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ABSTRACT: A possible rationalization of the dependence of regiospecificity of propene polymerization
for catalytic systems based on C2-symmetric ansa-zirconocenes (and hafnocenes) on the π-ligand alkyl
substitutions is presented. With this aim, models of preinsertion intermediates and transition states for
primary and secondary monomer insertion reactions are compared through molecular mechanics analyses.
The nonbonded energy contributions to the regioselectivity, as well as the enantioselectivities of
regioregular and regioirregular insertion steps have been investigated. Nonbonded energy interactions
are able to account for the increases of regiospecificity experimentally observed for zirconocene-based
catalytic systems when the π-ligands are alkyl substituted in position 2 or 3 as well as the decrease of
regiospecificity observed when the π-ligands are dimethyl substituted in positions 4 and 7.

1. Introduction
Homogeneous catalytic systems composed of chiral C2-

symmetric group 4 metallocenes1 and methylaluminox-
ane produce isotactic polypropylene (iPP) by enantio-
morphic site control.2 The mechanism of isospecific
propene polymerization with these metallocene catalysts
has been rationalized by some of us3 and others4 by
molecular mechanics analyses on monometallic model
complexes.
Contrary to iPP samples produced by catalytic sys-

tems based on titanocenes, which are always highly
regioregular,2,5 the iPP samples from catalytic systems
based on zirconocenes and hafnocenes contain isolated
secondary propene units (2,1 insertions, usually 0-2%)
and isolated 3,1 propene units (arising from the uni-
molecular isomerization of 2,1 units, 0-5%) in the
isotactic sequences of primary propene insertions.6
Typical C2-symmetric ligands suitable for zirconocene
catalyst precursors are sketched in Chart 1.
It has been well established that, contrary to the use

of the C2-symmetric isospecific catalysts, syndiospecific7
and aspecific8 zirconocenes are highly regiospecific.
Molecular mechanics calculations clearly indicated that
intermediates that are energetically suitable for the
secondary and primary insertions, for isospecific or
syndiospecific complexes, coordinate monomer enantio-
faces of opposite or same chirality, respectively.3e,9 This
difference is able to account for the lower regiospecificity
of the isospecific catalytic complexes, with the assump-
tion that the energy barrier for the rotation of the
coordinated monomer between the orientations suitable
for the primary and secondary insertions is lower than
the activation energy for the secondary monomer inser-
tion.9
In fact, in that framework, for the isospecific models,

the low-energy secondary insertion pathway (occurring

for the propene enantioface unsuitable for the primary
insertion) is only competing with the dissociation of the
coordinated monomer and with the high-energy primary
insertion (determining the stereoirregularities). On the
contrary, for the syndiospecific as well as for the
aspecific models, the low-energy secondary insertion
pathway (occurring for the propene enantiofaces suit-
able for the primary insertion) is competing with the
very low-energy primary insertion pathway.
For isospecific ansa-zirconocene catalysts, regio-

irregularities can also be reduced when the C2-sym-
metric ligand contains, in addition to the enantioselec-
tivity-determining substituent in the 4 (â) positions, an
alkyl group in the 2 (R) positions.10 Some data relative
to the regiospecificity of catalytic systems based on 1
and 2, after methyl substitution of position 2, are
reported in Table 1. Moreover, for catalytic systems
based on C2-symmetric, bridged bis(1-indenyl) ligands,
regioirregularities are substantially absent when tert-
butyl groups are substituted in position 3 (â′).11a,b On
the other hand, regioirregularities are increased when
the indenyl ligands are substituted in both positions 4
and 7.12 In particular, a remarkable amount of regio-
irregularities close to 20% is observed for the case of
the catalytic system based on rac-ethylene(4,7-dimeth-
yltetrahydro-1-indenyl)2ZrCl2.6l,13 Some data relative to
the regiospecificity of catalytic systems based on 1 and
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3, after dimethyl substitutions of the positions 4 and 7
of both π-ligands, are also reported in Table 1.
In the present molecular mechanics study, catalytic

intermediates and possible transition states for the
primary and secondary monomer insertion reactions are
compared, in order to evaluate the nonbonded energy
contributions to regioselectivity for different C2-sym-
metric ansa-zirconocene model complexes. The aim is
a possible rationalization of the dependence of re-
giospecificity of catalytic systems based onC2-symmetric
ansa-zirconocenes (and hafnocenes) on the π-ligand
alkyl substitutions.

2. Models and Computational Details
2.1. Models. As in previous papers,3 the basic

models of the alkene-bound intermediates here consid-
ered are metal complexes containing three ligands, that
is a π-coordinated propene molecule, a σ-coordinated
isobutyl group (simulating a primary growing chain),
and a stereorigid π-coordinated ligand.
We recall the definitions of the most important

internal coordinates that have been varied (see Figure
1A): the dihedral angle θ0 associated with rotations of
the olefin around the axis connecting the metal to the

center of the double bond and the internal rotation angle
θ1 associated with rotations around the bond between
the metal atom and the first carbon atom of the growing
chain. At θ0 near 0° the olefin is oriented in a way
suitable for primary insertion, while θ0 near 180°
corresponds to an orientation suitable for secondary
insertion. θ1 near 0° corresponds to the conformation
having the first C-C bond of the growing chain eclipsed
with respect to the axis connecting the metal atom to
the center of the double bond of the olefin.
A prochiral olefin such as propene may give rise to

nonsuperposable coordinations, which can be labeled
with the notation re and si.14 The coordination of the
C2-symmetric ligand is chiral, and can be labeled with
the notation (R) or (S) according to the rules of Cahn-
Ingold-Prelog15 extended to chiral metallocenes as
outlined by Schlögl.16 The symbols (R) and (S) indicate
the absolute configuration of the bridgehead carbon
atom of the indenyl groups, for the C2-symmetric ligand.
Without loss of generality, all the reported calculations
refer to the (R,R) coordination of the C2-symmetric
ligand. Moreover, as for the coordination of the ethyl-
ene(4,7-dimethyltetrahydro-1-indenyl)2 ligand, which
also presents a chirality at the C atoms in positions 4,7
and 4′,7′, we considered the ligand with R and S
chirality at the C atoms in positions 4,4′ and 7,7′,
respectively. In fact, this is the diastereoisomer for
which experimental data are available. It is worth
noting that, with these chiralities at the 4,4′ and 7,7′ C
atoms, the methyl substituents point toward the Zr
center.
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”.17 This corresponds
to geometries of the alkene-bound intermediates for
which17a,d,e (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
by the metal atom (|θ1| ≈ 60-90° rather than θ1≈ 180°).
Let us recall that θ1 values away from 180° and near
(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.18

We assume that the energy differences between
suitable preinsertion intermediates are close to those
present in the corresponding transition states for the
insertion reaction.
The molecular mechanics calculations have been

performed also on pseudotransition states, for which the
geometry of the olefin and of the first carbon atom of
the growing chain has been set equal to that determined
by Ziegler for the insertion reaction [Cp2ZrCH3]+ +
CH2dCH2 w [Cp2ZrCH2CH2CH3]+.19

As a final remark, 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 monomer, respectively) are assumed to
be unsuitable for the successive monomer insertion. In
fact, insertion paths starting from these intermediates

Table 1. Propylene Polymerizations with Racemic
Zirconocene/MAO Catalysts

zirconocene ligand % regioinversions ref

1 Me2Si(Ind)2 0.48a 12
Me2Si(2-MeInd)2 0.33a 9
Me2Si(4,7-Me2Ind)2 1.84a 9

2 Me2Si(3-t-BuCp)2 1.5b 10a
Me2Si(2-Me-4-t-BuCp)2 0.4 10a

3 C2H4(H4Ind)2 0.97a 13
C2H4(4,7-Me2H4Ind)2 18.9 13

a Polymerization conditions: 1 L stainless-steel autoclave, pro-
pene 0.4 L, 50 °C, zirconocene/MAO aged 10 min. b Polymerization
conditions: propene 2 bar, 50 °C, ziroconocene/Al ) 1/300.

Figure 1. One of the model catalytic complexes used in our
computations, which comprises the (R,R)-rac-Me2Si(Ind)2 ligand,
a propene molecule (shown for the re and si coordination in
parts A and B, respectively), and an isobutyl group simulating
a polypropene growing chain. The dihedral angle θ0 associated
with rotations of the olefin around the axis connecting the
metal to the center of the double bond, and the internal
rotation angle θ1 associated with rotations around the bond
between the metal atom and the first carbon atom of the
growing chain are indicated. The conformation depicted in A
corresponds to θ0 ) 0° and θ1 ) -60°, which is suitable for
the monomer primary (p) insertion. The conformation depicted
in B corresponds to θ0 ) 180° and θ1 ) -60°, which is suitable
for the monomer secondary (s) insertion.
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involve large nonbonded interactions.17f,g,20 To further
investigate this aspect, we also explored the possibility
that in the pseudotransition states the methyl group of
the propene and the growing chain are on the same side
with respect to the plane defined by the four-atom
transition state. For all the considered systems, these
situations are of higher energy (at least 3 kcal/mol) with
respect to the situations in which the methyl group of
the propene and the growing chain are on opposite sides.
2.2. Calculation Method. The computational de-

tails can be found elsewhere,9 and for the sake of
simplicity are not reported here. We only recall that
although the numerical values of the energy differences
depend also on the exact geometry and on the energy
parameters adopted in the calculations, no reasonable
adjustment of these parameters seems to be able to
modify our conclusions. The results presented in this
paper are obtained within the scheme developed by
Bosnich for bent metallocenes.21 The approach used by
Bosnich is a development of the CHARMM force field
of Karplus,22 to include group 4 metallocenes. With
respect to the scheme developed by Bosnich, we only
assumed that the bending force constant relative to the
angle formed by the Zr atom, the center of the cyclo-
pentadienyl ring, and the C atoms of the ring itself is
equal to the analogous bending force constant involving
the Ti atom. Our feeling is that the original constant
proposed by Bosnich is adequate to describe also hin-
dered dichlorides but is somewhat too stiff to properly
describe the tendency of hindered systems to adopt η3
coordination of the cyclopentadienyl rings. In particu-
lar, the pattern of short, medium, and long Zr-C
distances of 2.44, 2.56, and 2.72 Å, experimentally
observed for Me2Si(Flu)2ZrCl2,23 is better reproduced by
using the softer bending force constant proposed for Ti
(2.48, 2.56, and 2.71 Å) than by using the harder
bending force constant proposed for Zr (2.50, 2.56, and
2.66 Å). This feature is of great relevance when the
more bulkier olefin and growing chain replace the
chlorine atoms. On the other hand, for the less hindered
systems, nearly identical results are obtained by using
the bending constant proposed for Ti or for Zr.
To model the olefin coordination, we adopted the

scheme proposed by Bosnich to model the coordination
of a cyclopentadienyl ring to the metal atom. The
parameters involving the center of the olefin have been
assumed to be equal to the analogous ones involving the
center of the cyclopentadienyl ring. The equilibrium
distance between the Zr atom and the C atoms of the
olefin, as discussed in detail in ref 3e, has been set to
2.5 Å and, as a consequence, the equilibrium distance
between the Zr atom and the center of the olefin double
bond has been assumed to be 2.39 Å.
As for the molecular mechanics analysis of the

pseudotransition states, the geometry of the olefin and
of the first carbon atom of the growing chain has been
set equal to that determined by Ziegler for the insertion
reaction [Cp2ZrCH3]+ + CH2dCH2 w [Cp2ZrCH2CH2-
CH3]+.19 In particular, the distance of the ZrsC (chain)
bond that is going to be broken, the distance ZrsC
(olefin) and C(olefin)sC(chain) of the bonds that are
going to be formed, and the CsC olefin bond distance
have been set equal to 2.24, 2.39, 2.38, and 1.38 Å,
respectively. The bond distances and the bending
angles of the atoms involved in the breaking and
forming of bonds are not varied, whereas torsional

angles involving such atoms have been constrained to
be (15° from the values determined by Ziegler.

3. Results and Discussion

3.1. Ligand Substitutions in Position 2 and in
Positions 4 and 7. Figure 2A plots as a function of θ0
the optimized energies (reprinted from ref 9) for the
model complex with ligand 1 with (R,R) chirality of
coordination. The absolute minimum energy situation
is labeled a in Figure 2A and corresponds to the re
monomer coordination with a value of θ0 ≈ 0°. The
corresponding model is sketched in Figure 1A. This
model minimizes the interactions between the growing
chain (at θ1 ≈ -60°) and the methyl of the re-
coordinated propene monomer. Therefore, it is assumed
to be a preinsertion intermediate suitable for the re
monomer primary insertion.
A slightly higher energy is calculated for the mini-

mum energy geometry labeled as b in Figure 2A, which
corresponds to the simonomer coordination with values
of θ0 ≈ 0° and θ1 ≈ -60°. However, this situation is
considered unsuitable for the successive monomer in-

Figure 2. Optimized energies as a function of θ0 for the model
complex with the C2-symmetric (R,R)-rac-Me2Si(Ind)2 ligand
presenting indenyl groups: (A) unsubstituted; (B) 2-methyl
substituted; (C) 4,7-dimethyl substituted. The full and dashed
lines refer to re- and si-coordinated propene, respectively, and
correspond to a θ1 value close to -60°. The dotted lines are a
part of the optimized energy curve obtained by imposing, for
the si-coordinated monomer, that the methyl group of the
propene and the second carbon atom (and its substituents) of
the growing chain are on opposite sides with respect to the
plane defined by the Zr-C bonds (i.e., imposing θ1 ≈ +60°).
Models corresponding to minimum energy situations with θ0
≈ 0° and with θ0 ≈ 180° (intermediates for primary and
secondary insertion, respectively), labeled a and e in A, B, and
C, are sketched in Figures 1, 3, and 4 (parts A and B),
respectively.
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sertion. In fact, 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 Zr-C bonds. The dotted line
shown in Figure 2A refers to the optimized energy curve
obtained by imposing θ1 ≈ +60° for the si monomer
coordination. The corresponding energy minimum is
labeled as c. It is nearly 5 kcal/mol higher than the
absolute minimum, and it is assumed to be a preinser-
tion intermediate suitable for the si primary insertion.
The optimized energy corresponding to θ0 ) 180° for the
si monomer coordination, labeled as e in Figure 2A, is
higher by nearly 2 kcal/mol with respect to the absolute
minimum. The corresponding model sketched in Figure
1B is considered suitable for si monomer secondary
insertion. As already discussed in detail for the isospe-
cific model sites including the ethylenebis(1-indenyl)
and ethylenebis(4,5,6,7-tetrahydro-1-indenyl) ligands,3e
the situation corresponding to θ0 ) 180° for the re
monomer coordination, labeled as d in Figure 2A, is of
much higher energy.
In our framework, the energy differences Ec - Ea and

Ed - Ee give approximations of the enantioselectivities
of primary (∆Eenant,p) and of secondary (∆Eenant,s) inser-
tion steps, respectively. Moreover, the energy difference
Ee - Ea ≈ 2 kcal/mol gives an approximation of the
nonbonded energy contribution to the regiospecificity
(∆Eregio).24

In summary, for the model complex based on ligand
1, there is a substantial enantioselectivity for primary
(largely prevailing) as well as for secondary monomer
insertion. The enantioselectivity is due to nonbonded
energy interactions of the methyl group of the chirally
coordinated monomer with the chirally oriented growing
chain, for the primary insertion, and with the chirally
coordinated π-ligand, for the secondary insertion.3,9

Parts B and C of Figure 2 plot as a function of θ0 the
optimized energies for the model complex with an (R,R)-
coordinated ligand 1, presenting both indenyl groups
methyl substituted in position 2 or dimethyl substituted
in positions 4 and 7, respectively. The energy curves
of Figure 2B,C are similar to those of Figure 2A. There
is only an increase of the nonbonded energy contribution
to the regiospecificity (∆Eregio ) Ee - Ea) for the
2-methyl-substituted model and a decrease for the 4,7-
substituted model.
Molecular mechanics calculations have been per-

formed also on pseudotransition states, constructed as
described in the previous section, corresponding to the
preinsertion intermediates labeled as a, c, and e in
Figure 2. Pseudotransition states presenting the meth-
yl group of the propene and the second carbon atom of
the growing chain on the same side with respect to the

plane defined by the Zr-C bonds, which correspond to
preinsertion intermediates labeled as b in Figure 2, have
been also considered. However, for all the considered
models, the pseudotransition states corresponding to the
preinsertion intermediates labeled as b in Figure 2
present energies higher by at least 3 kcal/mol with
respect to those corresponding to the preinsertion
intermediates labeled as c in Figure 2. This supports
the previous assumption, done also in previous papers,3
that ∆Eenant,p ) Ec - Ea rather than Eb - Ea.
The enantioselectivity for the primary insertion and

the nonbonded energy contribution to the regiospecific-
ity, evaluated for pseudotransition states (∆E*enant,p and
∆E*regio, respectively) are compared to those evaluated
for preinsertion intermediates (∆Eenant,p and ∆Eregio,
respectively) in Table 2. It is worth noting that the
energy differences evaluated for preinsertion intermedi-
ates and for pseudotransition states are qualitatively
similar. In particular, also for pseudotransition states
the nonbonded energy contribution to the regioselectiv-
ity increases after methyl substitution in position 2 and
decreases after methyl substitutions in positions 4 and
7.
For the case of ligand 1methyl substituted in position

2, the models corresponding to the minimum energy
preinsertion intermediates suitable for primary and
secondary insertions (labeled with a and e in Figure 2B),
are sketched in Figure 3A,B, respectively. The corre-
sponding pseudotransition states are sketched in Figure
3C,D, respectively. In the models suitable for secondary
insertion, a methyl group of the ligand is at a short
distance with respect to the methyl group of propene.
In particular, for both models, the distance between the
two C atoms of the two methyl groups is close to 3.5 Å.
On the contrary, for the case of the models for primary
insertion, the distances of the methyl substituents from
the methyl group of propene are larger than 5 Å. This
accounts for the increase of the calculated ∆Eregio and
∆E*regio values, for the ligand 1 after 2-methyl substitu-
tion.
For the case of ligand 1 dimethyl substituted in

positions 4 and 7, the models of the minimum energy
preinsertion intermediate for the primary insertion
(labeled with a in Figure 2C) and of the corresponding
pseudotransition state are sketched in Figure 4A,C,
respectively. Already, on inspection, it is apparent that
in both models a methyl group in position 4 is at a short
distance with respect to the methyl group of propene.
In particular, the distances between the two C atoms
are once again close to 3.5 Å. On the contrary, for the
models of the minimum energy preinsertion intermedi-
ate for the secondary insertion (labeled with e in Figure
2C) and of the corresponding pseudotransition state,

Table 2. Calculated Enantioselectivities for Primary (∆Eenant,p) and Secondary (∆Eenant,s) Insertions and Nonbonded
Energy Contributions to the Regiospecificity (∆Eregio), for Preinsertion Intermediatesa

(R,R)-coordinated ligand ∆Eenant,p ∆E*enant,p
favored

enantioface ∆Eenant,s

favored
enantioface ∆Eregio ∆E*regio

1 Me2Si(ind)2 4.9 3.0 re 4.0 si 2.1 2.4
Me2Si(2-MeInd)2 4.8 3.2 re 2.6 si 3.1 3.1
Me2Si(4,7-Me2Ind)2 5.2 3.1 re 4.2 si 1.4 1.5
Me2Si(3-MeInd)2 0.1 0.3 re 2.8 si 1.7 1.9
Me2Si(3-t-BuInd)2 4.0 2.4 si 0.8 si 4.2 4.0

2 Me2Si(3-t-BuCp)2 6.4 5.0 re 3.7 si 0.2 0.6
Me2Si(2-Me-4-t-BuCp)2 8.9 5.9 re 2.6 si 1.7 1.5

3 C2H4(H4Ind)2 5.7 4.7 re 5.3 si 2.0 3.9
C2H4(4,7-Me2H4Ind)2 6.1 10.1 re 5.6 si -1.0 1.3

a The starred ∆E values have been calculated for pseudo-transition states.
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sketched in Figure 4B,D, respectively, the distances of
the methyl substituents from the methyl group of
propene are larger than 4.5 Å. This accounts for the

reduction of the calculated ∆Eregio and ∆E*regio values,
for the ligand 1 after 4,7-dimethyl substitution.
In summary, the reported calculations relative to the

models with ligand 1 (Table 2) are in fair agreement
with the observed polymerization behavior of corre-
sponding catalytic systems. In fact, the increase and
decrease of the nonbonded energy contribution to the
regiospecificity, after 2-methyl and 4,7-dimethyl sub-
stitutions (last two columns in Table 2) qualitatively
account for the decrease and increase, respectively, of
the observed regioirregularities for the corresponding
catalytic systems (2nd column in Table 1).
Analogous calculations have been performed for un-

substituted and 2-methyl-substituted ligand 2 as well
as for unsubstituted and 4,7-dimethyl-substituted ligand
3. The corresponding calculated enantioselectivities and
nonbonded energy contributions to the regiospecificity
are reported in Table 2. Both ∆Eenant and ∆E*enant
values in Table 2 indicate that the models with ligands
2 and 3 are highly enantioselective and that, in agree-
ment with the experimental observation, their isospec-
ificity increases for methyl substitutions in position
2.10a,25
As for the nonbonded energy contribution to the

regiospecificity, it increases by nearly 1 kcal/mol for
ligand 2, after 2-methyl substitution, while it decreases
by more than 2 kcal/mol for ligand 3, after 4,7-dimethyl
substitutions (Table 2). These energy differences are
produced by nonbonded energy interactions similar to
those shown in Figures 3 and 4 and are in good
qualitative agreement with the substantial reduction
and increase of the percent of regioirregularities for the
catalytic system based on ligand 2 after 2-methyl
substitution and based on ligand 3 after 4,7-dimethyl
substitution, respectively (Table 1).
3.2. Ligand Substitution in Position 3. Parts A

and B of Figure 5 plot as a function of θ1 the optimized
energies for the model complex with an (R,R)-coordi-
nated ligand 1, presenting both indenyl groups methyl

Figure 3. Alkene-bound intermediates (A and B) and pseudot-
ransition states (C and D) for monomer orientations suitable
for primary (p) and secondary (s) insertions into a primary
polypropene growing chain, for the case of the (R,R)-coordi-
nated C2-symmetric rac-Me2Si(2-MeInd)2 ligand. (A) and (B)
correspond to the situations labeled with letters a and e in
Figure 2B and include re- and si-coordinated propene, respec-
tively. Short nonbonded distances between the methyl group
of propene and the methyl substituent of a indenyl group are
indicated.

Figure 4. Alkene-bound intermediates (A and B) and pseudot-
ransition states (C and D) for monomer orientations suitable
for primary (p) and secondary (s) insertions into a primary
polypropene growing chain, for the case of the (R,R)-coordi-
nated C2-symmetric rac-Me2Si(4,7-Me2Ind)2 ligand. (A) and (B)
correspond to the situations labeled with letters a and e in
Figure 2C and include re- and si-coordinated propene, respec-
tively. Short nonbonded distances between the methyl group
of propene and a methyl substituent of the ligand are indi-
cated.

Figure 5. Optimized energies as a function of θ1 for the model
complex with the C2-symmetric (R,R)-rac-Me2Si(Ind)2 ligand
presenting indenyl groups: (A) 3-methyl substituted; (B) 3-tert-
butyl substituted; (C) unsubstituted. The full and dashed lines
refer to re- and si-coordinated propene, with θ0 ≈ 0°.
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or tert-butyl substituted in position 3, respectively. The
energy curves of Figure 5 refer to monomer orientation
suitable for primary insertion (|θ0| < 20°). For these
highly hindered model complexes the absolute energy
minima are obtained for θ1 ≈ 0°, that is for a growing
chain orientation far from the transition states of both
primary and secondary insertions. In fact, for this
orientation of the growing chain, the second C atom is
closer to the monomer than the first C atom of the chain,
which is the one supposed to react. It is worth noting
that the optimized energy curves present absolute
energy minima for situations with |θ1| ≈ 60° for the less
hindered model complexes of Figure 2. This is shown,
for instance, for the model complex with unsubstituted
ligand 1 in Figure 5C.
Parts A and B of Figure 6 plot as a function of θ0 the

optimized energies for the model complex with an (R,R)-
coordinated ligand 1, presenting both indenyl groups
methyl or tert-butyl substituted in position 3, respec-
tively. In order to confine the analysis to suitable
preinsertion intermediates, the energy curves of Figure
6 have been obtained under the constraint that 40° <
|θ1| < 80° (as discussed in point ii in section 2.1),
ignoring the situations corresponding to the absolute
minima for Figure 5A,B (|θ1| < 20°). The shapes of the
energy curves of Figure 6 are substantially different
from those of Figure 2A-C. In particular, for situations
suitable for primary monomer insertions, the energy
minima labeled c (for the si enantioface and for θ1 ≈
+60°), which are much higher than the energy minima
labeled a (for the re enantioface and for θ1 ≈ -60°) for
the models of Figure 2, become closer to or lower than
the energy minima labeled a for the models of Figure
6A,B, that is, after methyl or tert-butyl substitution in
position 3, respectively.
The enantioselectivities and nonbonded energy con-

tributions to the regiospecificity, evaluated on the basis
of the energy curves of Figure 6 are reported in Table
2, together with the values calculated for the corre-

sponding pseudotransition states. The energy curves
of Figure 6A and the data of the 2nd and 3rd columns
of Table 2 indicate that, in good agreement with the
observed behavior of catalytic systems including bridged
3-methylindenyl ligands,6n,26 the model complex with
3-methyl substitution of ligand 1 is substantially non-
enantioselective. This has been already discussed in
detail by some of us (although using much more rigid
models) in ref 3c.
As generally found for nonenantioselective or poorly

enantioselective zirconocene-based catalytic systems,9
the regiospecificity of this catalytic system is extremely
high.6n As discussed in ref 9, for aspecific catalytic
systems, the regiospecificity is related to the energy
differences (electronic and steric) between the activation
energies for primary and secondary insertion steps,
which are generally large.27 As a consequence, the
calculated nonbonded energy contribution to the re-
giospecificity, generally small with respect to the elec-
tronic contribution, are substantially irrelevant. How-
ever, for the sake of comparison with the other model
complexes, also the calculated values of ∆Eregio and
∆E*regio are listed in Table 2.
Models corresponding to the minimum energy prein-

sertion intermediates suitable for the primary and
secondary insertions, for the case of 3-tert-butyl-
substituted ligand 1 (labeled with c and e in Figure 6B),
are sketched in Figure 7A,B, respectively. The corre-
sponding pseudotransition states are sketched in Figure
7C,D, respectively.
The data of Table 2 indicate that for the model with

3-tert-butyl-substituted ligand 1, for the (R,R) chirality
of coordination of the ligand, the si (rather than the re)
monomer coordination (and primary insertion) is fa-
vored. This is due to a larger steric hindrance of the

Figure 6. Optimized energies as a function of θ0 for the model
complex with the C2-symmetric (R,R)-rac-Me2Si(Ind)2 ligand
presenting indenyl groups: (A) 3-methyl substituted; (B) 3-tert-
butyl substituted. The dotted and the dashed-dotted lines
(Figure 6B) refer to si- and re-coordinated propene, respec-
tively, and correspond to a θ1 value close to +60°. The full lines
refer to re-coordinated propene and correspond to θ1 ≈ -60°.
Models corresponding to minimum energy situations with θ0
≈ 0° and with θ0 ≈ 180° (intermediates for primary and
secondary insertion, respectively), labeled c and e in B, are
sketched in Figure 7A,B, respectively.

Figure 7. Alkene-bound intermediates (A and B) and pseudo-
transition states (C and D) for monomer orientations suitable
for primary (p) and secondary (s) insertions into a primary
polypropene growing chain, for the case of the (R,R)-coordi-
nated C2-symmetric rac-Me2Si(3-t-BuInd)2 ligand. (A) and (B)
correspond to the situations labeled with letters c and e in
Figure 6B and include si-coordinated propene. Short non-
bonded distances between the methyl group of propene and a
methyl group of the ligand are indicated.
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tert-butyl group with respect to the six-membered ring
of the ligand, which makes the growing chain orienta-
tions with θ1 ≈ +60° energetically favored with respect
to those with θ1 ≈ -60° (Figures 6B). This, in turn,
favors the primary insertion of the si monomer (Figure
7A,C) with respect to the re monomer.3 Hence, for the
model complex with ligand 1 tert-butyl substituted in
position 3, a comparison of the ∆Eenant and ∆E*enant
values of Table 2 indicates a slightly reduced enanti-
oselectivity but one that is in favor of the opposite
monomer enantioface. It is worth noting that while the
general prediction of enantioselectivity in favor of the
re enantioface for metallocene complexes with π-ligand
(R,R) coordinated3a has received several experimental
supports,26a,28,29 at the moment there is no experimental
evidence of enantioselectivity in favor of the si enan-
tioface for the metallocene complexes with 3-tert-butyl-
substituted bis(indenyl) ligands (R,R) coordinated. More-
over, while the calculated enantioselectivity of occasional
regioirregular insertion, in agreement with the available
experimental data, is generally very large, for the
particular case of the model based on 3-tert-butyl-
substituted ligand 1 it is small (Ed - Ee in Figure 6B).
However, since for the corresponding catalytic system
the amount of regioirregularities is below the limit of
detectability, this prediction of poor enantioselectivity
for regioirregular insertions cannot be easily verified.
As for the nonbonded energy contribution to the

regiospecificity, the largest ∆Eregio and ∆E*regio values
of Table 2 have been obtained for the model complex
with ligand 1 tert-butyl substituted in position 3. In
fact, in models suitable for secondary insertion, the
methyl group of the si-coordinated propene is at short
distances with respect to methyl groups of the tert-butyl
substituent (dC-C ≈ 3.4 Å in Figure 7B,D) while the
methyl group of the re-coordinated propene is at short
distances with respect to C atoms of the six-membered
ring of an indenyl ligand. On the contrary, for the case
of models for primary insertion (Figure 7A,C), the
distances of the methyl group of propene from the
carbon atoms of the tert-butyl groups as well as of the
six-membered rings are larger than 3.7 Å.
The reported calculations for the model with 3-tert-

butyl-substituted ligand 1 are in qualitative agreement
with observed behaviors of corresponding catalytic
systems. In particular, the large ∆Eregio or ∆E*regio
values well account for the substantial undetectability
of regioirregular insertions.11a

4. Conclusions

Following our traditional molecular mechanics ap-
proach for catalytic model complexes, the nonbonded
energy contribution to the regioselectivity, as well as
the enantioselectivities for primary and secondary
insertions, have been approximated by energy differ-
ences between minimum energy situations close to the
transition states of the insertion reactions (preinsertion
intermediates) or between pseudotransition states.
The calculated enantioselectivities and regioselectivi-

ties, for model complexes based on C2-symmetric ansa-
zirconocenes 1-3, unsubstituted or alkyl substituted in
different positions, have been collected in Table 2. As
discussed in previous pages,3,9 and in agreement with
several experimental results,26a,28,29 the models predict
that the re and si monomer coordination (and primary
insertion) is generally favored for the (R,R) and (S,S)
chirality of coordination of the π-ligands, respectively.

The present calculations on models with 3-methyl-
substituted ligand 1 are able to account for the poor
enantioselectivity of corresponding catalytic systems,
while those relative to models with 3-tert-butyl-substi-
tuted ligand 1 predict a substantial enantioselectivity
but in favor of the opposite monomer enantioface (si and
re for (R,R)- and (S,S)-coordinated π-ligand, respec-
tively).
As for the nonbonded energy contribution to the

regiospecificity, nonbonded energy interactions are able
to account for the increases and decreases of regiospeci-
ficity experimentally observed after methyl substitution
in position 2 (for ligands 1 and 2) and dimethyl
substitutions in positions 4,7 (for ligands 1 and 3),
respectively. In particular, strong interactions of the
methyl group of the coordinated propene occur with the
2-methyl substituent in models suitable for secondary
insertion (Figure 3) while with the 4-methyl substituent
in models suitable for primary insertion (Figure 4). For
catalytic systems based on C2-symmetric ansa-metal-
locenes, substantial increases of molecular masses of
isotactic polypropylene samples have been observed as
a consequence of 2-methyl substitutions of the bridged
π-ligands.10a,30 Experimental data relative to the mono-
mer concentration dependence of the molecular
masses10b,31 as well as molecular mechanics calcula-
tions32 indicate that the presence of 2-methyl substit-
uents inhibits the chain termination by â-hydrogen
transfer to the monomer.
The calculated nonbonded energy contribution to the

regiospecificity for the model based on ligand 1 incrases
substantially after 3-tert-butyl substitution. This is due
to nonbonded interactions between the methyl group of
the coordinated propene and methyl groups of the tert-
butyl substituent, which are stronger in models suitable
for secondary insertion than in models suitable for
primary insertion (Figure 6). This accounts for the high
regiospecificity of corresponding isospecific catalytic
systems, which is comparable with those obsered for
syndiospecific and aspecific ansa-zirconocene-based cata-
lytic systems.
The high regiospecificity of catalytic systems based

on ligand 1, after 3-methyl substitution,6n is accounted
for by their poor enantioselectivity.11a
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