom 44 348 5 48,0, 47.5, 47.2, 46.8, 46.3, 45.2, 45.0, 44.7, 44.5, 43.9,

flask was charged with 500 mg of solid MAO, assembled to & 90 42.9 427 423 41.0. 402 357 35.6. 33.3 33.1 30.4. 30.2. 295

needle valve, and the whole apparatus connected to a high-va(:uum28 2 28.0. 253 24.9 24.8. 24.7 23.8 23.2. 22.8. 22.5 22.2. 21.7
line. Toluene (50 mL) was vacuum transferred, and the whole assembly21'l’ 20.8’ 15'7’ 15.6, 26 ’2 239 _'4’2 _'4’7 _'5’5 Elémeﬁtél o

was saturated at atmospheric pressure witth-@ropylene orde- Ao Calcd for GgHaeSi: C, 81.95; H, 11.21. Found: C, 81.18, 81.33;
propylene at 23C. The Teflon valve was then replaced by a septum, H. 10.12 10.42
and 1 mL of a 2.52 mM standard toluene solutioribfwas added by Li 5(MesSi){ CsH-4-(IR 25, 5R-Menthyi)}{ CeHa-3,5-(CHMes)s} . To

using a gastight syringe. After 10 min, the reaction mixture was . .
guenched and the polymer treated as described above. This procedur solution of 1.5 g (3.6 m_mol) & in .5.0 mL of EtO was added 5 mL
8 mmol) of a 1.6 M solution ofi-BuLi in hexanes at room temperature

aﬁiscLeevee:?tee(zg,n??;z;?g ggogl}gegiavcghgcgﬁgsgéitnt productvities, over 5 m@n. The mixtu_re was s_tirred for 24 h, and the solvent was

Polymer Analyses.Solution{*H}**C NMR spectra were recorded removed in vacuo, leaving a white foam. Petroleum ethex &b mL)
at 75.4 MHz on a Bruker AM500 or AMX500 spectrometer. Samples was vacuum tran_sferred onto the reaction m|xture_ and remo_\{ed three
from the runs in toluene solution were prepared by mixing ca. 20 mg Umes: The resulting powder was then washed with an additional 30
of the polymer in 0.6 mL of benzeng:CeHaCls:(SiMes),0 (1:3:0.5), mL of petroleum ether and filtered, Q'V'”% AMe;Sif{ CsHa-4-
preheating at 80C for few hours, and measuring at that temperature. (1R,2$?R—menthyl}{CSH?-3,5-(CHMQ)2} in 85% yield (1.3 g, 3.0
A total of 800010 000 transients were accumulated for each spectrum mmol).*H NMR (THF-dg): ¢ 5.81, 5.78, 5.64, 5.62, 5.60 (s, 5H, Cp),
with a delay adjusted to have a recycling timedos (12 s for poly- ig ((m iﬂ’fHCLAEZ))'12'3775(5,;”’llHH’glv'\lle)z)’lzfé{fgél(:’i%:_z’
2-th-propylene). The samples for the experiments in neat propylene ) 113 (,d 33— 6 Uz 6H. CHM ) o 852(8 7. — 6 Hz. 3H Mze)
were prepared with ca-57 mg of polymer in 0.6 mL of solvent. About O 7'1 q 33' H_H 6H 3|’_| CW eé ’65. 42 ’ EHG H 3I—i C|_'M )
30 000 transients were acquired lwit s recycling time. The chemical 71 (A Jhn =5hz M, &), - (d,*Jwn = 6 Hz, 3H, ),

0.26 (s, 6H, SiMe), 0.25 (s, 6H, SIMEFC NMR (THFdg): 6 134.8,

shifts are referenced to residual benzelpg128 ppm) or (SiMg).0
(0 ppm). Decoupling was always on during acquisition, so NOE was 128.1, 127.7,122.1, 118.8, 110.5 (broad), 108.2, 107.2, 104.1 (broad),
101.9, 101.6, 100.5, 98.7, 94.2, 51.1, 50.8, 48.8, 43.5, 36.8, 34.7, 30.5,

(31) Yoder, J. C.; Day, M. W.; Bercaw, J. Brganometallics1998 17,
4946. B (33) Busico, V.; Cipullo, R.; Corradini, P.; Landriani, L.; Vacatello, M.;
(32) Frank, H. POster. Chem. Zeitl967 11, 360. Segre, A. L.Macromolecules995 28, 1887.
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30.2, 29.7, 27.8, 27.3, 26.1, 25.9, 25.6, 25.4, 25.3, 25.1, 24.9, 23.4,(d, 3Jun = 7 Hz, 3H, CHVey), 0.73 (d,3Jun = 7 Hz, 3H, CHVey),
22.3,22.2,19.2, 16.1, 14.2, 3.1 {8,). Elemental Anal. Calcd for 0.57,0.53, 0.50, 0.48 (s, 3H,\8&,). 13C NMR (CsDg): 0 3.0 (SiMe),
CogHaaSioLiz: C, 79.64; H, 10.42. Found: C, 77.32, 77.30; H, 11.50, 3.3 (SiMe), 15.6, 20.5, 20.6, 21.7, 22.7, 24.9, 27.9, 28.3, 28.2, 29.2,

11.44. 29.3, 33.3, 35.4, 41.3, 43.4, 50.6, 108.3, 108.5, 113.6, 114.8, 133.63,
(1,2-MeSi){ CsHs-4-(1R,2S,5R-Menthyl) }{ CsH,-3,5-(CHMe,)2} 138.5, 139.0, 163.8, 166.2. Elemental Anal. Calcd fedHz,Cl,SipZr:

(6). To a solution of 1.93 g (4.6 mmol) of kiMe,Si¥ CsHs-4- C, 57.59; H, 7.51. Found: C, 56.38, 56.19; H, 7.73, 7.6Q[(Li2-

(1R,2S,5R-menthyl}{ CsH,-3,5-(CHMe)2} in 50 mL of THF at—78 Me,Si){ 175-CsH2-4-(1R,2S 5R-menthyl} { 775-CsH-3,5-(CHMe)2} ] (7)

°C was vacuum transferred 1.0 g (1.1 mL, 5 mmol) of Si®le The can be obtained as a THF adduct in crystalline form by cooling3

resulting mixture was stirred at that temperature 4oh and then °C a concentrated ED/petroleum ether solution containing a few drops
warmed to room temperature over 4 h. After the solution was stirred of THF.

for an additional 20 h at room temperature, the volatiles were removed, .
and the product was extracted with 100 mL of petroleum ether. Removal Acknowledgment. This work has been supported by the U.S.
of the solvent gave a yellow oil, which was then Kugelrohr distiled DOE Office of Basic Energy Sciences (Grant No. DE-FGO03-
twice at 120°C/high vacuum. White solié was obtained in 83% yield =~ 85ER13431) and by Exxon Chemicals America. D.V. thanks
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mL of Et,O was added via cannula to the solution of[(li,2-Me>- . . . .
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