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Summary: The effect of electron density at the incoming
metal–carbon bond on the regiochemistry of styrene insertion
into the zirconium-carbon bond is eVidenced through experi-
mental results and computational studies.

The regiochemistry of styrene insertion into the metal–carbon
bond is a complex issue, with several experimental data showing
different behaviors, depending on the specific catalytic system
investigated. The heterogeneous Ziegler–Natta catalysts, pro-
moting isospecific styrene polymerization, insert the monomer
in a primary fashion: that is, with formation of TiCH2CH(Ph)R
bonds.1 On the other hand, the opposite regiochemistry has been
generally observed with a variety of homogeneous systems. For
example, with both tetrabenzyltitanium and tetrabenzylzirconium
activated by methylalumoxane (MAO) Zambelli et al.2 evi-
denced secondary insertion in syndioselective styrene polym-
erization, both in the initiation and in the chain growth steps.
Still secondary is styrene insertion in the dimerization catalyzed
by bis(2,4,7-trimethylindenyl)yttrium hydride3 and by a ruthe-
nium complex,4 whereas Marks et al. reported primary insertion
in competition with the secondary insertion in the presence of
a bimetallic titanium-based system.5 Finally, with MAO-
activated ansa-zirconocenes insertion is prevailingly secondary,6

but the regiochemistry can be inverted by tailoring the encum-
brance of the coordinative framework.7 This latter evidence
seems in accordance with the regiochemistry of propene
insertion with group 4 metallocenes, which is clearly dominated
by steric effects.8

In order to investigate the role of electronic effects on the
regioselectivity of styrene insertion with group 4 catalysts, we
devised an experiment where the ability of the electronic factors
to affect the regiochemistry is highlighted. Specifically, we
evaluated the regioselectivity of insertion of para-substituted
styrenes into the Zr-alkyl bond of the prototype rac-bis(inde-
nyl)zirconocene. We selected this catalyst because it allows a

clear-cut separation between steric and electronic factors (vide
infra). Using styrene as reference (Hammett constant σ ) 0),
we choose four para-susbtituted styrenes: two with an electron-
donating group (NH2, σ ) –0.66; Me, σ ) –0.17) and two with
an electron-withdrawing group (Cl, σ ) 0.21; NO2, σ ) 0.78).
Since the substituent is in the para position, i.e. far away from
the ligand and the growing chain, steric effects can be considered
identical among the various systems. Thus, any difference in
regioselectivity can, without doubt, be ascribed to electronic
effects only.9

Using a standard DFT approach,10 we calculated the shift in
regioselectivity, δ∆∆Gqregio,11 of four substituted styrenes
relative to styrene. Negative (positive) values of δ∆∆Gqregio

imply that regioselectivity is shifted toward secondary (primary)
monomer insertion. The transition states for primary and
secondary p-Cl-styrene insertion into the Zr-C2H5 bond, to
simulate monomer insertion into a Zr-(primary chain) bond
of a rac-Me2Si(Ind)2Zr-based catalyst, are reported in Figure
1. Geometrical inspection clearly indicates that in both transition
states the p-Cl substituent is located far away from both the
bis(indenyl) ligand and the growing chain (shortest distance >5
Å). This confirms that the selected systems allow isolating
unequivocally electronic effects. The theoretical δ∆∆Gqregio

values of the monomers that can be tested experimentally, p-Cl-
and p-Me-styrenes, are negative and positive, respectively (see
Table 1), which indicates that the regioselectivity of p-Cl and
p-Me styrenes relative to styrene should be shifted toward
secondary and primary insertion, respectively.
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Figure 1. Transition states for primary (a) and secondary (b)
insertion of p-Cl-styrene into the Zr-C2H5 bond of the rac-
Me2Si(Ind)2Zr-based zirconocene.
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This clearly suggests an important role of electronic effects
on the regioselectivity of styrene insertion, although the small
variation in δ∆∆Gqregio values predicted for p-Cl- and p-Me-
styrenes could cast doubts about their reliability. Strong support
comes from calculations on the p-NO2- and p-NH2-substituted
styrenes, which are at the extreme of the Hammett scale. In
fact, the δ∆∆Gqregio values reported in Table 1 for these two
systems, which cannot be tested experimentally, strongly deviate
in favor of secondary and primary insertion, respectively.

In order to experimentally evaluate the effect of the substit-
uents, we took advantage of hydrooligomerization techniques
developed for the same systems.12 Specifically, we estimated
the regioselectivity of p-Me- and p-Cl-styrene relative to styrene
as the ratio between the regioregular 1,3-hydrodimer (1,3-dim)
and the regioirregular 1,4-hydrodimer (1,4-dim) obtained with
the rac-C2H4(H4-Ind)2ZrCl2-based catalyst.13

In accord with Scheme 1 and previous considerations,12 we
can state that the regioregular 1,3-hydrodimer is formed by
monomer primary insertion into the metal-hydride bond
followed by further primary insertion into the metal–carbon
bond. In contrast, the regioirregular 1,4-hydrodimer still arises
from primary insertion into the metal-hydride bond but is
followed by secondary insertion into the metal–carbon bond.
As a consequence, the ratio between the amounts of the
hydrodimers, [1,3-dim]/[1,4-dim], represents the relative reactiv-

ity of primary versus secondary insertion, provided the sole fate
of intermediates I and II is hydrogenolysis.

On this basis we performed for each para-substituted styrene
a series of hydrooligomerizations at increasing H2/monomer
ratios. In Figure 2 the experimental [1,3-dim]/[1,4-dim] ratio
versus the feed composition is reported. The extrapolated values
are reported in Table 1 together with the experimental
δ∆∆Gqregio values of activation obtained by assuming that the
hydrooligomer ratio corresponds to the ratio of the kinetic
constants for the primary and secondary insertion into the same
Zr-C bond.

Experiments confirm that para electron-donating groups shift
monomer insertion toward primary insertion, whereas para
electron-withdrawing groups shift monomer insertion toward
secondary insertion. It is worth noting that the effect is rather
strong, since the δ∆∆Gqregio values we reported are due to a
substituent far away from the metal. Considering the consistency
between the whole mechanistic scenario proposed and the
theoretical and experimental results, we believe our conclusions
are useful to enlighten the regiochemistry of styrene insertion
into the M-alkyl bond of group 4 complexes.

The main message conveyed by this study is that increasing
the electron density at the incoming metal–carbon bond increases
the tendency toward primary insertion. It is tempting to suggest
that changing the ligand skeleton and/or the metal could have
a far greater effect. Work is in progress to test this idea, by
tuning the electronic properties of the metallic center.
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Table 1. Ratio between the Regioregular 1,3- and Regioirregular
1,4-Hydrodimers, [1,3-dim]/[1,4-dim], and the Corresponding
Experimental and Theoretical δ∆∆Gqregio Values, in kcal/mol

δ∆∆Gqregio

monomer σ [1,3-dim]/[1,4-dim] exptl theor

p-NO2-styrene 0.78 -1.63
p-Cl-styrene 0.21 0.32 -0.14 -0.71
styrene 0 0.40 0 0
p-Me-styrene -0.17 0.55 0.21 0.28
p-NH2-styrene -0.66 2.00

Scheme 1
Figure 2. Plot of [1,3-dim]/[1,4-dim] ratio versus H2 feed composi-
tion.
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