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Stereospecific Living Ziegler—Natta Polymerization Table 1. Hexene Polymerization Déta

of 1-Hexene

[Hex] temp time

ent catalyst (M °C min) activit M Mw/M

Kumudini C. Jayaratne and Lawrence R. Sita* Y Y M () (min) Y . -
) ) ) 1 32 0 30 9 11032 1.10
Department of Chemistry and Biochemistry 2 2 32 25 15 110 32572 150
University of Maryland, College Park, Maryland 20742 3 2 2 0 15 76 43544 1.23
Receied October 26, 1999 4 2 2 -10 15 64 49251 1.03
5 2 2 -10 30 nd 69544 1.10

Although major advances have been made during the past
decade, the prize of developing highly active homogeneous
catalysts that can effect tHeving and stereospecifiZiegler— volume, 10 mL.? gyoy-mmoka-h~2. ¢ Determined by GPC analysis at
Natta polymerization oft-olefins remains unclaime® Herein, 35°C using polystyrene standards and THF as the eldditotherm
we make a bid for this challenge by presenting a class of dimethyl- observed for polymerization initiated at this temperature.
monocyclopentadienylzirconium acetamidinates, Cp*ZfMe
[NRC(Me)NR?] (Cp* = n>-pentamethylcyclopentadienyl), that
function as catalyst precursors for the living Ziegi®tatta
polymerization of-olefins upon activation by a borate cocatalyst.
By manipulating the steric bulk of the twdl-acetamidinate

aPrepared from equimolar (2bmol) amounts of the zirconium
complex and [PhNMgH][B(CeFs)4] in chlorobenzene; total reaction

R?, respectively), into a titaniummethyl bond of 45-CsRs) TiMe3
(R=H and Me) cleanly provides dimethylmonocyclopentadienyl
titanium acetamidinates that are chiral at the metal center for
R! = R27 By employing Cp*ZrMe® as the starting material, this
substituents, Rand R, and most importantly, by going fro@s procedure was extended here for the synthesis of several deriva-
to C; symmetry as exemplified by compoundsand 2, the tives of Cp*ZrMe[NR1C(Me)NR] represented by compounds
stereospecific living polymerization of 1-hexene has been achieved1, 2, 3 (R! = t-Bu, R = cyclohexyl), and4 (R! = t-Bu, R =

to provide highly isotactic, high molecular weight materials 2 6-diisopropylphenylj.Variable-temperaturéH NMR studies
possessing low polydispersities. With all the possibilities for of the racemic complexezand3, which possess diastereotopic
materials engineering that living polymerization processes pro- methyl groups bonded to zirconium, established that much lower
videf this new class of ZieglerNatta catalyst precursor should  barriers to racemization are present in these complexes relative
make available, for the first time, a large number of new to their titanium analogu€$:X°Further, crystallographic analysis
stereoregular polyolefins possessing desirable physical propertiesof 2 revealed that it is monomeric in the solid state with no

B —o
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We have previously shown that insertion of symmetric and
unsymmetric carbodiimides,'R=C=NR? (R' = R? and R =

(1) For recent reviews regarding the development of homogeneous Ziegler
Natta polymerization catalysts, including the stereospecific polymerization of
propene, see: (a) Brintzinger, H. H.; Fischer, D.; Mulhaupt, R.; Rieger, B.;
Waymouth, R. M.Angew. Chem., Int. Ed. Engl995 34, 1143-1170. (b)
Britovsek, G. J. P.; Gibson, V. C.; Wass, D.Ahgew. Chem., Int. Ed. Engl
1999 38, 428-447.

(2) For recent stereospecific ZiegteRatta polymerizations of-olefins

other than propene see: (a) Asanuma, T.; Nishimori, Y.; Ito, M.; Uchikawa,
N.; Shiomura, TPolym. Bull.1991, 25, 567-570. (b) Coughlin, E. B.; Bercaw,
J. E.J. Am. Chem. S0d992 114, 7606-7607. (c) Kesti, M. R.; Coates, G.
W.; Waymouth, R. MJ. Am. Chem. S0d.992 114, 9679-9680. (d) Babu,
G. N.; Newmark, R. A.; Chien, J. C. WMacromolecules 994 27, 3383—
3388. (e) van der Linden, A.; Schaverien, C. J.; Meijboom, N.; Ganter, C.;
Orpen, A. G.J. Am. Chem. S0od.995 117, 3008-3021. (f) Yamaguchi, Y.;
Suzuki, N.; Fries, A.; Mise, T.; Koshino, H.; Ikegami, Y.; Ohmori, H.;
Matsumoto, A.J. Polym. Sci. A: Polym. Cheni999 37, 283-292. (g)
Stehling, U. M.; Stein, K. M.; Fischer, D.; Waymouth, R. Macromolecules
1999 32, 14-20.

(3) For the living Zieglet-Natta polymerization ofi-olefins, see: (a) Doi,
Y.; Suzuki, S.; Soga, KMacromoleculed986 19, 2896-2900. (b) Scollard,
J. D.; McConville, D. H.J. Am. Chem. Sod.996 118 10008-10009. (c)
Baumann, R.; Davis, W. M.; Schrock, R. R. Am. Chem. So0d.997 119,
3830-3831. (d) Killian, C. M.; Tempel, D. J.; Johnson, L. K.; Brookhart, M.
J. Am. Chem. S0d.996 118 11664-11665. (e) Hagihara, H.; Shiono, T.;
lkeda, T.Macromolecules998 31, 3184-3188.

(4) We define a stereospecific polymerization as one that can provide a
particular polymer microstructure with95% selectivity at the pentad level
of analysis.

(5) The stereospecific living polymerization of a functionalize@lefin,

unusual bond lengths or coordination geometry being pré8ent.
Prior studies with compounds closely related te4 have
provided only disappointing results with respect to the Ziegler
Natta polymerization of either ethene or propéhEAs Table 1
shows, however, upon activation with the borate, [Phii¥je
[B(CeFs)4],*2 compoundl surprisingly proved to be capable of
functioning as a competent catalyst precursor for the polymeri-
zation of 1-hexene at 0C in chlorobenzene. Importantly, the
narrow polydispersity (monomoda¥,,/M, = 1.10), and the lack
of olefinic resonances in both tHél and '3C NMR spectra of
the poly(1-hexene) formed strongly suggested a living character
for this polymerization process that is devoid of termination via
B-hydride elimination. Unfortunately, théC NMR spectrum of
this material also clearly pointed to a lack of stereocontrol of
polymer microstructure with this particular system (Figure2a).
Given the promising results with, and the known ability to
produce highly isotactic polypropylene from chi@l symmetric
ansabridged metallocenés, it was of interest to determine if
the racemic compound&;-4, could serve in a similar capacity.
In this regard, while compoundsand4 exhibited dramatically
reduced activity, with only oligomers being produced under

(7) (a) Sita, L. R.; Babcock, J. Rrganometallics1998 17, 5228-5230.

(b) Koterwas, L. A.; Fettinger, J. C.; Sita, L. Rrganometallics1999 18,
4183-4190. (c) Babcock, J. R.; Incarvito, C.; Rheingold, A. L.; Fettinger, J.
C.; Sita, L. R.Organometallics1999 18, 5729-5732.

(8) Wolczanski, P. T.; Bercaw, J. Birganometallics1982 1, 793-799.

(9) Details provided in the Supporting Information.

(10) Full spectroscopic characterizationslef4, including crystallographic
analyses, will be presented elsewhere.

(11) (a) Buijink, J. K.; Noltemeyer, M.; Edelmann, F. Z. Naturforsch
1991 46B, 1328-1332. (b) Chernega, A. N.; Gomez, R.; Green, M. LJH.
Chem. Soc., Chem. Commur®93 1415-1417. (c) Gomez, R.; Green, M.
L. H.; Haggitt, J. L.J. Chem. Soc., Chem. Comm994 2607-2608. (d)
Gomez, R.; Duchateau, R.; Chernega, A. N.; Teuben, J. H.; Edelmann, F. T;

i.e., methyl methacrylate, has been achieved using lanthanide-based catalyst&reen, M. L. H.J. Organomet. Chenl995 491, 153-158.

that effect polymerization through an enolate mechanism that is distinctly
different than the ZieglerNatta process, see: (a) Yasuda, H.; Yamamoto,
H.; Yokota, K.; Miyake, S.; Nakamura, Al. Am. Chem. Sod992 114,
4908-4910. (b) Giardello, M. A.; Yamamoto, Y.; Brard, L.; Marks, TJJ
Am. Chem. Sod995 117, 3276-3277.

(6) (a) Kennedy, J. Makro Chem. Macro Syri992 60, 1-9. (b) Gibson,
V. C. Adv. Mater. 1994 6, 37—42. (c) Pugh, C.; Kiste, A. LProg. Polym.
Sci. 1997, 22, 601-691.
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(12) Hlatky, G. G.; Turner, H. W.; Eckman, R. R.Am. Chem. S04989
111, 2728-2729.

(13) For 13C NMR spectral analyses of poly(1-hexene) microstructure,
see: (a) Reference 2d. (b) Asakura, T.; Demura, M.; Nishiyama, Y.
Macromoleculed 991, 24, 2334-2340.

(14) (a) Ewen, J. AJ. Mol. Catal. A: Chem1998 128 103-109 and
references therein. (b) Giardello, M. A.; Eisen, M. S.; Stern, C. L.; Marks, T.
J.J. Am. Chem. S0d.995 117, 12114-12129.
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Figure 2. Plot of M, versus percent conversion of 1-hexene (initial
conditions: 1.97 M in 1-hexene; 50mol each of2 and [PhNMeH]-
[B(CsFs)4] in chlorobenzene;-10 °C; total reaction volume, 10 mLMw/

M, = 1.03-1.09 for each data point). The dashed line is a linear curve
fit of the data. The inset shows a plot of the percent conversion of
1-hexene vs time where the dashed line is a guide for the eye.

. L J J total reaction volume,10 mL] that the polymer formdd,(=
- 20732, My/M, = 1.03) after complete consumption of the
- - - = p” e o monomer{= 60 min) was still living by the formation of a higher
molecular weight polymerM, = 35372,My/M, = 1.13) upon
Figure 1. (a) *C NMR (100 MHz, CDC}, 25 °C) spectrum for poly- introduction of another 180 equiv of 1-hexene and carrying out
(1-hexene) produced frodl[B(CeFs)a] at 0 °C in chlorobenzeneM, = the polymerization for an additional 40 min.
11032;Mw/Mp = 1.10). (b)**C NMR (100 MHz, CDC4, 25°C) spectrum Although the ability to produce highly isotactic poly(1-hexene)
(040.19, 34.57, 32.33, 28.69, 23.22, 14.19) for poly(1-hexene) produced yith 2 may appear somewhat surprising in light of the low barrier
from 2/[B(CeFs)4] at —10°C in chlorobenzeneM, = 49251;Mw/My, = to racemization that is present in this compound, it is reasonable

1.05). The small resonance marked by the asterisk is tentatively assigne

{0 the mmmr pentadAd(from mmmm)= —0.21 pprd. 4o assume that this barrier is higher in the catalytically active

cationic complex where propagation must proceed much faster
] ) o ] _than amidinate ring-flipping. Indeed, we attribute the latter
identical conditions as a possible result of too much steric racemization process as being responsible for the small degree
hindrance imposed by these particular acetamidinate substituentsgs stereoerror observed for the C3 resonance in‘#eNMR

2 proved to be an exceptional catalyst precursor for the polym- spectrum of Figure 1b, marked with the asterisk and tentatively
erization of 1-hexene with respect to providing both a higher assigned to the mmmr resonariéehat potentially gives rise to
activity and a higher molecular weight for the poly(1-hexene) an jsotactic stereoblock microstructure similar to that observed
formed when the process was begun at room temperature (segyy Ewerié for polypropylene. The isospecificity of tr24B(CqFs)]
Table 1, entry 2). Inspection of tHéC NMR spectrum for this  system further suggests that site-isomerization after olefin insertion
material now also revealed it to be highly isotactic (Mmmm myst occur much more rapidly than olefin complexation and
>95%)?>**Indeed, the only indication that these conditions were nrgpagatiort* Whether a similar rapid site-isomerization process
potentially nonideal for both the stereospecific and living s responsible for the nonstereospecificity of thgB(CeFs)s]
polymerization of 1-hexene was provided by the broader poly- system awaits further investigation.

dispersity indexN./Mp) of 1.50 that was obtained for this poly- In conclusion, we present the first catalyst system for the
(1-hexene). Fortunately, though, performing the polymerizations stereospecific living ZieglerNatta polymerization of an-olefin.

with 2 at lower temperatures had the beneficial impact of both Gijyen the rich variation that is possible with both the cyclopen-
increasing the molecular weights and decreasing the polydisper-tagienyl and amidinate ligands in Cp*ZrMBRIC(Me)NRY],
sities of the poly(1-hexene)s produced while maintaining relatively together with a facile single-step synthesis for this precatalyst
high activities (entries 3 and 4). Most significantly, the high that does not require the separation of sterecisomers, it should
molecular weight poly(1-hexene) obtained-et0°C now hada  pe possible to further improve upon these preliminary reslts.
polydispersity of only 1.03, thereby indicating that this polym-

erization was most likely living and, as th& NMR spectrum Supporting Information Available: Details of catalyst and polymer
shown in Figure 1b reveals, stereospecific for the formation of synthesis and characterization (PDF). This material is available free of
isotactic material (mmmn>95%)213 Additional proof for the charge via the Internet at http://pubs.acs.org.

living character of the polymerization of 1-hexene conducted

under these last conditions was provided by a plot of the number- 3JA993808W

average molecular weighi,, of the poly(1-hexene) produced

vS he extent of monomer consumed which yielded a lnear (911273, A A Chem Soagea 108 B35S ¢36r
correlation as shown in Figure’2Finally, it was shown by one production ofiso-poly(1-hexenelockiso-poly(vinylcyclohexane) diblock
polymerization experiment [initial conditions: 180 equiv of copolymers. (b) In December 1999, it was reported that(et)IncbZrMe,/

_ . ; 10 °C- B(CsFs)s could be used to carry out the isospecific living polymerization of
1-hexene; SQumol of 2/[B(Cefs)q] in chlorobenzene;-10 °C; 1-hexene at-78 °C [M, = 5400; M,/M, = 1.29; activity= 0.05; yield=

0.4% (14 h)], see: Fukui, Y.; Murata, M.; Soga, Macromol. Rapid Commun.
(15) Matyjaszewski, KJ. Phys. Org. Chenil995 8, 197—-207. 1999 20, 637-640.




