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The copolymerization of conjugated dienes monomers and
olefin is of particular interest since the resulting copolymers
containing double bonds into the chain backbone are suitable
of many practical applications. In spite of this interest, these
materials are difficult to obtain because of the completely
different behavior of the two class of monomers for a given
catalytic system.

Titanium and vanadium compounds activated by aluminum
alkyls produce a mixture of polymers containing alternating
olefin-butadiene copolymers that can be separated by extrac-
tion.1 Indeed, these systems should be prepared at very low
temperature to avoid reductive processes that lead to the catalyst
deactivation and the polymerization which are usually performed
at subambient temperatures.

Recently, the development of single-site catalysts has renewed
the interest for these polymers in both academic and industrial
environments. Despite the good performance in the polymeri-
zation of R-olefin, group 4 metallocenes provided poor results
in terms of catalytic activity and incorporation of the diene
monomer.2 Intriguingly, Galimberti et al.3 and Longo et al.4

have reported respectively the formation of cyclopentane and
cyclopropane rings which may be obtained after 1,2-insertion
of butadiene. Following these results, Waymouth et al. realized
the alternating cyclopolymerization of butadiene with ethylene
by using an asymmetric metallocene system.5 Notwithstanding
these materials are potentially interesting, all the catalytic
systems based on metallocene compounds display very low
activity and poor efficiency to incorporate butadiene since an
increase of butadiene concentration acts as poison of the catalytic
system.

It appears that the only efficient catalytic systems for the
synthesis of poly(ethene-co-1,3-butadiene) under reasonable
experimental conditions are those developed by Boisson et al.
based on neodymium complexes.6 In this case an alternating
structure with butadiene mainly inserted in the trans-1,4
configuration was observed.

More recently, the efforts to expand the variety of group 4
complexes able to efficiently polymerize olefins has resulted in a
mushrooming of catalytic systems based on noncyclopentadienyl
ligands. In particular, we became interested in a new class of group
4 metal catalyst precursors which incorporate a tetradentate ligand
having two phenolate units linked through a 1,ω-dithiaalkanediyl
bridge S(CH2)nS (n ) 2 and 3).7 Namely, the dichloro{1,4-
dithiabutanediyl-2,2′-bis(4,6-di-tert-butylphenoxy)}titanium com-
plex (1) having 1,4-dithiabutanediyl bridge (Figure 1) possesses
C2 symmetry and was shown to be highly active, after proper
activation, in isospecific styrene and 4-methyl-1,3-pentadiene

polymerization.8 Notably this system has shown to homopoly-
merize butadiene and efficiently copolymerize styrene with
butadiene selectively.9

We report herein his ability to efficiently copolymerize
ethylene with butadiene giving, under acceptable experimental
conditions, a polymer with alternating microstructure.

The performances of 1/MAO in ethylene-butadiene polym-
erization were explored under different experimental conditions:
the main results are summarized in Table 1.

The catalyst shows the highest so far reported activity under
the polymerization conditions used, and notably no dramatic
lowering of the catalyst activity by increasing the butadiene
concentration in the feed is observed. In particular, the activity
is more than 4 times higher that those reported in the case of
neodymocene systems.6 The activity does not vary significantly
in the range of temperatures explored and is appreciably higher
than those observed in the butadiene homopolymerization. The
maximum values were obtained with a butadiene feed content
between 30% and 60% while lower or higher butadiene contents
cause a decrease of the catalytic activity. A similar trend was
observed also in the case of the neodymocene-based catalytic
system. In our case the incorporation of butadiene in the polymer
backbone is less efficient, but it is possible to obtain a wide
variety of copolymers with butadiene content ranging from 9%
to 65% by regulating the feed composition. The molecular
weight distributions are monomodal ranging between 1.9 and
3.4, indicating a single-site catalyst. The molecular weights
increase by increasing the butadiene content in the polymer
backbone and are of the same order of magnitude as that
reported in the literature for other catalytic systems under similar
reaction conditions.6d

A detailed insight into the microstructural features of the
polymers was achieved by using 13C NMR spectroscopy.
Butadiene is mainly inserted in the 1,4-trans configuration with
a minor amount of 1,4-cis units, and notably neither 1,2-units
nor the formation of cycle by butadiene cyclopolymerization
was detected.

In Figure 2, the spectra of the copolymers obtained in runs 3
and 7 containing respectively 23 and 51 mol % of butadiene
are shown. The peaks have been assigned accordingly to Boisson
et al.,10 and one can observe a strong tendency to the alternating
microstructure. Even at low butadiene content the TET triads
are predominant over the TEE, and in sample 7 no TEEE units
are detected (T and E stand for trans-1,4 butadiene and ethylene
units, respectively). The presence of 1,4-cis units is easily visible
by the presence of the signal at 27.41 ppm, notably the presence
of cis units (cc) is sensibly higher in the copolymers compared
to the butadiene homopolymer. This different behavior of the
catalyst in ethylene-butadiene copolymerization can be ex-
plained on the basis of the well-established polymerization
mechanism proposed for conjugated dienes.11 trans-1,4-Buta-* To whom correspondence should be addressed: e-mail aproto@unisa.it.

Figure 1. Dichloro{1,4-dithiabutanediyl-2,2′-bis(4,6-di-tert-butyl-
phenoxy)}titanium (1).
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diene insertion arises from the s-trans-η4 or η2 monomer
coordination to the metal center, producing the intermediate η3

coordinated allyl complex in the syn configuration while the
η4-cis coordination of the monomer produces both 1,2-butadiene
insertion and the η3-intermediate π-allyl complex in the anti-
configuration: the latter leads to the cis-1,4 insertion of the
butadiene or trans-1,4 through syn-anti isomerization of the
π-allyl complex. In the case of ethylene-butadiene copolym-
erization when the last inserted monomer is an ethylene unit,
the polymer chain is bound to the metal through a η1-σ bond
that renders the metal center less hindered and, thus, less
disfavored than the η4-cis coordination of butadiene which leads
to cis-1,4 insertion.

Differential scanning calorimetry revealed the Tg values for
these polymers variable in the range -89 to -50 °C depending
on the butadiene content and on the relative amount of cis units
present in the polymer. No melting temperature was observed,
except for the polymer presenting very low butadiene content,
probably due to the presence of the cis units that disturb the
crystallinity of the polymer.

The reactivity ratios r1 ) kEE/kEB and r2 ) kBB/kBE for
ethylene-butadiene copolymerization catalyzed by 1/MAO were
evaluated.12 As the butadiene insertion is mainly trans-1,4
specific, a binary copolymerization scheme and the terminal

model in which only the last inserted monomer units at the active
catalyst site influence the propagation reaction were assumed.

To minimize the composition drift, the copolymerization
reactions were stopped after 5 min, corresponding to a monomer
conversion of 5-7%. The reactivity ratios obtained from the
Fineman-Ross plot are r1 ) 1.43 and r2 ) 0.07. These values
indicate a preference for insertion of ethylene vs butadiene when
the last inserted monomer unit in the growing polymer chain is
ethylene. On the other hand, both monomers have comparable
reactivity after a butadiene insertion.

This behavior could be ascribed to the higher stability of the
η3-allyl intermediate formed between the growing polymeric
chain and the metal center when the last inserted monomer is
a butadiene compared to that formed with ethylene. The product
of the reactivity ratios (r1r2 ) 0.1) indicates a tendency of the
monomers to form alternating copolymers in agreement with
the microstructure determined by 13C NMR analysis.

To the best of our knowledge, 1/MAO is the first homoge-
neous titanium catalyst active in the ethylene-butadiene co-
polymerization under reasonable experimental conditions af-
fording prevailingly alternating copolymers. These results show
that this catalysts has unique features in the copolymerization
of conjugated diene with olefins due to the electronic and steric
characteristic of the ancillary ligand present on the metal center.

Table 1. Ethylene-Butadiene Polymerization Results

runa temp [°C] BD in feed [mol %] yield [g] activityb BD in the polymer [mol %] trans-1,4 [%] cis-1,4 [%] Tg [°C] Mn × 103 Mw/Mn

1 0 30 1.05 1260 30 84 16 -76.0 3.0 2.7
2 20 10 0.27 326 9 82 18 -50.0c 1.7 2.2
3 20 30 0.92 1104 23 82 18 -55.0 2.8 2.1
4 20 40 0.93 1116 20 81 19 n.d 1.6 2.7
5 20 50 0.79 948 46 85 15 -81.0 4.2 3.4
6 20 60 0.90 1080 45 81 19 -84.0 3.8 3.2
7 20 70 0.08 96 51 84 16 n.d 3.0 2.3
8 20 80 0.14 168 65 90 10 -88.0 6.4 1.9
9 50 30 0.46 552 23 83 17 -59.0 1.7 2.4
10 50 50 1.11 1332 24 77 23 -54.0 2.2 2.2
11 50 80 0.47 564 58 89 11 -89.0 4.7 2.4

a Polymerization conditions: Ti complex (10.0 µmol), Al/Ti ) 1000, toluene (26 mL), ethylene pressure ) 1 atm, polymerization time: 5 min. b Activity
) kg/(mol of Ti h). c Tm ) 102.0 °C.

Figure 2. Aliphatic region of the 13C NMR spectra of ethylene-butadiene copolymers prepared with catalyst 1/MAO 23% butadiene (entry 3,
Table 1) (A) and 51% butadiene (entry 7, Table 1) (B).
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