
A New Catalyst for Highly Syndiospecific Living
Olefin Polymerization: Homopolymers and Block
Copolymers from Ethylene and Propylene

Jun Tian, Phillip D. Hustad, and Geoffrey W. Coates*

Department of Chemistry and Chemical Biology
Baker Laboratory, Cornell UniVersity

Ithaca, New York 14853

ReceiVed February 23, 2001
ReVised Manuscript ReceiVed April 8, 2001

The development of ansa-metallocenes and their application
in stereoselective olefin polymerization has stimulated a renais-
sance in insertion polymerization catalysis.1-4 Despite prosperity
in this field, control of molecular weight in these systems has
been met with limited success as most metallocene catalysts are
plagued by chain termination and transfer reactions that prohibit
the synthesis of block copolymers by sequential monomer
addition.5 However, several ground-breaking reports have ap-
peared in the recent literature concerning living olefin polymer-
ization.6-12 The importance of these living olefin polymerization
catalysts is largely proportional to their ability to form block
copolymers with high glass or melting transition blocks from
common commercial monomers such as ethylene and propylene,
as these materials have applications as compatibilizers and

elastomers.13,14 Although individual living catalyst systems have
been reported which achieve some of these goals, the synthesis
of block copolymers from ethylene and propylene with crystalline
segments remains a challenge.

In an effort to identify new stereoselective catalysts for olefin
polymerization, we recently reported a methodology for the rapid
screening of polymerization catalyst libraries.15 This strategy led
to the discovery of bis(salicylaldiminato)titanium16 complex1,
which formed highly syndiotactic polypropylene when activated

by methylaluminoxane (MAO). Microstructural analysis using13C
NMR revealed that the polymerization apparently proceeded by
a chain-end control mechanism with a 94% probability of an
r-dyad placement in the polymer chain. Prior to this communica-
tion, this was the highest reported degree of chain-end control in
a propylene polymerization. However, the polymerization pro-
ceeded without control of molecular weight, producing low
molecular weight polymer (Mn ) 9910, Mw/Mn ) 2.14). With
this lead, we decided to investigate the effects of varying
salicylaldimine ligand electronics on these titanium complexes
and their polymerization behavior with propylene. Herein, we
report the discovery of a new bis(salicylaldiminato)titanium
complex that is active for the highly syndiospecific and living
polymerization of propylene, as well as the synthesis of ethylene-
propylene block copolymers.

With the rationale that a more electron-withdrawing ligand
would generate a more electrophilic titanium center and enhance
catalytic activity, we decided to target ligands derived from
electron-deficient anilines. To this end, we synthesized a pen-
tafluorophenyl version of the parent titanium complex (2). X-ray
crystallographic analysis of2 revealed aC2-symmetric species
with a distorted octahedral geometry about the titanium center,
analogous to1. 1H and 13C NMR spectroscopy confirmed that
the C2-symmetry was retained in solution.

Upon treatment with MAO, complex2 was found to be active
for the polymerization of propylene. At 0°C in toluene, this
activated species proved to be an exceptional catalyst for the
polymerization of propylene relative to1 with regard to both
activity and stereoselectivity. As anticipated, the more electron-
deficient titanium center of2 was approximately an order of
magnitude more active than1 (Table 1). Again, microstructural
analysis by13C NMR revealed that a chain-end control mechanism
apparently operates, producing highly syndiotactic polypropylene
with an r-dyad content of 99% ([rrrr ] ) 0.96). The crystalline
polymer exhibits a peak melting temperature of 148°C, which is

(1) Brintzinger, H. H.; Fischer, D.; Mu¨lhaupt, R.; Rieger, B.; Waymouth,
R. M. Angew. Chem., Int. Ed. Engl.1995, 34, 1143-1170.

(2) Ewen, J. A.J. Am. Chem. Soc.1984, 106, 6355-6364.
(3) Kaminsky, W.; Külper, K.; Brintzinger, H. H.; Wild, F. R. W. P.Angew.

Chem., Int. Ed. Engl.1985, 24, 507-508.
(4) Coates, G. W.Chem. ReV. 2000, 100, 1223-1252.
(5) Resconi, L.; Cavallo, L.; Fait, A.; Piemontesi, F.Chem. ReV. 2000,

100, 1253-1345.
(6) For examples of catalysts for the synthesis of narrow molecular weight,

linear polyethylenes, see: (a) Yasuda, H.; Furo, M.; Yamamoto, H.; Nakamura,
A.; Miyake, S.; Kibino, N. Macromolecules1992, 25, 5115-5116. (b)
Mashima, K.; Fujikawa, S.; Tanaka, Y.; Urata, H.; Oshiki, T.; Tanaka, E.;
Nakamura, A.Organometallics1995, 14, 2633-2640. (c) Brookhart, M.;
DeSimone, J. M.; Grant, B. E.; Tanner, M. J.Macromolecules1995, 28, 5378-
5380.

(7) For the utilization of metallocene catalysts at low temperature to produce
narrow molecular weight polypropylenes, see: (a) Fukui, Y.; Murata, M.;
Soga, K.Macromol. Rapid Commun.1999, 20, 637-640. (b) Hagihara, H.;
Shiono, T.; Ikeda, T.Macromolecules1998, 31, 3184-3188. (c) Turner, H.
W.; Hlatky, G. G. Exxon, PCT International Application 9112285, 1991
(Chem. Abstr.1992, 116, 61330t).

(8) For the living synthesis of syndio-enriched polypropylene and block
copolymers using vanadium-based catalysts, see: (a) Doi, Y.; Keii, T.AdV.
Polym. Sci.1986, 73-4, 201-248. (b) Doi, Y.; Tokuhiro, N.; Soga, K.
Makromol. Chem., Macromol. Chem. Phys.1989, 190, 643-651 and
references therein.

(9) For the synthesis of branched polymers from ethylene, propylene, and
higher olefins with high molecular weights and very narrow molecular weight
distributions using late-transition metal catalysts, see: (a) Johnson, L. K.;
Killian, C. M.; Brookhart, M.J. Am. Chem. Soc.1995, 117, 6414-6415. (b)
Killian, C. M.; Tempel, D. J.; Johnson, L. K.; Brookhart, M.J. Am. Chem.
Soc.1996, 118, 11664-11665. (c) Gottfried, A. C.; Brookhart, M.Macro-
molecules2001, 34, 1140-1142.

(10) For the living synthesis of atactic polymers from 1-hexene and higher
R-olefins using diamido group IV complexes, see: (a) Scollard, J. D.;
McConville, D. H.J. Am. Chem. Soc.1996, 118, 10008-10009. (b) Baumann,
R.; Davis, W. M.; Schrock, R. R.J. Am. Chem. Soc.1997, 119, 3830-3831.
(c) Scollard, J. D.; McConville, D. H.; Vittal, J. J.; Payne, N. C.J. Mol. Catal.
A-Chem.1998, 128, 201-214. (d) Liang, L. C.; Schrock, R. R.; Davis, W.
M.; McConville, D. H. J. Am. Chem. Soc.1999, 121, 5797-5798.

(11) For the living, highly isospecific polymerization of 1-hexene, and the
block copolymerization with 1,5-hexadiene, see: (a) Jayaratne, K. C.; Sita,
L. R. J. Am. Chem. Soc.2000, 122, 958-959. (b) Jayaratne, K. C.; Keaton,
R. J.; Henningsen, D. A.; Sita, L. R.J. Am. Chem. Soc.2000, 122, 10490-
10491.

(12) For the isospecific polymerization of 1-hexene using a chiral,ansa-
bis(salicylaldiminato)zirconium complex that is structurally related to1 and
2, see: Tshuva, E. Y.; Goldberg, I.; Kol, M.J. Am. Chem. Soc.2000, 122,
10706-10707. For the living, aspecific polymerization of 1-hexene, see:
Tshuva, E. Y.; Goldberg, I.; Kol, M.; Goldschmidt, Z.Inorg. Chem. Commun.
2000, 3, 611-614.

(13) Bates, F. S.Science1991, 251, 898-905.
(14) Holden, G. InEncyclopedia of Polymer Science; Kroschwitz, J. I.,

Ed.; John Wiley and Sons: New York, 1987; Vol. 5, pp 416-430.
(15) Tian, J.; Coates, G. W.Angew. Chem., Int. Ed.2000, 39, 3626-3629.
(16) For some recent examples of group (IV) bis(salicylaldiminato)

complexes, see: (a) Matsui, S.; Tohi, Y.; Mitani, M.; Saito, J.; Makio, H.;
Tanaka, H.; Nitabaru, M.; Nakano, T.; Fujita, T.Chem. Lett.1999, 1065-
1066. (b) Matsui, S.; Mitani, M.; Saito, J.; Tohi, Y.; Makio, H.; Tanaka, H.;
Fujita, T.Chem. Lett.1999, 1263-1263. (c) Matsui, S.; Mitani, M.; Saito, J.;
Matsukawa, N.; Tanaka, H.; Nakano, T.; Fujita, T.Chem. Lett.2000, 554-
555. (d) Woodman, P. R.; Munslow, I. J.; Hitchcock, P. B.; Scott, P.J. Chem.
Soc., Dalton Trans.1999, 22, 4069-4076.

5134 J. Am. Chem. Soc.2001,123,5134-5135

10.1021/ja0157189 CCC: $20.00 © 2001 American Chemical Society
Published on Web 05/04/2001



among the highest reported for syndiotactic polypropylene.17,18

To our surprise, the polymer also exhibited a narrow molecular
weight distribution (Mw/Mn ∼ 1.1) and a lack of olefinic endgroups
in both the1H and13C NMR spectra, indicating the living nature
of the polymerization. Not only was this process devoid of chain
termination throughâ-hydride andâ-methyl elimination, but it
also proceeded without chain transfer to the aluminum cocatalyst.
The living nature of the polymerization was demonstrated by a
plot of the number-average molecular weight,Mn, of the polypro-
pylene produced versus the mass of polymer collected, which
provided a linear relationship to molecular weights approaching
50 000 g/mol (Figure 1, Table 1). At longer reaction times the
polymer molecular weight continues to grow, and although there
is a slight deviation from the initial linear relationship ofMn and
yield, the molecular weight distribution remains narrow (Mw/Mn

e 1.11) to Mn ) 100 000 g/mol. Furthermore, the molecular
weight of the polymer was close to that calculated from the
monomer/initiator ratio obtained from the mass of the polymer
produced, indicating that each molecule of catalyst makes one
polymer chain during the course of the polymerization. Remark-
ably, polymers withMn > 300 000 g/mol can be synthesized with
fairly narrow molecular weight distributions (Mw/Mn ) 1.34).
Notably, the reactions are also living at room temperature (Table
1).

Although the synthesis of monodisperse stereoregularR-olefin
homopolymers is attractive, the real value of a living polymer-
ization catalyst lies in its ability to synthesize block copolymers.
To further demonstrate the utility of this living catalyst system,

we decided to synthesize block copolymers from propylene and
ethylene. When catalyst2 was added to a solution of MAO and
propylene (6.4 M) in toluene at 0°C, syndiotactic polypropylene
was formed after 2 h (Mn ) 38 400, Mw/Mn ) 1.11). Then,
addition of a slight overpressure of ethylene to the reactor for 1
h rapidly produced a higher molecular weight polymer (Mn )
145 100,Mw/Mn ) 1.12), resulting in the first synthesis of a
syndio-poly(propylene)-block-poly(ethylene-co-propylene) diblock
copolymer. TheTm of this polymer is 131°C, while theTg of the
ethylene-propylene block (33 mol % ethylene) is-45 °C. This
unique and powerful strategy for block polymer formation is
currently being applied to the synthesis of ethylene and propylene
copolymers with new architectures.

In summary, we report the first example of a catalyst system
for the highly syndiospecific and living polymerization of
propylene. Unlike previously reported systems that require the
use of boron-based activators to carry out the living polymeri-
zation of higherR-olefins,2 performs the living polymerization
of propylene when activated by impurity-scavenging MAO under
mild reaction conditions. The catalyst proceeds without ap-
preciable chain termination or transfer to produce high molecular
weight polymers, even after reaction times on the order of days.
The living nature of the catalyst allows the synthesis of block
copolymers previously unavailable from Ziegler-Natta catalysts.
This represents the first example of the synthesis of monodisperse
ethylene and propylene block copolymers with stereoregular,
crystalline domains. Additional new materials, as well as work
describing the mechanistic details of1 and 2, will be reported
shortly.
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Table 1. Polymerization of Propylene (P) and Ethylene (E) Using1 and2a

complex reaction time (h) Trxn (°C) monomer polymer yield (g) activityb Mn
c Mw/Mn

c

1 24 0 P 4.20 1.75 9 910 2.14
2 0.25 0 P 0.49 19.6 11 100 1.09
2 0.50 0 P 0.97 19.4 24 500 1.08
2 1.5 0 P 1.79 11.9 44 700 1.11
2 3.1 0 P 3.84 12.4 75 800 1.08
2 5.2 0 P 5.34 10.3 95 900 1.11
2 66d 0 P 14.2 2.15 307 700 1.34
2 24 20 P 7.43 3.09 102 500e 1.13e

2 2.0/1.0f 0 P/E 11.2 NA 38 400/145 100g 1.11/1.12g

a General conditions:1 or 2 (0.1 mmol) in toluene (6 mL) added to a propylene saturated (40 psi) MAO solution (150 mL toluene; [Al]/[Ti])
150). b kg PP/(mol Ti‚h). c Determined by GPC in 1,2,4-trichlorobenzene at 140°C versus polystyrene standards.d 0.04 mmol Ti and 6 mmol
MAO in 150 mL of toluene.e GPC versus PP standards.f After reaction with propylene (40 psi) for 2 h, ethylene (40 psi) was added for 1 h.g Data
for the initial polypropylene block and the final poly(propylene)-block-poly(ethylene-co-propylene) diblock polymer.

Figure 1. Plot of syn-PP Mn (b) and polydispersity index (O) as a
function of yield using2/MAO at 0 °C, determined using GPC.
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