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Abstract

) Ž . Ž .Polymerization of 1-hexene by Cp TiMe m-Me B C F results in the formation of low yields of high molecular2 6 5 3
1 13 �1 4weight polymer at y788C but higher yields of lower molecular weight material at 08C and 228C. H and C H NMR

spectra of the atactic polymers formed at y788C are consistent with chain initiation via a 1,2-insertion but predominant
chain termination via b-hydrogen elimination largely after a 2,1-misinsertion. In contrast, b-hydrogen elimination following
1,2-insertion becomes increasingly important at higher temperatures. q 1998 Elsevier Science B.V.

The utilization of metallocenes as homoge-
neous olefin polymerization catalysts has re-
ceived considerable attention in recent years, in
large part because of the high degrees of stereo-
regularity and narrow molecular weight distribu-

w xtions which are possible 1–5 . Of relevance
here is the utilization of metallocenes to prepare

w xhomo- and copolymers of 1-hexene 6–14 , of
interest both from the perspective of understand-
ing mechanisms of a-olefin polymerization and
because of a high degree of commercial interest
in e.g. materials such as ethylene-co-1-hexene
polymers as linear low-density polyethylene.

Recently, we have reported the utilization of
a monocyclopentadienyl olefin polymerization
system based on activation of Cp)TiMe by the3

Ž .highly electrophilic borane B C F . The ac-6 5 3
) Ž . Ž . Ž .tive species, Cp TiMe m-Me B C F I ,2 6 5 3

behaves as a source of the cationic complex
w ) xqCp TiMe , which is an extremely active2
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initiator for both Ziegler–Natta and carboca-
w xtionic polymerization reactions 15–22 . Al-

though surprisingly little attention has been pre-
viously devoted to polymerization of long chain
a-olefins such as 1-hexene by monocyclopenta-

w xdienyl metal compounds 23,24 , we find that I
is an extremely active initiator for the poly-
merization of 1-hexene. We describe in this
communication the activity of I for 1-hexene
polymerization, and provide insight into the
mechanism with which this process occurs.

Polymerizations were typically carried out by
) Ž .dissolving 14 mg of Cp TiMe 0.06 mmol in3

2–5 ml of 1-hexene. If the polymerization was
done in neat 1-hexene, this solution was added

Ž . Ž .directly to 31 mg 0.06 mmol of B C F .6 5 3
Ž .Alternatively, 31 mg of B C F dissolved in6 5 3

2–5 ml of toluene were added to the aforemen-
tioned solution of Cp)TiMe . The reactions3

were normally stirred for 20–30 min at y788C,
08C or 228C, and then terminated by the addi-
tion of methanol. The room temperature reac-
tions are very rapid and, if not controlled, be-
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come quite hot. The precipitated products were
redissolved in toluene and reprecipitated with
methanol, and then dried overnight at 608C,
weighed and characterized by GPC measure-

1 13 �1 4ments and H and C H NMR spectroscopy.
Ž .The poly 1-hexene materials obtained were

all sticky liquids which were determined to be
Žpurely atactic by NMR spectroscopy see be-

.low . In general, it was found that the polymer
formed at y788C was obtained in low yields
Ž .F;5%; -1 g polymerrmmol catalystrh ,
although higher yields could be obtained with
longer reaction times. The purified low tempera-
ture polymer exhibited relatively high molecular
weights and narrow molecular weight distribu-

Ž 4 .tions M ;3=10 , M rM ;2.1 . At 08Cw w n

and 228C, much higher yields of crude material
Ž .;50%; ;50 g polymerrmmol catalystrh
were obtained; the crude materials were multi-
modal, for reasons not yet clear, but purified
materials contained major fractions exhibiting
reasonably high molecular weights and narrow

Ž 4molecular weight distributions M ;1=10 ,w
.M rM ; 2.4 . These results are generallyw n

comparable with results reported for metal-
w xlocene catalysts systems 6–14 ; no polymer

was formed when monomer solutions were
Ž .treated only with B C F .6 5 3

The tacticities of the polymers formed, crude
and purified, were assessed by 13C NMR and
1H NMR spectroscopy utilizing procedures de-

w x 13 �1 4scribed previously 11,25–27 . The C H
Ž .NMR spectrum of the poly 1-hexene formed at

y788C is illustrated in Fig. 1; as can be seen,
the spectrum is dominated by six multiplet reso-

Ž . Ž .nances centered at ;d 40.5 C , 32.2 C , 341 2
Ž . Ž . Ž . Ž . Ž .C , 28.5 C , 23.3 C and 14.3 C A .3 4 5 6

The breadth of the resonances of C –C indi-1 4

cates the presence of comparable amounts of all
w xpossible pentads 25 and identifies the material

as

13 �1 4atactic polymer. In contrast, the C H NMR
Žspectrum of the polymer formed at 228C Fig.

.1 is much more complicated. Although much
broadened resonances attributable to C –C are1 6

13 �1 4 Ž . Ž . Ž .Fig. 1. C H NMR spectra of poly 1-hexene prepared at: A y788C, and B 228C.
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Žclearly present at chemical shifts similar but
.not identical to those discussed above, strong,

very broad resonances also appear in the regions
d 30–31 and 35–38, as well as weaker reso-
nances elsewhere. Clearly the polymerization
process at higher temperatures is much more
complicated than that at y788C, but speculation
seems pointless until the resonances can be
assigned via further NMR experiments to either
main chain anomaly or end group resonances.

As is the case generally for polymers of
w xa-olefins 1 , the preferred mode of chain prop-

agation seems to involve 1,2-insertions. Evi-
dence that initiation involves 1,2-migratory in-
sertions of 1-hexene into a titanium–methyl

13 �1 4bond of I is found in the C H NMR spectra
of crude samples still containing low molecular
weight products. The spectra exhibit weak reso-

Ž . Ž .nances attributable to C d42.8 , C d 30.1 ,1 2
Ž . Ž . Ž .C d 37.4 , C d 29.6 and C d 20.2 ,3 4 7

aliphatic end groups resulting from the expected
initial 1,2-insertion of 1-hexene into a Ti–Me

Ž .bond B . Although tentative, these assignments
were buttressed by chemical shift calculations
w x28 .

The resonances of C and C , calculated to be5 6

at d 23.4 and 14.0, respectively, would be
obscured by the resonances of C and C of the5 6

Ž .side chains of poly 1-hexene . The methyl reso-
nance expected for the ethyl side chain which
would result from an initial 2,1-insertion pro-

Ž w x.cess should be observable d;11–12 11,28
but was absent.

Assuming chain terminationr-transfer pro-
Žceeds via b-hydrogen elimination processes see

.below , chain propagation would involve 1,2-
andror 2,1-insertion into the resulting Ti–H

bonds. While the resonances of the 1-hexyl end
group anticipated if the former occurs would be
obscured by the main resonances of the poly-
mer, the resonance of the methyl branch of the
2-hexyl group anticipated from 2,1-insertions

w xshould occur at d;18 28 and is not observed.
The inverse dependence of temperature on

M of the polymer produced suggests that chainw

termination becomes more facile relative to
chain propagation at elevated temperatures, as
has been noted elsewhere with metallocene sys-

w xtems 6–14 . It is also clear from the results that
the activity of the catalyst varies little in the
range 0–228C but is greatly reduced at y788C.

End group analyses by 1H NMR spec-
troscopy in the olefinic regions reveal much
about the mechanisms of chain termination.
Multiplet resonances of comparable intensities
in the 1H NMR spectrum at d ;5.3 and ;4.7
in the spectra of polymers formed at 08C may
be attributed to internal olefinic and vinylidene
groups, respectively, assignments which are also

13 �1 4consistent with the C H NMR spectra. The
internal olefinic products result in large part
from 2,1-misinsertions followed by b-hydrogen
elimination, while the vinylidene end group is a
consequence of b-hydrogen elimination follow-
ing a normal 1,2-insertion of 1-hexene monomer.
Interestingly, in the spectrum of the polymer
formed at y788C, the multiplet attributable to

Ž .internal olefins d;5.4 is significantly more
Ž .intense than the vinylidene multiplet d;4.7 .

Thus the proportion of vinylidene end groups
increases with increasing temperature, as re-

w xported elsewhere for other catalysts 11,23 . This
result suggests that chain terminationrtransfer
processes involving 2,1-misinsertions followed
by b-hydrogen elimination are rather more im-
portant than are 1,2-insertions followed by b-
hydrogen elimination. The catalyst site could
well be deactivated for steric reasons after a
2,1-misinsertion, resulting in an increased rate
of chain transfer relative to chain propagation.
The 1H NMR spectrum also indicates an in-
creased production of different kinds of trisub-

Ž .stituted olefins d;5.1 for those polymeriza-
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tions initiated at 08C and above, suggesting
various isomerization processes at this tempera-

13 �1 4ture and consistent with the C H NMR re-
sults.

Acknowledgements

This research was made possible by financial
assistance from Queen’s University and the Nat-
ural Sciences and Engineering Research Coun-
cil.

References

w x Ž .1 P.C. Mohring, N.J. Coville, J. Organomet. Chem. 479 1994¨
1.

w x2 V.K. Gupta, S. Satish, I.S. Bhardwaj, J. Macromol. Sci.,
Ž .Rev. Macromolec. Chem. Phys. C 34 1994 439.

w x3 H.H. Brintzinger, D. Fischer, R. Mulhaupt, B. Rieger, R.M.¨
Ž .Waymouth, Angew. Chem. Int. Ed. Eng. 34 1995 1143.

w x Ž .4 M. Bochmann, J. Chem. Soc., Dalton Trans. 1996 255.
w x Ž .5 W. Kaminsky, M. Arndt, Adv. Polymer Sci. 127 1997 143.
w x Ž .6 K. Soga, H. Yanagihara, Macromol. Chem. 189 1988 2839.
w x7 T. Asanuma, Y. Nishimori, M. Ito, N. Uchikawa, T. Sh-

Ž .iomura, Polym. Bull. 25 1991 567.
w x Ž .8 K. Soga, D.H. Lee, Y. Morikawa, Polymer 33 1992 2408.
w x9 T. Asanuma, Y. Nishimori, M. Ito, T. Shiomura, Makromol.

Ž .Chem. Rapid Commun. 14 1993 315.

w x Ž .10 J.C.W. Chien, B.M. Gong, J. Polym. Sci. A 31 1993 1747.
w x11 G.N. Babu, R.A. Newmark, J.C.W. Chien, Macromol. 27

Ž .1994 3383.
w x Ž .12 H. Tasuda, E. Ihara, Tetrahedron 15 1995 4563.
w x13 C. Janiak, K.C.H. Lange, P. Marquardt, Macromol. Chem.

Ž .Rapid Commun. 16 1995 643.
w x14 D. Coevoet, H. Cramail, A. Deffieux, Macromol. Chem.

Ž .Phys. 197 1996 855.
w x15 D.J. Gillis, M.-J. Tudoret, M.C. Baird, J. Am. Chem. Soc.

Ž .115 1993 2543.
w x16 R. Quyoum, Q. Wang, M.-J. Tudoret, M.C. Baird, D.J.

Ž .Gillis, J. Am. Chem. Soc. 116 1994 6435.
w x17 F. Barsan, M.C. Baird, J. Chem. Soc., Chem. Commun.

Ž .1995 1065.
w x18 D. Jeremic, Q. Wang, R. Quyoum, M.C. Baird, J. Organomet.

Ž .Chem. 497 1995 143.
w x Ž .19 Q. Wang, M.C. Baird, Macromolecules 28 1995 8021.
w x20 Q. Wang, R. Quyoum, D.J. Gillis, M.-J. Tudoret, D. Jeremic,

Ž .B.K. Hunter, M.C. Baird, Organometallics 15 1996 693.
w x21 D.J. Gillis, R. Quyoum, M.-J. Tudoret, Q. Wang, D. Jeremic,

Ž .A. Roszak, M.C. Baird, Organometallics 15 1996 3600.
w x22 Q. Wang, R. Quyoum, D.J. Gillis, D. Jeremic, M.C. Baird, J.

Ž .Organomet. Chem. 527 1997 7.
w x Ž .23 C.J. Schaverien, J. Mol. Catal. 90 1994 177.
w x Ž .24 C.J. Schaverien, Organometallics 13 1994 69.
w x25 T. Asakura, M. Demura, Y. Nishiyama, Macromolecules 24

Ž .1991 2334.
w x26 T. Asakura, K. Hirano, M. Demura, Macromol. Chem. Rapid

Ž .Commun. 12 1991 215.
w x27 A. Van der Linden, C.J. Schaverien, N. Meijboom, C. Gan-

Ž .ter, A.G. Orpen, J. Am. Chem. Soc. 117 1995 3008.
w x28 ChemWeb from SoftShellrBio-Rad Laboratories, Grand

Junction, CO. Where comparisons are possible, calculations
were to within 0.6 ppm or less of experimental data.


