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An amine bis(phenolate) dibenzyl titanium complex having
a methoxy donor on a side arm leads, upon activation with
tris(pentafluorophenyl)borane, to unique living properties in
a-olefin polymerization: exceptionally high molecular
weight poly(1-hexene) is obtained in a living fashion at room
temperature, living polymerization of 1-hexene is obtained
above room temperature, and block copolymerization of
1-hexene and 1-octene at room temperature is described as
well.

The quest for new a-olefin polymerization catalysts has
involved many research groups for half a century. A recent
addition to the arsenal of polymerization possibilities is the
ability to produce polymers having narrow molecular weight
distributions, and living polymerization processes. The vast
majority of living processes are possible only below room
temperature,1 and the molecular weights of the polymers
obtained in living processes are usually not very high. These
systems are rarely utilized for block copolymerization of
different monomers,1c–e since complete consumption of the
monomer in a living fashion, followed by resumption of the
polymerization process upon addition of the second monomer is
difficult to achieve. Thus, all block copolymerization processes
of a-olefins known to date are conducted below room
temperature.

Recently, various Cp-free group IV metal complexes have
been introduced as polymerization catalysts.2 The most widely
studied ligands are of the diamido type,3 and one such system
was the first to lead to living polymerization of a-olefins at
room temperature.1a On the other hand, living polymerization
involving alkoxo-type ligands4 is quite rare.1b,c In this commu-
nication we introduce an amine bis(phenolate) titanium com-
plex which, upon activation with tris(pentafluorophenyl)bor-
ane, leads to a polymerization process having unique living
manifestations.

We recently introduced the amine bis(phenolate) group IV
metal complexes and their application in a-olefin polymeriza-
tion.5–9 We revealed a unique effect of an extra donor arm in a
titanium based catalyst on the complex reactivity and the
termination/propagation rate ratio:6 an [ONNO]-type complex
was found to lead to living polymerization of 1-hexene, whereas
an [ONO]-type complex led only to oligomerization of that
monomer.

In our search for modified living catalysts of this family, we
turned to a ligand having a side oxygen donor (Scheme 1).9 We
were interested in evaluating the effect of such a side donor,
expected to bind strongly to the metal, on the living nature of a
potential polymerization process. Furthermore, we wanted to
explore the limits of the living process, in terms of polymeriza-
tion time, molecular weight obtained, percentage of conversion
and reaction temperature.

1 reacted cleanly with 1 mol equiv. of titanium tetra(isopro-
poxide) yielding the bis(isopropoxide) complex quantitatively.

This complex was further reacted with 2 mol equiv. of
chlorotrimethylsilane followed by reaction of the product with
2 mol equiv. of benzyl magnesium chloride, yielding the
dibenzyl titanium complex 1a in an overall yield of 95%
(Scheme 1).

The 1H NMR data are consistent with the formation of a Cs-
symmetrical complex having two equivalent phenolate rings
bound to the metal in a trans configuration, and two different
benzyl groups bound in a cis configuration. The X-ray structure
of 1a (Fig. S1, ESI†) supported this notion, and indicated
binding of the methoxy group to the titanium atom.‡

Upon activation with B(C6F5)3, 1a was found to be reactive
in the polymerization of neat 1-hexene, exhibiting a reactivity of
20-35 g mmolcat

21 h21.§ The polymerization process induced
by 1a was found to be living for an exceptionally long time: as
long as 31 hours, as expressed in the linearity of the molecular
weight dependence on time (Fig. 1).1a,e

This system represents a rare example of living polymeriza-
tion of a-olefins at room temperature.1 Moreover, the long
period at which the system remains living gives rise to a
polymer having an exceptionally high molecular weight of Mw
= 445 000 with a PDI of 1.12.

As this catalyst led to such a well-behaved polymerization at
room temperature, it was interesting to find the temperature at
which it lost its living nature. Increasing the reaction tem-
perature to 40 °C in chlorobenzene resulted in a living process.
The polymer obtained after 1 hour had a molecular weight of
Mw = 16 000 with a PDI value of 1.14. Thus, this system gives
rise to a rare living polymerization of a-olefins above room
temperature. At 55 °C the PDI obtained was found to be 1.25
(Mw = 18 000 after one hour), and further broadening of the
PDI to 1.30 (Mw = 22 000 after one hour) was obtained upon
a temperature increase to 65 °C.

The most important application of living polymerization is in
block copolymerization.10 16 mmol of 1a were dissolved in 2.50
g of chlorobenzene, and 110 mol equiv. of 1-hexene were
added. Activation with approximately 1 mol equiv. of B(C6F5)3
dissolved in 2.50 g of chlorobenzene resulted in a living process
characterized by a narrow PDI of 1.2. After 3.5 hours, complete
consumption of the monomer was observed, and a polymer
having a molecular weight of Mn = 9000 was obtained,
supporting the polymerization of the 1-hexene employed in a
living fashion (expected Mw = 9400). To further ascertain the
complete consumption of the first monomer, the second
monomer (1-octene) was added only after a 1.5 hours delay
period (Fig. 2), resulting in resumption of the polymerization
process. Stopping the polymerization after an additional 3 hours

† Electronic supplementary information (ESI) available: Fig. S1: molecular
structure of 1a. Preparation and characterization data for 1a. Crystallo-
graphic data for 1a. See http://www.rsc.org/suppdata/cc/b1/b105492a/ Scheme 1
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yielded poly(1-hexene-block-1-octene) having Mn = 11 600
and PDI of 1.2. A 13C NMR spectrum of the resulting polymer
supported its assignment as an atactic copolymer of 1-hexene
and 1-octene. This is a rare example of block copolymerization
of a-olefins conducted at room temperature.

In summary, we present a catalytic system for polymerization
of a-olefins that exhibits several unique living properties. When
conducted at room temperature, the polymerization of neat
1-hexene is practically ‘immortal’. Even when the reaction is
allowed to stand for days, the only cause of loss of ‘life’ is the
increased viscosity of the polymerization mixture. Thus, very
high molecular weights may be obtained with extremely narrow
PDI values. A solution of the monomer in chlorobenzene
(diluted to enable its complete consumption) was employed for
block copolymerization of a-olefins to give a di-block of
homopolymers, at room temperature. We are currently studying

related systems and the polymerization mechanism by which
they operate.

This research was supported by the Israel Ministry of
Science, Culture and Sports, and was also supported in part by
the Israel Science Foundation founded by the Israel Academy of
Sciences and Humanities. We thank Sima Alfi (BIU) for
technical assistance.

Notes and references
‡ CCDC reference number 166843. See http://www.rsc.org/suppdata/cc/b1/
b105492a/ for crystallographic data in CIF or other electronic format.
§ In a typical polymerization of neat 1-hexene, 14 mg of 1a (19 mmol) were
added to 10.0 mL of neat 1-hexene and activated with 1 equiv. of B(C6F5)3

at room temperature. The reaction was followed by taking 0.50 mL aliquots,
weighing out the non-volatile residue, and analyzing it by GPC relative to
polystyrene standards. This analysis indicated a linear consumption of the
monomer and linear rise in molecular weight. A sample taken after 150 min
showed a reactivity of 23.5 g mmolcat

21 h21, consistent with a TOF of 280
h21, giving an expected molecular weight of 58 800. The GPC analysis
gave Mw = 55 600, Mn = 50 200, and PDI = 1.11. In a typical
polymerization of dilute 1-hexene, 31 mg of 1a (42 mmol) and 27 mg of
B(C6F5)3 were added to 502 mg of 1-hexene in 5.00 g of chlorobenzene at
room temperature. A sample taken after 160 min indicated that all the
monomer had been consumed. The expected molecular weight is 12 000.
The GPC analysis gave Mw = 11700, Mn = 10 200 and PDI = 1.15.
Occasionally, the weight of the obtained polymer was found to be lower
than expected, probably due to incomplete catalyst activation, however, the
TOFs were consistent with the values specified above.

1 For living polymerization at room temperature, see: (a) J. D. Scollard
and D. H. McConville, J. Am. Chem. Soc., 1996, 118, 10008; (b) E. Y.
Tshuva, I. Goldberg and M. Kol, J. Am. Chem. Soc., 2000, 122, 10706;
(c) J. Tian, P. D. Hustad and G. W. Coates, J. Am. Chem. Soc., 2001,
123, 5134. For living polymerization below room temperature, see: (d)
K. C. Jayaratne, R. J. Keaton, D. A. Henningsen and L. R. Sita, J. Am.
Chem. Soc., 2000, 122, 10490; (e) C. M. Killan, D. J. Tempel, L. K.
Johnson and M. Brookhart, J. Am. Chem. Soc., 1996, 118, 11664; (f)
K. C. Jayaratne and L. R. Sita, J. Am. Chem. Soc., 2000, 122, 958; (g)
R. Baumann, W. M. Davis and R. R. Schrock, J. Am. Chem. Soc., 1997,
119, 3830; (h) Y.-M. Jeon, S. J. Park, J. Heo and K. Kim,
Organometallics, 1998, 17, 3161; (i) Y. Doi, S. Suzuki and K. Soga,
Macromolecules, 1986, 19, 2896; (j) H. Hagihara, T. Shiono and T.
Ikeda, Macromolecules, 1998, 31, 3184; (k) K. Mashima, S. Fujikawa
and A. Nakamura, J. Am. Chem. Soc., 1993, 115, 10990; (l) Y. Doi, S.
Ueki and T. Keii, Macromolecules, 1979, 12, 814; (m) Y. Fukui, M.
Murata and K. Soga, Macromol. Rapid. Commun., 1999, 20, 637.

2 G. J. P. Britovsek, V. C. Gibson and D. F. Wass, Angew. Chem., Int. Ed.,
1999, 38, 428.

3 For recent reviews of amido ligands, see: (a) L. H. Gade, Chem.
Commun., 2000, 173; (b) R. Kempe, Angew. Chem., Int. Ed., 2000, 39,
468.

4 (a) A. van der Linden, C. J. Schaverien, N. Neijboom, C. Ganter and A.
G. Orpen, J. Am. Chem. Soc., 1995, 117, 3008; (b) E. B. Tjaden, D. C.
Swenson, R. F. Jordan and J. L. Petersen, Organometallics, 1995, 14,
371; (c) L. Matilainen, M. Klinga and M. Leskala, J. Chem. Soc., Dalton
Trans., 1996, 219; (d) P. Shao, R. L. A. Gendron, D. J. Berg and G. W.
Bushnell, Organometallics, 2000, 19, 509; (e) S. Fokken, T. P. Spaniol,
J. Okuda, F. G. Sernetz and R. Mulhaupt, Organometallics, 1997, 16,
4240; (f) X. Bei, D. C. Swenson and R. F. Jordan, Organometallics,
1997, 16, 3282; (g) M. G. Thorn, Z. C. Etheridge, P. E. Fanwick and I. P.
Rothwell, Organometallics, 1998, 17, 3636.

5 E. Y. Tshuva, M. Versano, I. Goldberg, M. Kol, H. Weitman and Z.
Goldschmidt, Inorg. Chem. Commun., 1999, 2, 371.

6 E. Y. Tshuva, I. Goldberg, M. Kol and Z. Goldschmidt, Inorg. Chem.
Commun., 2000, 3, 610.

7 E. Y. Tshuva, I. Goldberg, M. Kol, H. Weitman and Z. Goldschmidt,
Chem. Commun., 2000, 379.

8 E. Y. Tshuva, I. Goldberg, M. Kol and Z. Goldschmidt, Organome-
tallics, 2001, 20, 3017.

9 E. Y. Tshuva, I. Goldberg, M. Kol and Z. Goldschmidt, submitted.
10 M. Hillmyer, Curr. Opin. Solid State Mater. Sci., 1999, 4, 559.
11 (a) SIR-92: A. Altomare, M. C. Burla, M. Camalli, M. Cascarano, C.

Giacovazzo, A. Guagliardi and G. Polidori, J. Appl. Crystallogr., 1994,
27, 435; (b) P. T. Beurskens, G. Beurskens, W. P. Bosman, R. de Gelder,
S. Garcia-Granda, R. O. Gould, R. Israel and J. M. M. Smits, DIRDIF-
96, Crystallographic Laboratory, University of Nijmegen, The Nether-
lands, 1996.

12 G. M. Sheldrick, SHELXL-97, Program for the refinement of crystal
structures from diffraction data, University of Göttingen, Germany,
1997.

Fig. 1 Dependence of the number average molecular weight (Mn) on time
(hours) using 20 mg of 1a and 1.1 mol equiv. of B(C6F5)3 in 30 mL of neat
1-hexene at RT and PDI values. (a) 31 hours of reaction, (b) first 7 hours of
reaction.

Fig. 2 Dependence of the number average molecular weight (Mn) on time
(hours) in the block copolymerization of 1-hexene and 1-octene using 1a.
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