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During the past decade, experimental and theoretical studies1

have shown that both primary (regioregular)2-6 and secondary
(regioirregular)7-10 propene insertions are enantioselective with
well-suitedC2-symmetric (isospecific) andCs-symmetric (syn-
diospecific) group 4 metallocenes. However, as sketched in
Scheme 1,opposite enantiofacesare favored for primary and
secondary propene insertion onC2-symmetric metallocenes,
whereasthe same enantiofaceis favored for primary and second-
ary insertion onCs-symmetric metallocenes. In this framework,
if the same steric interactions which rule the enantioselectiVity
of primary and secondary propene insertions hold for 2-butene,
the insertion of (Z)-butene should be favored withC2-symmetric
metallocenes, whereas insertion of (E)-butene should be favored
with Cs-symmetric metallocenes.

To investigate this idea, which would confirm and summarize
a large class of widely accepted mechanisms, we studied the
insertion reactions of (Z)- and (E)-butene with catalytic systems
based on theC2-symmetric Me2Si(1-indenyl)2 ligand (bisInd) and
on theCs-symmetric Me2Si(cyclopentadienyl-9-fluorenyl) ligand
(CpFlu).11 A double approach, based on combined quantum
mechanics/molecular mechanics (QM/MM) techniques12 and on

selected ethene/2-butene copolymerization runs,25 has been uti-
lized.

The QM/MM transition states for (Z)- and (E)-butene insertion
into the Zr-C(n-propyl) σ-bond of theC2-symmetric bisInd
metallocene are reported in Figure 1A and B, respectively.
According to the mechanism of the chiral orientation of the
growing chain,29,30 the n-propyl group used to simulate a
polyethylenic growing chain assumes a conformation which
minimizes repulsive interactions with theC2-symmetric ligand,
and the head-methyl group (see Scheme 1) is put on the opposite
side relative to the growing chain to minimize steric interactions
between the methyl group itself and the growing chain. This
orientation of the head-methyl group implies that the (Z)-butene
tail-methyl group (see Scheme 1) is located far from the aromatic
rings of the bisInd ligand, whereas the (E)-butene tail-methyl
group feels severe steric repulsion with one of the aromatic rings
of the bisInd ligand. As a consequence, (Z)-butene insertion is
favored relative to (E)-butene insertion.* Corresponding author. E-mail cavallo@chemna.dichi.unina.it.
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The QM/MM transition states for (Z)- and (E)-butene insertion
into the Zr-C σ-bond of the Cs-symmetric metallocene are
reported in Figure 1C and D, respectively. Also in this case, the
n-propyl group assumes a conformation to minimize repulsive
interactions with the CpFlu ligand, and the head-methyl group is
put on the opposite side relative to the growing chain. Now, the
(Z)-butene tail-methyl group feels severe steric repulsion with
the CpFlu ligand, whereas the (E)-butene tail-methyl group is
located in an uncrowded region. As a consequence, (E)-butene
insertion is favored relative to (Z)-butene insertion.

The energy diagrams corresponding to (Z)- and (E)-butene
insertion reaction into the Zr-C σ-bond with theC2- and Cs-
symmetric metallocenes are reported in Figure 2. In the diagrams,
reactants correspond to QM/MM minimum energy structures with
a benzene molecule (to simulate the solvent)π-coordinated to
the metal atom, and with the growing chain fully extended in an
open sector. The first step along the reaction path corresponds to
the solvent substitution reaction by the 2-butene molecule, which
π-coordinates to the metal atom.31 The transition states correspond
to structures A-D reported in Figure 1. In agreement with the
previous geometrical analysis, (Z)-butene insertion on theC2-
symmetric metallocene is favored relative to insertion of (E)-
butene by 1.6 kcal‚mol-1, while (E)-butene insertion on theCs-
symmetric metallocene is favored relative to insertion of (Z)-
butene by 1.8 kcal‚mol-1. Finally, it is worth noting that (Z)-
butene coordination is preferred both forC2- andCs-symmetric
metallocenes. However, this energy preference is lower for the
Cs-symmetric metallocene, due to repulsive interactions between
the coordinated (Z)-butene and the CpFlu ligand.

The results of selected ethene/2-butene copolymerization runs
are reported in Table 1. In agreement with our theoretical analysis,
C2- andCs-symmetric metallocenes scarcely insert (E)- and (Z)-
butene, respectively, whereasC2- andCs-symmetric metallocenes
insert relevant fractions of (Z)- and (E)-butene, respectively.
Moreover, in agreement with our QM/MM analysis, when
copolymerization experiments are run with a 40% (Z)-:60% (E)-
2-butene mixture, the presence of the better coordinating (Z)-
butene inhibits the reaction of (E)-butene with theCs-symmetric

metallocene, while the presence of the poorer coordinating (E)-
butene is only able to reduce the amount of (Z)-butene insertions
with the C2-symmetric metallocene.

In conclusions, the prediction that (E)-(Z) selectivity in the
ethene/internal olefins copolymerization with group 4 metal-
locenes can be achieved by using ligands of suitable symmetry
has been proved. In particular, it has been shown thatC2- and
Cs-symmetric metallocenes are able to copolymerize ethene with
(Z)- and (E)-butene, respectively.32
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Figure 1. QM/MM transitions states of 2-butene insertion reaction into
the Zr-C σ-bond with theC2- andCs-symmetric metallocenes.

Figure 2. Energy diagrams corresponding to (Z)- and (E)-butene insertion
reaction (continuous and dashed lines, respectivley) into the Zr-C σ-bond
with the C2- andCs-symmetric metallocenes.

Table 1. Molar Compositions of Ethene/2-Butene Copolymers

C2-symmetric bisInd
metallocene

Cs-symmetric CpFlu
metallocene2-butene feed

composition ethene (%) butene (%) ethene (%) butene(%)

(Z)-butene 75 25a 99 1a

(E)-butene 99 1b 86 14b

mix (40% (Z):
60% (E))

93 7a 98 2b

a Molar percent of inserted 2-butene units, mainly observed in13C
NMR spectra as isolated ethyl groups.37 b Molar percent of inserted
2-butene units, mainly observed in13C NMR spectra as isolated methyl
groups.37
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