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MAO activated 1,3,5-triazacyclohexane complexes of chro-
mium(III) are highly active ethene polymerisation catalysts
that resemble the Phillips catalyst in many important
properties and may represent the first good homogeneous
model system.

The heterogeneous Phillips catalysts1 based on CrO3/SiO2 for
the polymerisation of ethene without co-catalysts produce a
large fraction of the world production of HDPE ( > 7 M ton
a21).2 The molecular weight of the polymer depends on the
reaction temperature. When activated with metal alkyls the
Phillips catalyst can also trimerise ethene to 1-hexene (as well
as some dimers) which is in-situ co-polymerised giving a
polymer with butyl side chains and other unusual end groups
including additional methyl groups, vinylidene and some
internal olefinic groups. In contrast to the Ziegler–Natta
systems, the nature of the active species and the origin of the end
groups is still a matter of debate. Many homogeneous model
systems3 show only limited activity4 and most of them fail to
reproduce the properties of the Phillips catalyst and a true model
has yet to be found.

For several years we have been investigating the co-
ordination chemistry of 1,3,5-triazacyclohexanes 1.5 The results
suggest that it should be possible to generate cationic alkyl
chromium complexes with low steric demand due to the small
N–Cr–N angle which may be able to catalyse ethene polymer-
isation. Indeed, complex 2a reacts with methylaluminoxane
(MAO) to give a highly active catalyst. However, good
solubility of the complexes is crucial to achieve high productiv-
ities. This solubility problem is solved by introducing longer
alkyl chains as substituents in 2b–d according to Scheme 1. The
solubility increases dramatically and 2c and especially 2d
become highly soluble in toluene. Complexes 2c and 2d can be
prepared from CrCl3 (stored under air), 1, toluene and zinc
powder by simple heating under a stream of argon.6

Since the ligands 1c,d can also be prepared by heating the
corresponding primary amine and paraformaldehyde in toluene
a simple one-pot synthesis of 2 is possible.

The systems 2/MAO have much higher activity than the best
co-catalyst free complex 37 and the best non-Cp system
4/MAO8 (Scheme 2). The activity is comparable to

[(nBuCp)2ZrCl2]/MAO under the same condition (650 kg
(mol Cr)21 h21) and the only more active chromium system is
5/MAO from Jolly et al.4

Maximum activity is reached at MAO+Cr ≈ 300. Activation
of 2 can also be achieved with 1.6 eq. DMAB (dimethylanilin-
ium tetrakis(pentafluorophenyl)borate) and 20–50 eq. Al(iBu)3,
giving similar activity (590 for 2a and 390 for 2d).

The molecular weights of the polymers under these condi-
tions are around 40 000 (Mw) with Mw/Mn = 2–4 which is
typical for a single-site catalyst.

End group analysis of the polymers (IR, 13C NMR) shows
more methyl groups than expected and additional vinylidene
and some internal olefin as well as the expected vinyl end
groups in a distribution that is typical for end groups produced
by the Phillips catalyst. Since the molecular weights of the
polymers differ, the end groups are best compared relative to the
total number of olefinic groups (set to 100%) (Table 1).

In addition, 1-hexene as the trimer of ethene and some
decenes as ‘co-trimers’ of 1-hexene and ethene can be found in
the solution, and butyl side chains in the polyethene are
indicative of some 1-hexene built into the polymer. Thus, our
system is also able to reproduce the selectivity for trimerisa-
tion.9 Interestingly, analysis of the decene isomers by NMR
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‡ Dedicated to Prof. H. Schumann on the occasion of his 65th birthday.
§ Chemistry of 1,3,5-triazacyclohexane complexes, Part 8. [Part 7, is ref.
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Scheme 1 Syntheses of the complexes 2.

Scheme 2 Chromium complexes in ethene polymerisation (comparison of
activity in [kg (mol Cr)21 h21]) (2 at 40 °C and 1 bar ethene in toluene over
1 h).

Table 1 Relative end group distribution with the sum of olefinic groups set
to 100%

End group CH2NCHR CH2NCR2 RHCNCHR Me

PE (Phillips)a 84–92% 7–13% 1–4% 150–300%
PE (2d) 82% 12% 6% 240%
decenes (2d) 87% 8% 5% 200%
a IR analyses of commercially available (BASF) Phillips HDPE products.
Typical range under various conditions.
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shows an end group distribution similar to the polymers (Table
1). Addition of 1-hexene to the solution increases the content of
butyl side chains substantially and a co-polymer can be
obtained. Similar to the Phillips catalyst, activated 2 gives
molecular weights of polyethene that are highly dependent on
the reaction temperature.

Thus, activated 2 represents the first true homogeneous
model for the Phillips catalyst that can reproduce many
important properties and the results indicate that the typical end
group distribution may be closely linked to a required
trimerisation activity. A comprehensive discussion of sub-
stituent effects and the link between trimerisation and polymer-
isation activity will follow in separate publications.

R. D. K. thanks the Deutschen Forschungsgemeinschaft and
the Fonds der Chemischen Industrie as well as Professor H.
Schumann (TU Berlin) for support. We thank BASF for
support.

Notes and references
1 J. P. Hogan and R. L. Banks, Phillips Petroleum, US Pat. 2 825 721, 1958;

Chem. Abstr., 1958, 52:8621h; M. P. McDaniel, Adv. Catal., 1985, 33,
47; C. E. Marsden, Plast. Rubber Compos. Process. Appl., 1994, 21, 193;

T. E. Nowlin, Prog. Polym. Sci., 1985, 11, 29; S. M. Augustine and J. P.
Blitz, J. Catal., 1996, 161, 641.

2 M. Rätzsch, Polymerwerkstoffe ’98 Merseburg, 23–25 September 1998;
Kunststoffe, 1996, 86, 6; R. Messere, A. F. Noels, P. Dournel, N. Zandona
and J. Breulet, Proceedings of Metallocenes ’96, 6–7 March 1996,
Düsseldorf, p. 309.

3 K. H. Theopold, Eur. J. Inorg. Chem., 1998, 15.
4 G. J. P. Britovsek, V. C. Gibson and D. F. Wass, Angew. Chem., 1999,

111, 448; Angew. Chem., Int. Ed. Engl., 1999, 38, 428; A. Döhring, J.
Göhre, P. W. Jolly, B. Kryger, J. Rust and G. P. J. Verhovnik,
Organometallics, 2000, 19, 388.

5 (a) M. Haufe, R. D. Köhn, G. Kociok-Köhn and A. C. Filippou, Inorg.
Chem. Commun., 1998, 1, 263; (b) R. D. Köhn and G. Kociok-Köhn,
Angew. Chem., 1994, 106, 1958; Angew. Chem., Int. Ed. Engl, 1994, 33,
1877; (c) R. D. Köhn, G. Kociok-Köhn and M. Haufe, J. Organomet.
Chem., 1995, 501, 303; (d) M. Haufe, R. D. Köhn, R. Weimann, G.
Seifert and D. Zeigan, J. Organomet. Chem., 1996, 520, 121.

6 All new compounds were completely characterised. Experimental details
are available in the electronic supplementary information (ESI).†

7 P. A. White, J. Calabrese and K. H. Theopold, Organometallics, 1996,
15, 5473.

8 V. C. Gibson, C. Newton, C. Redshaw, G. A. Solan, A. J. P. White and
D. J. Williams, J. Chem. Soc., Dalton Trans., 1999, 827.

9 a-Olefins react to give trimers exclusively: R. D. Köhn, M. Haufe, G.
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