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ABSTRACT: A molecular mechanics analysis on model metallocene complexes, as possible intermediates
for the propene polymerization, in which the two coordination positions available for the monomer and
the growing chain are diastereotopic, is presented. The energy difference between the corresponding
diastereoisomeric preinsertion intermediates appears to be relevant for the model complexes based on
the meso-ethylenebis(4,5,6,7-tetrahydro-1-indenyl) ligand (1), the isopropylidene[(3-methyl(η5-cyclopen-
tadienyl))(η5-9-fluorenyl)] ligand (2), and the rac-ethylene[1-(η5-9-fluorenyl)-1-phenyl-2-(η5-1-indenyl)]
ligand (3), while it appears to be small for those based on the rac-ethylene[1-(η5-cyclopentadienyl)-1-
phenyl-2-(η5-1-indenyl)] ligand (4). It is suggested that these energy differences can be related to an
increased probability of a back-skip of the growing chain toward the outward coordination position after
the monomer insertion and prior to the coordination of a new olefin molecule. The kinetic competition
between the back-skip of the chain outwards and the monomer coordination is able to rationalize the
kinds of defects in prevailingly hemi-isotactic chains obtained with systems based on 2, as well as the
increased stereoregularity at decreasing monomer concentration for systems based on 3 (not shown by
systems based on 4). The molecular mechanics analysis shows that the nonbonded interactions are also
able to account for the influence of the ethylene bridge conformation on the stereospecificity of the propene
polymerization in ansa-zirconocene complexes.

Introduction

The mechanism for the Ziegler-Natta polymerization
of the olefins, proposed by Cossee1,2 several years ago,
consists of two consecutive steps: coordination of the
olefin to the catalytic center and insertion into the
metal-carbon bond through a cis-opening.2-4 This
mechanism assumes that, in the insertion step, there
is a migration of the growing chain to the position
previously occupied by the coordinated monomer (chain
migratory insertion). In the following, we will distin-
guish as “alkene-free” and “alkene-bound” the two
possible states of the metal atom, constituting the
catalytic center which may have, thus, different degrees
of coordinative saturation.
In the framework of the chain migratory insertion

mechanism, the stereospecificity of the model catalytic
center depends on the enantioselectivities of the inser-
tion steps, which correspond to the two alkene-bound
intermediates obtained by exchanging the relative posi-
tions of the growing chain and the incoming monomer.
Depending on the structure of the model catalytic
center, these two alkene-bound intermediates can be of
the following type.
(i) Identical, when the two available coordination

positions are homotopic.5 These model centers, if the
insertion step is enantioselective, are consequently
isospecific. Model catalytic centers presenting a C2-
symmetry axis, which locally relates the atoms which
are relevant to the nonbonded interactions with the
monomer and the growing chain, were proposed by
Allegra several years ago for the heterogeneous catalysis
on TiCl3.6 Analogous models with C2-symmetry axes,
relating the atoms of the stereorigid ligand, have been
more recently proposed7-9 for the new homogeneous
isospecific Ziegler-Natta catalysts based on metal-
locenes9-11 (Scheme 1).

(ii) Enantiomeric, when the two available coordination
positions are enantiotopic.5 These model catalytic cen-
ters, if the insertion step is enantioselective, are con-
sequently syndiospecific. Model catalytic centers with
a Cs-symmetry plane, relating the atoms of the stere-
origid ligand, have been proposed12,13 to account for the
obtaining of syndiotactic polyolefins with other metal-
locene-based catalysts.9,12
(iii) Diastereoisomeric, when the two available coor-

dination positions are nonequivalent (diastereotopic)5
but of similar energy. In the hypothesis that the chain
migratory insertion mechanism (Figure 1) is still pre-
vailing, these model catalytic centers would be isospe-
cific or syndiospecific if these two situations present the
same or an opposite kind of enantioselectivity and hemi-
isospecific if only one of the two situations is enanti-
oselective. Models of this kind have been proposed in
order to rationalize the obtaining of the hemi-isospecific
polypropylene13,14 with a homogeneous metallocene
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catalyst based on the isopropylidene[(3-methyl(η5-cy-
clopentadienyl))(η5-9-fluorenyl)] ligand.9

(iv) Diastereoisomeric but of substantially different
energy. For these model catalytic centers, the polym-
erization mechanism could be altered; the growing chain
in successive coordination steps could occupy always the
same coordination position, that is, after each migratory
insertion step (in the alkene-free state), it could move
back to the previous coordination position (back-skip of
the growing chain).
It is worth noting that the characterization of the

stereosequences in polymers obtained by well-character-
ized metallocene complexes has produced a general
acceptance of the chain migratory insertion mechanism
and of models of the kind i-iii. On the contrary, at the
moment, no conclusive experimental evidence supports
the occurrence, for any catalytic system, of a polymer-
ization mechanism with a regular back-skip of the
chain.
The model sites proposed by Cossee,1 for the hetero-

geneous isospecific polymerization, located on lateral
surfaces of R-TiCl3 were of the kind iv. Since only the
lower energy diastereoisomeric situation would be enan-
tioselective,1,15 these model sites imply, for their iso-
specificity, a regular back-skip of the growing chain.
Analogous model sites, but on layers in relief with
respect to lateral faces of layered TiCl3 structures,15-17

as well as for TiCl4 supported on MgCl2,18 were consid-
ered in the molecular mechanics studies conducted
several years ago in our group.
Recently, also for homogeneous catalysts, the pos-

sibility of a back-skip of the growing chain, in the
alkene-free state, has been invoked in order to rational-
ize the behavior of the catalytic systems based on the
meso-ethylenebis(4,5,6,7-tetrahydro-1-indenyl) ligand19
(Scheme 2) and the rac-ethylene[1-(η3-9-fluorenyl)-2-(η5-
1-indenyl)] ligand, bearing a variable bridge substitution
pattern.20 Moreover, the occurrence of occasional back-
skips of the chain (skipped insertions) has been invoked
to interpret some of the stereochemical defects in the
syndiotactic and hemi-isotactic polypropylenes.9,12,14

The application by some of us of simple molecular
mechanics techniques to preinsertion intermediates
(alkene-bound intermediates in a conformation near the
transition state for the monomer insertion) for the

heterogeneous15-18 and (both isospecific7,8,21 and syn-
diospecific13) homogeneous Ziegler-Natta polymeriza-
tions has allowed to highlight a common mechanism of
enantioselectivity which involves a chiral orientation of
the growing chain.7,15,21 This mechanism is in agree-
ment with several experimental facts and is strongly
supported by the results obtained by Zambelli and co-
workers,22,23 relative to the enantioselectivities in the
initiation steps, in the presence of different alkyl groups.
This mechanism of enantioselectivity has been also
confirmed by other computational studies involving also
the modeling of possible transition states of the mono-
mer insertion reaction.24-27

In particular, models for catalytic systems with rac-
ethylenebis(4,5,6,7-tetrahydro-1-indenyl) and rac-eth-
ylenebis(1-indenyl) ligands were deeply studied by
molecular mechanics techniques.7,21,25,27 These models
are able to rationalize the observed enantioselectivities,
not only for the regioregular placements but also for the
regioirregular placements.21 Moreover, the nonbonded
interactions in the models have been shown to give a
contribution to the regiospecificity in favor of the
primary insertion, even after an occasional secondary
insertion, as well as to the higher regiospecificity
observed for titanocene-based, with respect to zir-
conocene-based, catalytic systems.21
The good predictive ability of this kind of molecular

mechanics analysis encouraged us to evaluate, for
unsymmetric metallocene complexes, the energy differ-
ences Eout - Einw ) ∆E, see Scheme 2, between the
preinsertion intermediates of the two diastereoisomeric
alkene-bound intermediates, obtained by exchanging
the relative positions of the growing chain and the
incoming monomer. Of course, the probability of oc-
currence of a back-skip of the chain, in the alkene-free
state, is only indirectly dependent on ∆E. It is, in fact,
dependent on the difference between the activation
energy for the chain back-skip (Ea(bs) in Scheme 2) and
the activation energy for the formation of the high-
energy alkene-bound intermediate (Ea(coord.,out) in
Scheme 2). However, since the degree to which empiri-
cal force fields can be used for prediction of transition
states is not well established28 and since the activation
energy Ea(coord.,out) is expected to increase with in-
creasing Eout, for the sake of simplicity, in this paper,
we confine our molecular mechanics analysis to the
energies of the diastereoisomeric alkene-bound inter-
mediates.

Figure 1. Schematic drawing of a model of a preinsertion
intermediate including the meso-ethylenebis(η5-tetrahydroin-
denyl) ligand with an inward si-propene coordination. The
main internal coordinates which have been varied in the
calculations are indicated. The sketched conformation corre-
sponds to θ0 ) 0°, θ1 ) -60°, θ2 ) +40°, and ω ) 45° (δ
conformer) (see text).

Scheme 2
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In particular, in the first and the second sections,
models of alkene-bound intermediates including ameso-
ethylenebis(4,5,6,7-tetrahydro-1-indenyl) ligand (1) or
an isopropylidene[(3-methyl(η5-cyclopentadienyl))(η5-9-
fluorenyl)] ligand (2), respectively, are considered.
In the third section, the model alkene-bound inter-

mediates for the diastereoisomeric complexes, with
different bridge conformations (δ or λ), based on the
ethylene[1-(η5-9-fluorenyl)-1-phenyl-2-(η5-1-indenyl)]
ligand (3) (whose separation and characterization have
been recently described by Rieger et al.20) are consid-
ered. The corresponding catalytic systems show sub-
stantial increments of the isospecificity with decreasing
monomer concentration, suggesting the occurrence, for
low monomer concentrations, of the phenomenon of the
back-skip of the chain.20
In the fourth section, an analogous analysis for the

diastereoisomeric complexes, based on the ethylene[1-
(η5-cyclopentadienyl)-1-phenyl-2-(η5-1-indenyl)] ligand
(4), is presented. According to the study of Rieger et
al., the corresponding catalytic systems do not show any
increment of the isospecificity with decreasing the
monomer concentration, suggesting the substantial
absence of the phenomenon of the back-skip of the
chain.20
The calculations of the third and fourth sections are

also aimed to assess the ability of the models and the
proposed enantioselectivity mechanism (of the chiral
orientation of the growing chain) to account for the
observed differences in the stereospecific behavior be-
tween diastereoisomeric complexes with different bridge
conformations.20

Models

As in previous papers,7,8,13,21 the basic models of the
alkene-bound intermediates considered in this paper are
metal complexes containing three ligands, which are a
π-coordinated propene molecule, a σ-coordinated isobu-
tyl (simulating a primary growing chain), and a stereo-
rigid π-coordinated ligand (1-4).
We recall the definitions of the most important

internal coordinates which have been varied (see Figure
1): the dihedral angle θ0 associated with rotations of
the olefin around the axis connecting the metal to the
center of the double bond, the internal rotation angles

θ1 and θ2 associated with rotations around the bond
between the metal atom and the first carbon atom of
the growing chain and between the first and the second
carbon atom of the growing chain, respectively, and the
dihedral angle ω associated to the ethylene bridge
conformation for 1, 3, and 4. At θ0 near to 0° the olefin
is oriented in a way suitable for primary insertion, while
θ0 near to 180° corresponds to an orientation suitable
for secondary insertion. θ1 near to 0° corresponds to
the conformation having the first C-C bond of the
growing chain eclipsed with respect to the axis connect-
ing the metal atom to the center of the double bond of
the olefin. θ2 ) 0° corresponds to the conformation with
the Mt-C(chain) bond eclipsed with respect to the C-H
bond of the second carbon atom of the chain. The ω
values relative to the energy minima are close to 45° or
-45°, and the corresponding conformations are refer-
enced in the following as δ and λ,20,29,30 respectively.
A prochiral olefin such as propene may give rise to

nonsuperposable coordinations, which can be labeled
with the notations re and si.31 The coordination of the
ligands 2-4 is chiral, and can be labeled with the
notation R or S according to the rules of Cahn-Ingold-
Prelog32 extended to chiral metallocenes as outlined by
Schlögl.33 The symbols R and S indicate the absolute
configuration of the bridgehead carbon atom of the
3-methylcyclopentadienyl group, for ligand 2, and of the
indenyl groups, for ligands 3 and 4, respectively.
Without loss of generality, all the reported calculations
refer to the R coordination of ligands 2-4.
For all the considered pseudotetrahedral alkene-

bound intermediates, an intrinsic chirality at the central
metal atom is present, which can be labeled with the
notation R or S, by an extension of the Cahn-Ingold-
Prelog rules, as proposed by Stanley and Baird.34 This
nomenclature has been used by us to distinguish the
diastereoisomeric alkene-bound intermediates which
may arise by exchanging the relative positions of the
growing chain and the incoming monomer.13 However,
in this paper we will mainly use the more mnemonic
indication according to which the relative disposition
of the ligands, which presents the coordinated monomer
in the more (less) crowded region, is referred to as
“inward (outward) propene coordination”.
We also recall that, in the framework of our analysis,

the conformations of alkene-bound intermediates are
considered sufficiently close to the transition state and
considered as suitable conformers of preinsertion inter-
mediates, only if the insertion can occur through a
process of “least nuclear motion”.1,35-37 This corre-
sponds to geometries of the alkene-bound intermediates
for which (i) the double bond of the olefin is nearly
parallel to the bond between the metal atom and the
growing chain (θ0 ≈ 0° or θ0 ≈ 180°) and (ii) the first
C-C bond of the chain is nearly perpendicular to the
plane defined by the double bond of the monomer and
the metal atom (|θ1| ≈ 60-90° rather than θ1 ≈ 180°).37a
Let us recall that θ1 values away from 180° and near to
60° are also suited for the formation of an R-agostic
bond, which has been shown to stabilize the transition
state for the insertion step in some scandium- and
zirconium-based catalysts.38-40

Moreover, alkene-bound intermediates for which the
methyl group of the propene and the second carbon atom
(and its substituents) of the growing chain are on the
same side with respect to the plane defined by the Mt-C
bonds (θ1 ≈ 60° and -60° for the re- and si-coordinated
monomers, respectively) are assumed to be unsuitable
for the successive monomer insertion. In fact, the
insertion paths starting from these intermediates in-

Chart 1
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volve large nonbonded interactions.15,18,21 We assume
that the energy differences between suitable preinser-
tion intermediates are close to those present in the
corresponding transition states for the insertion reac-
tion.

Calculation Method
In the molecular mechanics calculations presented in this

paper, contributions to the energy relative to the angle
bendings, “out-of-plane bendings”, torsional barriers to internal
rotations, and nonbonded interactions have been included.
Bond lengths have been instead kept constant: This assump-
tion is reasonable in the neighborhood of the energetic minima
corresponding to the geometry of not overcrowded molecules.
As in previous papers,8,13,21 a harmonic potential has been

used in order to evaluate the bending contribution to the total
energy of the X-Ct-X angles (where Ct stands for tetrahedral
carbon and X ≡ Ct or H); the bending parameters have been
taken from ref 41. The parameters for the Mt-Ct-Ct and Mt-
Ct-H angles have been arbitrarily assumed to be equal to
those for the Ct-Ct-Ct and Ct-Ct-H angles, respectively.
With respect to previous calculations,8,13,21 the difference is

that the coordination of the bridged π-ligand is less rigid: The
bond between the metal and a dummy atom placed at the
center of the five-membered rings (Dπ), as well as the angles
Mt-Dπ-Cπ (where Cπ stands for carbon atom of the π-ligands)
and Dπ-Mt-Dπ, are given equilibrium values and stretching
and bending force constants, respectively, as described by
Bosnich in ref 42; as in previous papers,19,21 the bending
parameters for the angles Dπ-Mt-Ct and Dπ-Mt-Dol (where
Dol is a dummy atom placed at the center of the double bond
of the π-coordinated olefin) are taken to be equal to those for
the H-Ct-H angle; finally, as previously,8,13,21 the angle Ct-
Mt-Dol has been restrained in the experimentally observed
range 91-99°.30
For the bridging carbon atoms and the methyl group of the

ligand 2, a bending potential for the Cπ-Cπ-Ct angle is taken
from ref 42, and an energy term for an “out-of-plane bending”
(as described in the Dreiding force field43) is also included. For
the sake of simplicity, the geometry of the aromatic systems,
as well as the “out of plane bending” of the atoms bonded to
the π-carbons of the olefin, has been maintained fixed.
Torsional potentials for the rotation angles are included.

For single Ct-Ct bonds not adjacent to a double bond, the
following equation was applied

while for single bond adjacent to a double bond, the following
equation was applied

with E′0 ) 2.8 kcal/mol and E′′0 ) 2.0 kcal/mol. The torsional
potentials for the rotations θ0 and θ1 are not known and
therefore not included in our calculations. While we expect
such energy contribution to be small for θ1, it may not be so
for θ0. Since we are mainly interested in situations not far
from 0° (for primary insertion) or not far from 180° (for
secondary insertion on the ligand 1), the inclusion of such a
torsional potential would not change significantly our conclu-
sions.
The calculations of the nonbonded energies have been

performed with interaction potentials between nonbonded
atoms of the Lennard-Jones type. As discussed in ref 44, we
have assumed

where Aij and Bij are constants characteristic of the species i

and j and rjij the minimum interaction distance. The terms
containing rjij have been included in order to avoid negative
contribution to the energy. The results presented in this paper
are obtained with the parameters proposed by Scheraga and
co-workers.45 In order to test the dependence of the results
on the particular choice of the parameters in the potential
functions, some calculations have been also performed by using
the parameters proposed by Karplus and co-workers,46 which
have been used in ref 42 together with the bending and
stretching parameters for the bridged π-ligands. We also
tested the approach proposed by Erker for the coordination of
the carbon atoms of the π-ligand,47a in conjunction with the
Amber force field of Kollman.47b Although with the different
sets of parameters the results are numerically different, the
overall trends and the locations of the energy minima are
nearly the same. As far as the metal atoms are concerned, it
has been shown48 for several complexes that the computed
conformations of the ligands are pratically independent of the
nonbonded interactions Enb involving the metal atoms. We
have verified this conclusion in our case by some test computa-
tions with a range of parameters for the potential functions
involving the metal atom (Mt ≡ C, Mt ≡ Cl, Mt as described
in refs 42 and 47a, and Mt neglected). Therefore, our final
choice has been to completely neglect the interactions involving
the metal atom.
The same zero of the energy is adopted in the following for

a given model complex, irrespective of the coordination chiral-
ity of the propene monomer and of the relative positions of
the monomer and growing chain.
The geometrical parameters for the coordination of the

ligands 1-4, taken as starting situations for the energy
minimizations, are those found in the crystalline structure of
the corresponding dichloro complexes from refs 50, 9, 20, and
20, respectively. The geometric parameters of the coordinated
olefin have been derived from the crystal structure of bis-
(pentamethyl)cyclopentadienyl)(ethene)titanium.51 The dis-
tance C(olefin)-CH3 has been set to 1.50 Å.
The Zr-C(chain) distance has been assumed, as in ref 21,

to be equal to 2.28 Å, which is an average of the values
observed in cationic zirconocene complexes.52 Since crystalline
structures of d0 metal-olefin complexes, like those invoked
as Ziegler-Natta catalytic intermediates, are not available,
it is difficult to assume a reliable distance Zr-C(olefin), which
is however expected to be in the range 2.3-2.5 Å, as discussed
in detail in ref 21. For the calculations presented in this paper,
the distance Zr-C(olefin) has been set to 2.3 Å. Test calcula-
tions have been repeated by assuming this distance to be equal
to 2.5 Å, obtaining qualitatively similar results.
As in our previous papers,7,8,13,15-20,21 possible electronic

contributions to the energy have not been considered. This
approximation is based on the assumption, which is reasonable
according to us, that the differences of electronic energy are
negligible in comparing coordination and preinsertion inter-
mediates which are different only for the chiralities of coor-
dination of propene or for the relative positions of the monomer
and the growing chain. In principle, however, electronic
contributions could lead to minimum energy geometries at the
metal atom significantly different from those evaluated by
simple molecular mechanics calculations, thus having an
indirect influence on the evaluated energy differences. We feel
that this is not the case for our models, since the geometry at
the metal atom predicted on the sole basis of the nonbonded
interactions is very close to that found in similar complexes
characterized by X-ray diffraction.7

The more complete energy optimizations with respect to
previous works7,8,15-18 (corresponding to a reduced rigidity of
the bridged π-ligand) make smoother the energy curves and
markedly reduces the energies for conformations far from the
energy minima. However, the differences between the energy
minima (corresponding to different diastereoisomeric inter-
mediates) remain substantially unchanged. Nevertheless, we
believe that the numerical results of our calculations cannot
be trusted as such. This is specially true for conformations
far from the energy minima because of the inaptitude of the
energy functions in such regions and because of the simplifying
assumption of constancy (rather than near-constancy) of
several internal coordinates. Although the numerical values

Et )
E′0
2
(1 + cos 3σ)

Et )
E′′0
2
(1 - cos 3σ)

Enb ) ∑
m<n[(Aij

rmn
12

-
Bij

rmn
6 ) - (Aij

rjij
12

-
Bij

rjij
6 )] for rmn < rjij

Enb ) 0 for rmn g rjij
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of the energy differences depend also on the exact geometry
and the energy parameters adopted in the calculations, no
reasonable adjustment of these parameters seems to be able
to modify our conclusions.

Results and Discussion

Model Complexes with the meso-Ethylenebis-
(4,5,6,7-tetrahydro-1-indenyl) Ligand. For the model
complex including themeso-ethylenebis(4,5,6,7-tetrahy-
dro-1-indenyl) ligand, for the two diastereoisomeric
alkene-bound intermediates corresponding to inward
and outward monomer coordinations, plots of the mini-
mized energy versus θ1 are reported in Figure 2A,B,
respectively. The starting point for the energy optimi-
zations in Figure 2 was the conformation with θ0 ) 0°;
whatever the energy, the absolute value of θ0 for the
optimized conformations is not greater than 20°. Hence
these models simulate situations suitable for the pri-
mary insertion of propene into a primary polypropene
growing chain. The full and dashed lines refer to re-
and si-coordinated propene, respectively. For the sake
of comparison, let us note that analogous calculations
for the alkene-bound intermediate including the corre-
sponding racemic ligand are shown in ref 21.
The minimum energy situation, assumed as zero of

the energy in the plots of Figure 2, is found for θ1 ≈
180°, for the inward (both re and si) monomer coordina-
tion (minima labeled with a and b in Figure 2A,
sketched in Figure 3A,B, respectively). For the same
alkene-bound intermediate (inward propene), two minima
exist also for growing chain conformations which, in the
framework of previous analyses of ours, were considered
as suitable for the re- and si-propene insertion, as, for
instance, for θ1 ) -60° and 60°, respectively (minima c
and d in Figure 2A, sketched in Figure 3C,D, respec-
tively). These energy minima corresponding to prein-
sertion intermediates are higher with respect to the
absolute minimum of nearly 2 kcal/mol.
For the outward propene coordination, two deep

minima (nearly 3 kcal/mol) are present for θ1 ≈ -20°

and 20° (shown in Figure 4A,B), for re- and si-monomer
coordinations, respectively. Following the criteria de-
scribed in the previous section, these alkene-bound
intermediates are not considered sufficiently close to the
transition state for the insertion reaction. In fact, the
second carbon atom of the chain is closer than the first
one (although this should become bonded in the inser-
tion reaction) to the coordinated monomer. It is also
worth noting that, for the alkene-bound intermediates
of Figure 4A,B, the â-hydrogen atom of the chain
(indicated with an arrow) points toward the propene
monomer (the θ2 values are nearly equal to 60° and
-60°, respectively). This suggests that the minimum
energy situations a and b of Figure 2B, sketched in
Figure 4A,B, could be close to a possible transition state
for a termination reaction, through a â-H abstraction,
rather than to a possible transition state for the
monomer insertion.
Suitable preinsertion intermediates corresponding to

the re- and si-propene outward coordinations, with θ1
≈ -60° or 60°, respectively (minima labeled with c and
d in Figure 2B, sketched in Figure 4C,D, respectively)
present energies of nearly 5-6 kcal/mol higher than the
absolute minimum. In this case, the â-hydrogen atom
of the chain (indicated with an arrow) points toward a
tetrahydroindenyl ligand (the θ2 values are nearly equal
to -30° and 30°, respectively).
Although it is well established that, in general, the

activation internal energy for the monomer coordination
to the metallocene-based catalytic sites is expected to
be low,26,27,53 the activation free energy (expecially at
low monomer concentrations) may be such as to render
the back-skip process significant. Moreover, the larger
nonbonded energy contribution to the preinsertion
intermediate with the outward monomer coordination

Figure 2. Optimized energy as a function of θ1, with θ0 ≈ 0°
(see text), for the model complexes including the meso-
ethylenebis(η5-tetrahydroindenyl) ligand (1) with (A) inward
propene coordination and (B) outward propene coordination.
These models simulate situations suitable for the primary
insertion of propene into a polypropene growing chain. The
full and dashed lines refer to re- and si-coordinated propene,
respectively. The conformations corresponding to the energy
minima labeled with a-d in A and B are sketched in Figures
3 and 4, respectively. Figure 3. Models corresponding to possible alkene-bound

intermediates for the inward monomer coordination when the
π-ligand is 1. A-D correspond to the minimum energy situ-
ations labeled with the letters a-d in Figure 2A. C and D are
suitable preinsertion intermediates for the re- and si-monomer
insertion, respectively. For clarity, only the C-C bonds are
sketched for the π-ligands.
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(Eout > Einw) suggests that, in the alkene-free state, the
activation energy for its formation, Ea(coord.,out), could
get comparable with the activation energy for the back-
skip of the chain, Ea(bs) (see Scheme 2).
Figure 5A,B contains plots of the optimized energies

for the intermediates with the inward and outward
propene coordinations, respectively, as a function of θ0.
For the inward propene coordination, deep energy
minima are obtained only for θ0≈ 0°, while much higher
energies are calculated for θ0 ≈ 180°. This, of course,
is due to the interactions of the methyl group of the
propene (for both re and si coordinations) with the atoms
of one of the two six-membered rings for the monomer
orientation suitable for the secondary insertion (θ0 ≈
180°). On the contrary, for the outward propene coor-
dination, the energy minima in the neighborhood of θ0
) 180° (for θ0 ≈ 170° and -170°) are only 2-3 kcal/mol
higher than those in the neighborhood of θ0 ) 0° (for θ0
≈ 10° and -10°). It is hence apparent that there are
strong nonbonded energy contributions to the regiose-
lectivity for the inward monomer coordination (Figure
5A, compare θ0≈ 0° with θ0≈ 180°), while much smaller
nonbonded energy contributions to the regioselectivity
have been calculated for the outward monomer coordi-
nation (Figure 5B). The latter is similar to the non-
bonded energy contribution to the regioselectivity cal-
culated for the model with the corresponding racemic
ligand (Figure 3A in ref 21).
Hence, the studied meso-ligand model appears to be

nonenantioselective, but if the frequency of the back-
skip of the chain increases, its regioselectivity becomes
larger than the regioselectivity of the racemic ligand
model. This is in qualitative agreement with the
microstructure of the polymer obtained by the corre-
sponding catalytic systems. In fact, the atactic polymer
produced with meso-ethylenebis(4,5,6,7-tetrahydro-1-

indenyl)zirconium dichloride is more regioregular than
the polymer obtained with its racemic isomer.50

Although our calculations have been performed sepa-
rately for the δ and λ conformations of the ethylene
bridge, since the isomerization between the two con-
formers is assumed to be easy, only the minimum
energy values are reported in the curves of Figures 2
and 5. For the sake of comparison with the results of
following sections, it is however worth noting that
substantially no enantioselectivity is introduced by
freezing in the model the ethylene bridge conformation
of the π-ligand.
Model Complex with the Isopropylidene[(3-

methyl(η5-cyclopentadienyl))(η5-9-fluorenyl)]
Ligand. As described in the section relative to the
methods, without loss of generality, all the calculations,
reported in this section and the next two sections, refer
to the R coordination of the ligand.
For the model complex with the isopropylidene[(3-

methyl(η5-cyclopentadienyl))(η5-9-fluorenyl)] ligand, for
the two diastereoisomeric intermediates corresponding
to inward and outward monomer coordinations, plots
of the minimized energy versus θ1 (analogous to those
of Figure 2A,B) are reported in Figure 6A,B, respec-
tively. In agreement with previous less-refined calcula-
tions,13 it is apparent that for the inward monomer
coordination this model site is enantioselective. In
particular, the calculated energy difference between the
two preinsertion intermediates suitable for the re- and
si-monomer insertion (re olefin, θ1 ≈ -60°, labeled as a
in Figure 6A and sketched in Figure 7A, and si olefin,
θ1 ≈ +60° is nearly 7 kcal/mol. On the other hand, this
model site, for the outward coordination of the monomer,
is substantially nonenantioselective, that is, two nearly
energetically equivalent preinsertion intermediates cor-
responding to the situations (re olefin, θ1 ≈ -60°, and
si olefin, θ1 ≈ 60°, labeled as b and c in Figure 6B and
sketched in Figure 7B,C, respectively) are present. The
energies for the two minima of the nonenantioselective
step (Figure 6B), with respect to the single minimum
of the enantioselective step (Figure 6A), are higher by
nearly 4 kcal/mol.

Figure 4. Models corresponding to possible alkene-bound
intermediates for the outward monomer coordination when the
π-ligand is 1. A-D correspond to the minimum energy situ-
ations labeled with the letters a-d in Figure 2B. A and B are
alkene-bound intermediates possibly close to the transition
state of the â-H elimination reaction, while C and D are models
of preinsertion intermediates for the re- and si-monomer
insertion, respectively. For clarity, only the C-C bonds are
sketched for the π-ligands.

Figure 5. Optimized energy as a function of θ0 for the model
complexes with the ligand 1 with (A) inward propene coordi-
nation and (B) outward propene coordination. The full and
dashed lines refer to re- and si-coordinated propene, respec-
tively.
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These results are in qualitative agreement with the
appreciable probability of two successive enantioselec-
tive additions and the near to zero probability of two
successive nonenantioselective additions, calculated
from experimental observations for the corresponding
catalytic system.9,14 This system, although essentially
hemi-isospecific (hence, in the framework of our analy-
sis, roughly rationalized by a model of the kind iii),
presents a large amount of skipped insertions.9,14 In
particular, according to the accurate analysis by Farina
and co-workers14 on experimental data by Ewen9 (rela-
tive to a system with catalyst + MAO, without solvent,
at 65 °C), the probability of two successive enantiose-
lective additions is close to 15%, while the probability
of two successive nonenantioselective additions is es-
sentially zero.
Model Complexes with the Ethylene[1-(η3-9-

fluorenyl)-1-phenyl-2-(η5-1-indenyl)] Ligand. The
model catalytic complexes considered in this section
correspond to the diastereoisomeric complexes 6b1 and
6b2 of ref 20 and present a R chirality of coordination
of the indenyl fragment. The model sites based on the
ethylene[1-(η5-9-fluorenyl)-1(R)-phenyl-2-(η5-1(R)-inde-
nyl)] ligand presenting a δ-bridge conformation and the
model sites based on the ethylene[1-(η5-9-fluorenyl)-
1(S)-phenyl-2-(η5-1(R)-indenyl)] ligand presenting a
λ-bridge conformation are sketched in Figures 8 and 9
and hereafter named 3δ and 3λ, respectively. For the
model site 3δ, plots of the optimized energy versus θ1
(analogous to those of Figure 2A,B) are reported in
Figure 8A,B for the two diastereoisomeric intermediates
corresponding to inward and outward monomer coor-
dinations, respectively. For the model site 3λ, analogous
plots of the optimized energy versus θ1 for the inward
and outward monomer coordinations are reported in
Figure 9A,B, respectively.
In the framework of our analysis, the diastereoiso-

meric intermediates corresponding to the inward mono-
mer coordination (Figures 8A and 9A) are enantiose-
lective. In fact, the preinsertion intermediate for the
re-monomer insertion, with θ1 ≈ -60° (a in Figures 8A

and 9A, sketched in Figures 10A and 11A, respectively),
presents energies lower by 4.5-6.5 kcal/mol with respect
to the preinsertion intermediate for the si-olefin inser-
tions, with θ1 ≈ 60°.
On the contrary, the diastereoisomeric intermediates

corresponding to the outward monomer coordinations
(Figures 8B and 9B) might have opposite, although poor,
enantioselectivities. In particular, for the δ-bridge
conformation, the preinsertion intermediate for the re-
monomer insertion, with θ1 ≈ -60° (b in Figure 8B,
sketched in Figure 10B), presents an energy lower by
nearly 1.5 kcal/mol with respect to the preinsertion
intermediate for the si-olefin insertions, with θ1 ≈ 60°
(c in Figure 8B, sketched in Figure 10C). On the other
hand, for the λ-bridge conformation, the preinsertion
intermediate for the si-monomer insertion (c in Figure
9B, sketched in Figure 11C) presents an energy lower
by nearly 1 kcal/mol with respect to the preinsertion
intermediate for the re-olefin insertions (b in Figure 9B,
sketched in Figure 11B).
Hence a substantial influence of the bridge conforma-

tion on the enantioselectivity of the model complex
appears to occur only when the growing chain is located
in the more crowded inward position (and, of course,
the monomer is coordinated in the outward position).
In particular, for the R-ligand coordination, the δ-bridge
conformation tends to favor the chain conformation with
θ1 ≈ -60° (Figure 10B) with respect to the one with θ1

Figure 6. Optimized energy as a function of θ1, with θ0 ≈ 0°
(see text), for the model complexes with the isopropylidene-
[(3-methyl(η5-cyclopentadienyl))(η5-9-fluorenyl)] ligand (2), R
coordinated, for the (A) inward propene coordination and (B)
outward propene coordination. The full and dashed lines refer
to re- and si-coordinated propene, respectively. The conforma-
tions corresponding to the energy minimum situations labeled
with a-c are sketched in Figure 7.

Figure 7. Models of preinsertion intermediates for the
primary insertion of propene into a polypropene growing chain
when the π ligand is 2. A-C correspond to the minimum
energy situations labeled with the letters a-c in Figure 6. The
model A corresponds to the inward coordination of the re
monomer, while the two nearly energetically equivalents
models B and C correspond to the outward coordination of the
re and si monomers, respectively. For clarity, only the C-C
bonds are sketched for the π-ligands.
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≈ 60° (Figure 10C), due to the lower interactions of the
second carbon atom of the chain (and of its substituents)
with the six-membered rings of the π-ligand. The
opposite occurs for the ligand with the λ-bridge confor-
mation, which tends to favor the chain conformation
with θ1 ≈ 60° (Figure 11C) with respect to the one with
θ1 ≈-60° (Figure 11B). This orientation of the growing
chain, in turn, discriminates between re- and si-
monomer insertions; in particular the re-monomer
insertion is favored for the site 3δ, while the si-monomer
insertion is favored for the site 3λ.
Calculations analogous to those of Figures 8 and 9

when the growing chain is simulated only by a methyl
group indicate a substantial absence of enantioselec-
tivity (that is, nearly equivalent preinsertion intermedi-
ates for the re- and si-monomer insertion) for both
inward and outward coordination of the monomer, for
both δ and λ sites. Hence, according to the present
analysis, the influence of the bridge conformation (as
well as of the chirality of coordination of the bridged
π-ligand7,21) on the enantioselectivity seems to be mainly
mediated by the chiral orientation of the growing chain.
In summary the model sites 3δ and 3λ would be both

essentially hemi-isospecific (in fact, as for the ligand 2,
the monomer insertion with a given enantioface is
largely favored for the inward coordination, while for
the outward monomer coordination the two energy
minima suitable for the insertion reaction are energeti-
cally nearly equivalent). However for the model 3δ
some tendency to the isospecificity is found (in fact, for

instance, for the R-ligand coordination, the re-monomer
insertion is largely favored for the inward coordination
and less, but still, favored for the outward coordination).
These results are in good qualitative agreement with

the stereospecificities of the corresponding catalytic
systems (at 50 °C, with methylalumoxane, for monomer
concentrations higher than 2-3 M): The percentage of
[mmmm] pentads is 46.5% and 15.5% for the δ- and
λ-bridge conformations, respectively.20 It is worth not-
ing that [mmmm] ≈ 15% is typical of hemi-isospecific
polymers.9,14
It is also worth recalling that the overall higher

enantioselectivity of the model complex 3δ, with respect
to the model complex 3λ, can be more qualitatively
accounted for by the simple considerations of Brintz-
inger:30 the δ conformation, with respect to the λ one,
places closer the opposite standing substituents â1 and
â3 (sketches in Figures 8 and 9), thus placing both the
monomer and the growing chain in a more crowded
environment.
Other relevant information, which can be taken from

Figures 8 and 9, is the energy difference (for the
catalytic model complexes 3δ and 3λ, respectively)
between the energy minima for the inward and outward
monomer coordinations. It is apparent from Figures 8
and 9 that the absolute minima, labeled as a, correspond
to the inward monomer coordination for both bridge
conformations. The preinsertion intermediates for the
outward monomer coordination have energies higher by
nearly 3 and 2 kcal/mol (minimum b of Figure 8B and

Figure 8. Optimized energy as a function of θ1, with θ0 ≈ 0°
(see text), for the model complexes including the ethylene[1-
(η5-9-fluorenyl)-1(R)-phenyl-2-(η5-1-indenyl)] ligand (3) (R co-
ordinated), with δ-bridge conformation, for the (A) inward
propene coordination and (B) outward propene coordination.
The full and dashed lines refer to re- and si-coordinated
propene, respectively. The sketch of the model site indicates
the ω value, the inward and outward coordination positions,
the chirality of coordination of the indenyl fragment (R), the
chirality of the tertiary carbon atom of the bridge (R), and the
position of the opposite standing Cp substituents â1 and â3.
The preinsertion intermediates corresponding to the energy
minima labeled with a-c are sketched in Figure 10.

Figure 9. Optimized energy as a function of θ1, with θ0 ≈ 0°
(see text), for the model complexes including the ethylene[1-
(η5-9-fluorenyl)-1(S)-phenyl-2-(η5-1-indenyl)] ligand (R coordi-
nated), with λ-bridge conformation, for the (A) inward propene
coordination and (B) outward propene coordination. The full
and dashed lines refer to re- and si-coordinated propene,
respectively. The sketch of the model indicates the ω value,
the inward and outward coordination positions, the chirality
of coordination of the indenyl fragment (R), the chirality of
the tertiary carbon atom of the bridge (S), and the position of
the opposite standing substituents â1 and â3. The preinsertion
intermediates corresponding to the energy minima labeled
with a-c are sketched in Figure 11.
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minimum c of Figure 9B), for δ- and λ-bridge conforma-
tions, respectively. In our framework, this indicates
that a phenomenon of back-skip of the chain could occur
toward the enantioselective diastereoisomeric interme-
diate, presenting the inward monomer coordination.
This is, again, in good qualitative agreement with the

increasing isospecificities of the corresponding catalytic
systems with decreasing the monomer concentration. In
fact, by reducing the monomer concentration (from 3.38
to 0.45 M), there is an increase of the percentage of
[mmmm] pentads for both catalytic systems (from 46.5%
up to 80.4% with the ligand 3δ and from 15.5% up to
28.3% with the ligand 3λ).20

Already in Scheme 3 of ref 20, the increase of the
stereospecificity of these catalytic systems with the
decrease of the monomer concentration was rationalized
in terms of increase of the frequency of occurrence of a
back-skip of the chain (in the alkene-free state) from
the coordination position typical of the higher energy
diastereoisomeric intermediate (nonenantioselective)
toward the coordination position typical of the minimum
energy diastereoisomeric intermediate (enantioselec-
tive). However, in that reaction scheme, the minimum
energy enantioselective intermediate was supposed to
be that one with the outward monomer coordination,
which, on the contrary, according to our analysis, would
be of higher energy and nonenantioselective.

Before concluding this section, let us recall that the
complex with a S coordination of the indenyl fragment
having a δ (λ)-bridge conformation is the enantiomer of
the complex with R chirality of coordination of the
indenyl fragment having a λ (δ) conformation. As a
consequence, for the case of the ligand S coordinated,
the model site with the λ-bridge conformation is more
isospecific (in favor of the si-monomer insertion).
Model Complex with the Ethylene[1-(η5-cyclo-

pentadienyl)-1-phenyl-2-(η5-1-indenyl)] Ligand. For
the model complex based on the ethylene[1-(η5-cyclo-
pentadienyl)-1-phenyl-2-(η5-1-indenyl)] ligand (R coor-
dinated), with δ-bridge conformation, for the two dias-
tereoisomeric intermediates corresponding to inward
and outward monomer coordinations, plots of the mini-
mized energy versus θ1 are reported in Figure 12A,B,
respectively. For the same model complex with λ-bridge
conformation, analogous plots of the minimized energy
versus θ1 for the inward and outward monomer coor-
dinations are reported in Figure 13A,B, respectively.
In the framework of our analysis, one of the diaste-

reoisomeric intermediates (that one corresponding to the

Figure 10. Models of the preinsertion intermediates for the
primary insertion of propene into a polypropene growing chain
when the π ligand is 3 with a δ-bridge conformation. A-C
correspond to the minimum energy situations labeled with the
letters a-c in Figure 8. The model A corresponds to the inward
coordination of the re monomer, while the models B and C
correspond to the outward coordination of the re and si
monomers, respectively. For clarity, only the C-C bonds are
sketched for the π-ligands. Thinner lines indicate bonds
connecting atoms which in the sketches are below the metal
atom.

Figure 11. Models of the preinsertion intermediates for the
primary insertion of propene into a polypropene growing chain
when the π ligand is 3 with a λ-bridge conformation. A-C
correspond to the minimum energy situations labeled with the
letters a-c in Figure 9. The model A corresponds to the inward
coordination of the re monomer, while the models B and C
correspond to the outward coordination of the re and si
monomers, respectively. For clarity, only the C-C bonds are
sketched for the π-ligands. Thinner lines indicate bonds
connecting atoms which in the sketches are below the metal
atom.

4842 Guerra et al. Macromolecules, Vol. 29, No. 14, 1996



outward monomer coordination) is enantioselective
(Figures 12B and 13B). In fact, the preinsertion inter-
mediates for the re-monomer insertion (with θ1 ≈ -60°)
present lower energies with respect to the preinsertion
intermediates for the si-olefin insertions (with θ1≈ 60°).
This energy difference related to the enantioselectivity
is higher for the δ-bridge conformation (≈4 kcal/mol)
and lower for the λ-bridge conformation (≈2 kcal/mol).
On the contrary, the diastereoisomeric intermediates

corresponding to the inward monomer coordinations
(Figures 12A and 13A) present essentially no enanti-
oselectivity for both bridge conformations. This is due
to the absence, for the chain in the outward position, of
steric interactions which could induce its possible chiral
orientation.
Hence, in the framework of our analysis, the model

sites with the ligand 4, both with δ- and λ-bridge
conformation, are essentially hemi-isospecific. The
model site with the δ-bridge conformation presents,
however, a slightly higher tendence to the obtaining of
m rich pentads. These results are only in qualitative
agreement with the stereospecificities of the corre-
sponding catalytic systems (at 50 °C, with methylalu-
moxane, for monomer concentrations higher than 2-3
M): The percentage of [mmmm] pentads is, in fact, close
to 40% and 35% for the δ- and λ-bridge conformations,
respectively.20
Other relevant information, which can be taken from

Figures 12 and 13, is the small energy difference (for
the catalytic complexes 4δ and 4λ, respectively) between
the energy minima for the preinsertion intermediates
corresponding to the inward and outward monomer
coordinations (indicated by asterisks). Moreover, con-

trary to the cases of ligands 2 and 3, this small
difference is in favor of the nonenantioselective step. In
our framework, this indicates a poor nonbonded energy
contribution to the activation energy for the monomer
coordination, which remains low with respect to the
activation energy for the back-skip of the chain. Hence,
also for small monomer concentrations, the rate of the
monomer coordination (and insertion) is expected to be
higher than the rate of the chain back-skip. These
results are in qualitative agreement with the invariance
of the stereospecificities of the corresponding catalytic
systems with decreasing the monomer concentration, for
the catalytic system with the ligand 4.

Conclusions

The main results of the present molecular mechanics
analysis on model metallocene intermediates for the
propene polymerization, in which the two coordination
positions available for the monomer and the growing
chain are diastereotopic, are summarized in Table 1.
In particular, the calculated energy differences be-

tween suitable preinsertion intermediates for the pri-
mary si- and re-monomer insertions, for inward and
outward monomer coordinations (for the case of R
coordination of the ligands), are collected in the second
and third columns. These energy differences represent
an evaluation of the enantioselectivity of the diastere-
oisomeric intermediates corresponding to two consecu-
tive insertion steps, in the framework of the chain
migratory insertion mechanism. The experimentally
observed stereospecificities (expressed as percent of
[mmmm] pentads) for corresponding catalytic systems

Figure 12. Optimized energy as a function of θ1, with θ0 ≈
0° (see text), for the model complexes including the ethylene-
[1-(η5-cyclopentadienyl)-1-phenyl-2-(η5-1-indenyl)] ligand (R
coordinated), with δ-bridge conformation, for the (A) inward
propene coordination and (B) outward propene coordination.
The full and dashed lines refer to re- and si-coordinated
propene, respectively. The asterisks indicate suitable prein-
sertion intermediates. The sketch of the model indicates the
ω value, the inward and outward coordination positions, the
chirality of coordination of the indenyl fragment (R), and the
chirality of the tertiary carbon atom of the bridge (R).

Figure 13. Optimized energy as a function of θ1, with θ0 ≈
0° (see text), for the model complexes including the ethylene-
[1-(η5-cyclopentadienyl)-1-phenyl-2-(η5-1-indenyl)] ligand (R
coordinated), with λ-bridge conformation, for the (A) inward
propene coordination and (B) outward propene coordination.
The full and dashed lines refer to re- and si-coordinated
propene, respectively. The asterisks indicate suitable prein-
sertion intermediates. The sketch of the model site indicates
the ω value, the inward and outward coordination positions,
the chirality of coordination of the indenyl fragment (R), and
the chirality of the tertiary carbon atom of the bridge (S).
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are listed in the fourth column. It is apparent that the
calculated enantioselectivities are in fair agreement
with the observed aspecificity of the catalytic systems
based on 1 and with the hemi-isospecificity of the
catalytic systems based on 2.
The molecular mechanics analysis shows that the

nonbonded interactions are also able to account for the
influence of the ethylene bridge conformation on the
stereospecificity of the propene polymerization in ansa-
zirconocene complexes. According to the calculations,
a significant influence of the bridge conformation on the
enantioselectivity of the preinsertion intermediates is
present only in crowded catalytic model complexes. In
fact, such influence is poor for the model complexes
based on 1 and 4, while it is relevant for the crowded
model complex based on 3, particularly for the model
presenting the growing chain in the more crowded
inward position (outward propene coordination). In
particular, the complex including the ligand 3, with
δ-bridge conformation, for the outward monomer coor-
dination is partially enantioselective (1.5 kcal/mol) in
favor of the same enantioface (re) strongly favored for
the inward monomer coordination, while with λ-bridge
conformation, the model complex with the outward
monomer coordination is partially enantioselective (1
kcal/mol) in favor of the opposite enantioface (si) (Table
1). Hence the model 3λ is essentially hemi-isospecific,
while the model 3δ tends to be more isospecific. Analo-
gously, for model 4δ with respect to model 4λ, a slightly
larger tendency to the isospecificity has been calculated.
All these results are in qualitative agreement with the
stereospecificities of the corresponding catalytic systems
(fourth column of Table 1). It is worth noting that,
according to the present analysis, the influence of the
bridge conformation on the enantioselectivity seems to
be mainly mediated by the chiral orientation of the
growing chain (as nearly generally accepted for the
influence of the chirality of the site on the enantiose-
lectivity).
For the same model complexes, the calculated energy

differences between suitable preinsertion intermediates
for the primary monomer insertion for inward and

outward monomer coordinations are collected in the fifth
column of Table 1. These results indicate that, in all
the considered metallocene-based model complexes,
when there are energy differences between the mini-
mum energy diastereoisomeric intermediates, lower
energies correspond to the monomer coordination in the
inward coordination position. The energy difference
between the two possible diastereoisomeric preinsertion
intermediates is somewhat relevant for the model
complexes based on the meso-ethylenebis(4,5,6,7-tet-
rahydro-1-indenyl) ligand (1), the isopropylidene[(3-
methyl(η5-cyclopentadienyl))(η5-9-fluorenyl)] ligand (2),
or the rac-ethylene[1-(η5-9-fluorenyl)-1-phenyl-2-(η5-1-
indenyl)] ligand (3), and for models 2 and 3 the energy
difference is in favor of the more enantioselective step.
On the contrary, this energy difference is small and in
favor of the substantially nonenantioselective step for
the model complexes based on the rac-ethylene[1-(η5-
cyclopentadienyl)-1-phenyl-2-(η5-1-indenyl)] ligand (4).
Large energy differences between the minima of the

diastereoisomeric coordination (and preinsertion) inter-
mediates (∆E) could correspond to substantial non-
bonded energy contributions to the activation energy for
the formation of the higher energy alkene-bound inter-
mediate (Ea(coord.,out)). As a consequence, the rate of
monomer coordination can become comparable (or also
lower) with respect to the rate of the back-skip of the
chain toward the less hindered coordination position in
the alkene-free state.
Several experimental facts relative to the propene

polymerization behavior of the corresponding catalytic
systems (sixth column in Table 1) can be rationalized
by considering the kinetic competition between the back-
skip of the chain and the monomer coordination in the
alkene-free state. In particular, the appreciable prob-
ability of two successive additions at the enantioselec-
tive catalytic face and the near to zero probability of
two successive additions at the nonenantioselective
catalytic face, observed for the essentially hemi-isospe-
cific catalytic system based on 2, are rationalized in
terms of the lower energies for the single minimum of
the enantioselective steps with respect to the two
minima of the nonenantioselective steps. The increased
stereoregularity at decreasing monomer concentration
for catalytic systems based on 3 (not shown by systems
based on 4) can be explained on similar grounds. The
higher regioregularity of the polypropylene obtained by
the zirconocene catalyst based on 1 (compared to the
polymer obtained with the catalytic system containing
its racemic isomer) could be also rationalized in terms
of a strong nonbonded energy contribution to the regi-
oselectivity for the lower energy alkene-bound interme-
diate, corresponding to the inward coordination of the
monomer.
A polymerization mechanism with a frequent back-

skip of the chain could operate in other isospecific
catalytic systems with non-C2-symmetric metallocenes
like those of refs 54-60. However, for these systems
the isospecificity could be otherwise related to the
presence of different enantioselectivities for the two
diastereoisomeric situations but in favor of a same
prochiral face. Hence, for a possible discrimination
between the two altenative mechanisms for the isospec-
ificity, specific molecular mechanics analyses would be
needed for each catalytic model site.
The possible occurrence, for peculiar metallocene

complexes, of a polymerization mechanism with a back-
skip of the chain has relevant implications on the
selection of suitable isospecific model sites between
those proposed several years ago for the heterogenous

Table 1. Calculated Energy Differences (in kcal/mol)
between Preinsertion Intermediates for the Considered
Model Complexes (for the R coordination of the ligands)

Related to the Enantioselectivities (and
stereospecificity) and the Possible Occurrence of the
Back-Skip of the Chain of the Corresponding Catalytic

Systems

enantioselectivity
occurrence of
back-skip

model
complex

Einw,si -
Einw,re

Eout,si -
Eout,re

experimental
[mmmm]%

Eout -
Einw

experimental
observations

1 0 0 aspecific 4.0
2 7.2 -0.3 14a 4.3c e
3δ 6.5 1.5 46.5b 3.1c f
3λ 4.4 -1.0 15.5b 2.2c g
4δ 0.5 3.8 39.3b 0.7d h
4λ -0.1 2.0 34.4b 0.5d h
a Substantially hemi-isospecific. Polymerization at 65 °C with-

out solvent.9 b Polymerization at 50 °C with methylalumoxane and
monomer concentration ) 3.38 M.20 c The more enantioselective
insertion step is energetically favored. d The less enantioselective
insertion step is energetically favored. e Appreciable probability
(≈15%) of two successive enantioselective additions and essentially
null probability of two successive nonenantioselective additions.
Increase of [mmmm]% with reducing monomer concentration is
predicted. f [mmmm]% from 46.5 up to 80.4 for monomer concen-
tration reducing from 3.38 to 0.45 M.20 g [mmmm]% from 15.5 up
to 28.3 for monomer concentration reducing from 3.38 to 0.45 M.20
h [mmmm]% nearly constant with monomer concentration.20
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Ziegler-Natta catalysis. In fact, beside model sites with
two homotopic coordination positions (available for the
monomer and the growing chain),6 one can consider, as
suitable for the isospecific heterogeneous Ziegler-Natta
catalysis, also model sites with two diastereotopic
coordination positions,1,2,15-18 which are isospecific only
by assuming a polymerization mechanism with a regu-
lar back-skip of the chain.
Let us also suggest that a change from a polymeri-

zation mechanism with a chain migratory insertion
toward one with a regular back-skip of the chain could
be also responsible for the change of stereospecificity,
from syndio to iso, which occurs when syndiospecific
metallocene catalysts (with bridged cyclopentadienylflu-
orenyl ligands) are supported on SiO2.61
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