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ABSTRACT: We present a theoretical study of the basic interactions occurring at supported hetereogenous
Ziegler-Natta catalytic systems. We first investigated the interaction between prototypes of each class of industrially
relevant internal donors (1,3-diethers, alkoxysilanes, phthalates, succinates) and the MgCl2 support. Our analysis
indicates that donors can be separated into two classes. 1,3-Diethers and alkoxysilanes belong to the former
because they have a short spacer between the coordinating O atoms and coordinate preferentially to the same Mg
atom of the (110) lateral cut. Conversely, phthalates and succinates belong to the latter class because they have
a longer spacer between the coordinating O atoms and thus can adopt a variety of coordination modes. Indeed,
they can coordinate to both the (100) and (110) lateral cuts. In the last part of this manuscript we report on the
stereo- and regioselective behavior of possible active Ti species with and without two succinate molecules
coordinated in the proximity of the Ti atom. We show that the two succinate molecules confer a remarkable
stereoselectivity in both primary and secondary propene insertions. This model very simply rationalizes the effect
of the donors, and it is consistent with the models so far developed to rationalize the stereoselectivity of metallocene
and octahedral nonmetallocene catalysts.

Introduction

The world market for polypropylene is currently over 30×
106 tons/year, and by far the largest fraction of the global
polymer is obtained with heterogeneous Ziegler-Natta catalytic
systems. Over the years, these catalysts have evolved
from simple TiCl3 crystals into the nowadays-used MgCl2/TiCl4/
donor systems, where the donor is a Lewis base that can be
added during catalyst preparation (the so-called internal donor).1

Among donors alkoxysilanes, 1,3-diethers,2 aromatic esters
(benzoates and phthalates in particular),3,4 and recently aliphatic
esters (succinates in particular) have been shown to be par-
ticularly effective.5 Catalyst activation requires addition of
alkylating reducing species (AlEt3 the most used) possibly mixed
with a second electron donor (the so-called external donor),
usually an alkoxysilane or, more recently, a succinate. The
resulting active system is of extreme chemical complexity,
and the polypropylenes obtained present very different proper-
ties.

The nature of the added Lewis bases is fundamental in terms
of performances, since it can strongly modify (i) the tacticity
of the obtained polypropylenes from a large fraction of almost
atactic polymer (as in the absence of any Lewis base) to almost
exclusively highly isotactic polymers; (ii) the molecular masses
distribution, that can be rather narrow or rather broad; (iii) the
response to molecular hydrogen, which clearly allows one to
control the molecular masses of the produced polymers.6-17 The
Lewis bases have been suggested to stabilize small primary
crystallites of MgCl2 and/or to influence the amount and
distribution of TiCl4 in the final catalyst. Indeed, the donor has
to compete with TiCl4 to coordinate on the MgCl2 surfaces,
possibly inducing formation of the more stereoselective sites.
Additionally, the internal donor could poison poorly stereose-

lective sites or could transform aspecific sites in highly
stereoselective sites.

Of course, several studies focused on the characterization of
heterogeneous Ziegler-Natta catalysts,16,18-38 but definitive
answers have not been achieved yet. Nevertheless, some points
are well accepted now. The primary particles of activated MgCl2

are composed of a few irregularly stacked Cl-Mg-Cl sand-
wichlike monolayers,39 with the MgCl2 microcrystals terminated
by the (100) and (110) lateral cuts.27,40 For electroneutrality
reasons, these two lateral cuts contain coordinatively unsaturated
Mg2+ ions with coordination numbers 4 and 5 on the (110) and
(100) cuts, respectively, as shown in Figure 1.40,41

Knowledge of the catalyst structure prior and after reduction
with Al-alkyl compounds is also incomplete. Corradini and
co-workers proposed that preferential titanium-chlorides co-
ordination would occur on the lateral cuts, leading to adsorbed
monomeric Ti species on the (100) and (110) cuts and to dimeric
Ti species on the (100) cut.40 These Ti(IV) and Ti(III) species
could be epitaxially adsorbed on the (110) and (100)-cuts. In
the case of the (100)-lateral cut, monodimensional Ti(III)Cl3

clusters could also be formed.42 Useful information on the nature
of the active sites has been also obtained by13C NMR
microstructural characterization of the produced polypropyl-
enes.14,43-50 These analyses indicated that some active sites could
interconvert in a time shorter than the average time of chain
growth and that at least one of the active sites has an
environment ofC1 symmetry.47

Although the whole framework is extremely complicated,
some theoretical efforts have been attempted.42,51-56 Most of
the work concentrated on the chain growth reaction,57-64 but
these informative investigations did not consider in detail the
origin of stereoselectivity, and limited efforts were dedicated
to rationalize the role of different Lewis bases. The less
investigated interaction between the Lewis bases and the MgCl2

support substantially indicated that donors preferentially coor-
dinate on the (110) lateral cut,42,51-56 and it was speculated that
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this preferential coordination could prevent formation of Ti
species on the (110) lateral cut of MgCl2, supposed to be poorly
stereoselective.56 Focusing on the performances of the most
commonly used computational approaches, we recently found
that almost all theoretical models substantially underestimate
the experimental absolute complexation energy of prototype
Lewis bases to TiCl4, although relative complexation energies
are calculated reasonably well.36

Considering that systematic studies on the interaction between
different classes of donors and MgCl2 are missing, and that
detailed investigation of the possible role of the donors in
determining stereoselectivity is missing as well, in this paper
we present some of the results we obtained in recent years. The
work is split in two parts. In the former we analyze possible
interactions between the internal donors1, 2, 3, 4-rac, and
4-mesoof Chart 1 and the MgCl2 support using a theoretical
approach based on density functional theory, DFT. The donors
are supposed to interact with the (100) and (110) lateral cuts of
MgCl2 as indicated in Figure 1. We considered only geometries
in which both O atoms coordinate to Mg atoms, since coordina-
tion of the second O atom is clearly favored by entropic effects.

Two different adsorption modes are possible on the (110)
lateral cut of a MgCl2 monolayer: (i) chelated, if the two O
atoms coordinate to the same Mg atom and (ii) bridged if the
two O atoms coordinate to different Mg atoms. We label these
adsorption modes, sketched in Figure 1, (110)-chelate and (110)-
bridge, respectively. Differently, only the bridge coordination
mode is possible on the (100) lateral cut, because only one
coordinative vacancy is present in five-coordinated Mg atoms,
see Figure 1.

We also considered donors coordination on Mg atoms located
on different layers. This coordination mode, hereafter labeled
as zipped coordination, is sketched in Figure 2. We considered
the (110)-zip coordination mode because the distance between
Mg atoms one on top of the other on stacked (110) layers is

very similar to the distance between Mg atoms in the (110)-cut
of a monolayer, about 6.0 Å. Of course, two Mg atoms on
stacked (100) layers also are roughly 6.0 Å apart. However,
because of the zigzag shape of the (100) surface, see Figure 2,
we were unable to (100)-zip coordinate any donor. For this
reason, the (100)-zip coordination mode is not further discussed.
Donor coordination on (10l) lateral cuts of MgCl2, as for
example on the (102) cut,20 was not considered because of the
longer distance between Mg atoms located on different layers.

In the second part of this paper, we offer a very simple model
to rationalize the influence of adsorbed donors on the stereo
and regioselective behavior of possibly catalytically active Ti
atoms. We focused on possible active Ti species adsorbed on
the (110) lateral cut since the (110)-bridge coordination mode
of the donors is particularly suited to strongly modify the steric
properties of an isolated Ti atom adsorbed on this cut, see
Scheme 1. Incidentally, (110)-bridge coordinated donors saturate
the coordination sphere of the two Mg atoms on which the
titanium-chloride species is adsorbed. The isolated Ti species
of Scheme 1 was proposed years ago as a possibly active Ti
atom which would produce a substantially atactic or slightly
syndiotactic polypropylene.65

We conclude this section recalling that other active Ti species
have been proposed.57-63 In particular, Corradini and Guerra
proposed that dimeric Ti species adsorbed on the (100) lateral
cut would produce an isotactic polymer.40,66-68 The main value
of this Ti species is the ability to explain the fraction of isotactic
polypropylene obtained in the absence of any donor and, even
more important, for the introduction of the mechanism of the
chiral orientation of the growing chain,69 while the possible
active species presented in this paper, instead, owe all their
stereoselective behavior to the presence of the donors. Ad-
ditionally, Busico proposed a three-site dynamic model that
assumes adsorption/desorption of species near to the active Ti
atoms. This results in a switch between active species with
different stereo- and regioselective behaviors.49

Computational Details

Computational Details. The MgCl2 support was described
using the cluster method, an approach validated by Ziegler and
co-workers.61 All the DFT calculations were carried out using

Figure 1. Schematic representation of a MgCl2 monolayer. The Mg
atoms are colored in orange. The Cl atoms above the Mg plane are
dark green colored, whereas the Cl atoms below the Mg plane are light
green colored. The (100) and (110) lateral cuts with 5- and 4-coordi-
nated Mg atoms are indicated. The double arrow curves represent
possible coordination modes of the donors of Chart 1.

Chart 1

Figure 2. Schematic representation of stacked MgCl2 monolayers. The
Mg atoms are colored in orange, the Cl atoms in green. On the left,
the (110) surface is represented and the double arrow curve represents
the (110)-zip coordination mode. On the right, the (100) surface is
represented and the double arrow curve represents the (100)-zip
coordination mode.

Scheme 1

9182 Correa et al. Macromolecules, Vol. 40, No. 25, 2007



the TURBOMOLE70 package. Energies and geometries have
been obtained at the BP86 level of theory.71-73

MgCl2/Donor Interactions. Geometries of adsorbed donor
molecules have been always fully optimized. To represent the
(100) cut, a (MgCl2)7 cluster has been used. For the three
different adsorption modes on the (110) cut, (MgCl2)6, (MgCl2)9,
and (MgCl2)10 clusters have been used to represent the (110)-
chelate, (110)-bridge, and (110)-zip, respectively. The MgCl2

clusters have been kept fixed. The Mg-Cl distances and all
the Cl-Mg-Cl angles have been set equal to X-ray values of
2.49 Å and 90°.74 This corresponds to the simplifying assump-
tion that the atoms on the surface present a structure close to
that in the bulk of the crystal. While this assumption can result
in an overestimation of the absolute coordination energies,
calculations we performed in the past indicated that trends in
relative coordination energies are preserved.42,51-55 Since the
scope of the present manuscript is to compare different donors,
we believe that the rigid cluster approximation provides a
reliable chemical scenario.The electronic configuration of the
atoms was described by a triple-ú basis set augmented with two
polarization function (TURBOMOLE basis set TZVPP).75 All
coordination energies were corrected for basis set superposition
error with the counterpoise approach of Boys and Bernardi.76

The donor adsorption energy,ECoord, is calculated according
to eq 1:

whereEMg/D is the energy of the system composed by a donor
molecule bonded on the MgnCl2n cluster, whileE0

Mg andE0
D

are the total energies of the MgnCl2n cluster and of the free
donor, respectively. For analysis purposes the donor adsorption
energyECoord can be rewritten as in eq 2:

whereEPrep ) ED - E0
D only contains the energy required to

deform a free donor molecule in a conformation suitable to be
bonded on the surface (the MgCl2 cluster being kept frozen).
EInter, instead, is the interaction energy between the distorted
donor and the MgnCl2n cluster. In this frameworkEPrepis positive
by definition, whereasEInter is negative.

Active Sites Study. To model the (110) lateral cut, a
(MgCl2)10 cluster has been used, to increase flexibility, and in
the case of active species, we relaxed the four MgCl2 units of
the cluster surface which are involved in donors and titanium-
chloride coordination. Because of the presence of a Ti(III) atom,
unrestricted DFT calculations were performed in the case of
the active species. The electronic configuration of Ti and Mg
was described by a triple-ú basis set augmented with one
polarization function (TURBOMOLE basis set TZVP).75 For
H, C, and Cl atoms, a double-ú quality basis set augmented
with one polarization function was used (TURBOMOLE basis
set SVP).77

Because of the size of the systems considered, full transition
state searches could not be performed. Thus, transition states
for primary and secondary propene insertion into the Ti-iBu
bond were approximated through a linear scan of the potential
energy surface in the region 2.10-2.25 Å of the new forming
C-C bond with a step of 0.05 Å. All other degrees of freedom
were optimized. This choice is based on the fact that the forming
C-C bond in transition states for insertion of ethene or propene
into Ti-alkyl bonds is almost invariably calculated to be in
this range.57,61-63,78In each case the geometry higher in energy
was considered to be a reasonable approximation to the real

transition state. A similar approach was used by Ziegler and
co-workers in the similarly difficult case of acrylates polym-
erization.79

Results

Interaction MgCl 2/Donors. We start this section by con-
sidering coordination of the different type of O atoms present
in the donors of Chart 1. Donors1 and, somewhat similarly,2
present etheric sp3 O atoms, while3 and 4 contain two
chemically different O atoms, esteric sp3 and carboxylic sp2.
Thus, we first considered coordination of the simplest ether and
ester, namely, CH3OCH3 and CH3COOCH3, to a single MgCl2
fragment and to both the (100) and (110) MgCl2 lateral cuts.

Donors coordination to a single MgCl2 fragment reflects the
relative Lewis base strength of these O atoms (ECoord of the O
atoms: ether> carboxyl . ester). Differently, theECoord for
donors coordination to the (100) and (110) lateral cuts of the
MgCl2 clusters indicate that coordination of the carboxylic sp2

O atom is favored by roughly 1 kcal/mol relative to coordination
of the etheric sp3 O atom and by roughly 10-15 kcal/mol
relative to coordination of the esteric sp3 O atom, see Table 1.
Geometrical analysis indicates that short distances between the
CH3 groups of CH3OCH3 and Cl atoms of the MgCl2 lateral
cut are responsible for the reduced stability of the ether/MgCl2

cluster interaction. Conversely, the alcoholic substituents of the
ester can be easily folded away from the MgCl2 surface. This
feature is observed also in the case of coordination of the donors
of Chart 1, compare structures (110)-chelate of1 and4-meso,
reported in Figure 3. The conclusion is that esters coordinate
more strongly than ethers to MgCl2 surfaces, despite the higher
basicity of ethers, and that coordination of esters occur
exclusively through the carboxylic O atom. Finally, coordination
on the (110) lateral cut is favored by roughly 3-5 kcal/mol
relative to coordination on the (100) lateral cut, in agreement
with the suggested more acidic behavior of the (110) lateral
cut.40

Adsorption of Donors 1-4. The coordination energy of the
donors of Chart 1 to the (100) and (110) lateral cuts of MgCl2

are reported in Table 2. Independently of the coordination mode,
adsorption of all the donors is remarkably favored. Even
considering cluster relaxation effects, and a substantial unfavor-
able entropic contribution, the numbers of Table 2 indicate that
all the Mg atoms at the MgCl2 surface should be interacting
with a Lewis base when the support is contacted with an excess
of Lewis base.

In agreement with the results obtained for the simple models
of Table 1, coordination of phthalates,3, and succinates,4-rac
and4-meso, is remarkably favored relative to coordination of
1,3-diethers,1, and of alkoxysilanes,2. Considering theECoord

of CH3OCH3 and CH3COOCH3 (∼20-25 kcal/mol),ECoord of
donors 1-4 should be in the range of 40-50 kcal/mol.
Differently, theECoord of donors1-4 are always smaller than

ECoord) EMg/D - E0
Mg - E0

D (1)

ECoord) EPrep+ EInter (2)

Table 1. Absolute,ECoord, and Relative,∆ECoord, Coordination
Energies of CH3COOCH3 and CH3OCH3 to a Single MgCl2
Fragment and to the (100) and (110) Lateral Cuts of MgCl2

donor MgCl2 fragment (110)-bridge (100)-bridge

AbsoluteECoord(kcal/mol)
CH3COOCH3 (sp2 O) -23.9 -26.5 -23.0
CH3COOCH3 (sp3 O) -13.9 -15.2 -8.6
CH3OCH3 -25.6 -25.5 -21.7

Relative∆ECoord(kcal/mol)
CH3COOCH3 (sp2 O) 0.0 0.0 0.0
CH3COOCH3 (sp3 O) 10.0 11.3 14.4
CH3OCH3 -1.7 1.0 1.3
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40 kcal/mol, which indicates that the skeleton of the chelating
donors reduces their coordination ability. Coordination of donors
1 and 2 is selective with a preference for the (110)-chelate
coordination mode, with the (110) and (100)-bridge coordination
modes roughly 10 kcal/mol higher in energy. Differently, for3
and both4-rac and4-meso, all the adsorption modes, including
the (110)-zip that involves coordination on two vicinal MgCl2

monolayers, are closer in energy. It is worthy to note that a
stable (110)-zip coordination mode could induce the stacking
of MgCl2 monolayers along the (001) direction.

From a geometric point of view, the Mg-O distances are in
the range of 2.2-2.4 Å independently of the donor or coordina-
tion mode, while the donor assumes a conformation with the
alkyl substituents on the donor skeleton folded away from the
MgCl2 surface, see Figure 3. Only alkoxysilane2 deviates from
this behavior due to the very short Si< spacer that makes the
bridge or zip coordination of2 quite problematic. Indeed, these
geometries substantially present only one O atom coordinated
to the Mg atom.

Energy decomposition according to eq 2, reported in the
Supporting Information, indicates thatEPrep of 1 and3, with a
short spacer between the coordinating O atoms, increases in
the order (110)-chelate< (100)-bridge< (110)-zip≈ (110)-
bridge. Donor2 presents lowEPrep because of the limited
flexibility of alkoxysilanes, while the rather lowEPrep of 3 is
due to limited rotational flexibility around the aromatic C-C
bond, which also prevents3 to chelate effectively to a single
Mg atom in the (110)-chelate geometry. Differently, because
of the flexible four sp3 C-atom spacer, both4-rac and4-meso
show rather lowEPrep. This flexibility confers to succinates the
unique ability to adopt a variety of conformations, and thus they
can effectively coordinate to one single Mg atom as well as to
Mg atoms that are 3.5 or 6.0 Å apart.

Nevertheless, the main conclusion of this section is that
donors can be split into two classes. Only the (110)-chelate
coordination mode is allowed to donors with a short spacer
between the coordinating O atoms (diethers and alkoxysilanes)
whereas donors with a longer spacer (phthalates and succinates)
can adopt a variety of coordination modes.

Models of Possible Active Species.In the last part of the
manuscript, we report on possible models of Ti active species
and on the possible influence of Lewis bases on the stereo- and
regioselectivity of these active species. We warn that these
models are, of course, rather hypothetical as any model of active
species in this peculiar field. However, we believe that the main
concepts conveyed by these models could contribute to build a
chemical scenario able to rationalize the experimental behavior.

We have considered mononuclear Ti species on the (110)
lateral cut of MgCl2. This active site was proposed by Corradini
and co-workers. The active Ti(III) atom is 6-fold coordinated
and sits hepitaxially on the MgCl2 surface in a configuration
similar to bulk Mg atoms (see Scheme 1). The resulting
octahedrally coordinated Ti atom is chiral, and its chirality can
be labeled∆ or Λ. For the sake of simplicity, in all the
calculations we fixed the configuration of the Ti atom to be
∆.69 All the energies discussed in this section are collected in
Table 3.

The approximate transition states for primary and secondary
propene insertion into the Ti-iBu bond of this model are
sketched in Figure 4. The most favored transition state (Figure
4b) corresponds to primary insertion ofre-propene on a (-)
growing chain.69 The transition state for primary insertion of
the other propene enantioface (Figure 4a) corresponds to
insertion ofsi-propene on a (+) growing chain. The energy
difference between these two approximate transition states,
∆Eq

Stereo, is a measure of the stereoselectivity of this active site.
The very low∆Eq

Stereowe calculated, 0.2 kcal/mol, is well below
the accuracy that can be expected from this kind of calculation.
Nevertheless, it clearly indicates that an isolatedC2-symmetric
Ti atom on the (110) lateral cut of MgCl2 is essentially
nonstereoselective.

The approximate transition states for secondary propene
insertion (Figure 4c,d) correspond tore- andsi-propene insertion
on a (+) growing chain, respectively. These two approximate

Figure 3. Representative geometries of coordinated Lewis bases to
the (100) and (110) lateral cuts of MgCl2.

Table 2. Absolute,ECoord, and Relative,∆ECoord, Coordination
Energies of the Lewis Bases of Chart 1 on the (100) and (110)

Lateral Cuts of MgCl 2

donor (110)-chelate (110)-bridge (110)-zip (100)-bridge

AbsoluteECoord(kcal/mol)
1 -25.9 -13.4 -17.3 -14.8
2 -27.6 -18.3 -21.4 -16.5
3 -32.0 -34.2 -36.8 -32.2
4-rac -32.1 -37.1 -28.7 -31.7
4-meso -36.5 -35.1 -33.6 -32.6

Relative∆ECoord(kcal/mol)
1 0 12.6 8.6 11.1
2 0 9.2 6.1 11.1
3 0 -2.2 -4.9 -0.2
4-rac 0 -5.0 3.4 0.4
4-meso 0 1.4 2.9 3.8

Table 3. Relative Energies, in kcal/mol, of the Approximate
Transition States, See Computational Detail Section, Corresponding
to Primary (or 1,2) and Secondary (or 2,1) Insertion of Propene into

the Ti-iBu Bond of the Models Depicted in Figure 4 (No Donor
Column) and Figure 5 ((110)-Bridged Donor Column)

geometry no donor (110)-bridged donor

1,2-si 0.0 0.0
1,2-re -0.2 3.1
2,1-re 1.3 1.4
2,1-si 1.1 4.5
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transition states are about 1.1-1.3 kcal/mol higher in energy
relative to the transition states leading to primary insertion.
These energy differences,∆Eq

Regio, are a measure of the
regioselectivity of this active site. The rather low∆Eq

Regio we
calculated for both propene enantiofaces indicates that an
isolatedC2-symmetric Ti atom on the (110) lateral cut of MgCl2

should introduce a large amount of regiomistakes into the
polypropylene chain. Moreover, the small energy difference
between the two transition states leading to secondary insertion,
0.2 kcal/mol, indicates that there is no preference for one of
the two propene enantiofaces. In short, the polypropylene
produced by an isolated and active Ti species on the (110) lateral
cut of a monolayer should be substantially atactic, in agreement
with previous molecular mechanics calculations by Corradini
and co-workers,57 and should present a rather high amount of
nonenantioselective regiomistakes, in agreement with previous
quantum mechanics calculations by Busico and Ziegler on
similar models.49,64

An isolated Ti(III) active species on the (110) lateral cut
of MgCl2 can thus rationalize the large amount of substan-
tially atactic polypropylene obtained with MgCl2 supported
catalytic systems in the absence of any Lewis base. Additionally,
this active species can also rationalize the rather high amount
of nonenantioselective regiomistakes recently described by
Busico and co-workers through the NMR analysis of propene/
ethene-[1-13C] copolymers obtained with the catalytic system
MgCl2/TiCl4-AlR3 in the absence of any Lewis base.49 As a
final note, we specify that the∆Eq

Regio we calculated, about
1.1-1.3 kcal/mol, underestimates the experimental value, about
2 kcal/mol. As already noticed, better agreement with the
experimental results can be obtained if a hybrid DFT functional,
as the B3LYP functional, is used.80-82 B3LYP single point
energy calculations on the structures of Figure 4a,c result in a
∆Eq

Regioof 1.7 kcal/mol. Although a better qualitative agreement
with the experimental number is obtained with the B3LYP
functional, the overall chemical scenario is substantially the
same. For this reason, we decided to not use the B3LYP
functional any further due to its computational cost on systems
of this size.

To investigate the influence of adsorbed donors on the
behavior of this active site, we coordinated two molecules of
rac-1,4-dimethoxy-2,3-dimethyl succinate on both sides of the
isolated Ti active species just discussed. On both sides, the
coordination mode of the donor is (110)-bridge and it involves
one Mg atom that also interacts with a Cl atom of the Ti species.
The approximate transition states corresponding to primary and
secondary propene insertion on this active site are reported in
Figure 5.

The numbers reported in Table 3 clearly indicate that the
donor strongly modifies the stereo- and regioselectivity of the
active species. With a focus on primary insertion, thesi
enantioface of propene is clearly favored over there enantioface
and the∆Eq

Stereo raises to 3.1 kcal/mol. The transition states
for secondary insertion of there andsi enantiofaces of propene
are 1.4 and 4.5 kcal/mol higher in energy relative to the favored
primary insertion, respectively, which means that the∆Eq

Regio

is 1.4 kcal/mol. In short, the two donor molecules transform an
otherwise nonselective site into a remarkably stereoselective site,
while the effect on regioselectivity is rather strong for one
propene enantioface but quite small for the other.

Examination of the structures of Figure 5 holds an explanation
for these findings. The most stable transition state for primary
insertion (Figure 5a) shows the most classical features which
characterize the mechanism of the chiral orientation of the
growing chain proposed by Corradini and co-workers for
heterogeneous and homogeneous polymerization catalysts.69 In
order, they are (i) the growing chain assumes a chiral orientation,
(+) in this case, to minimize steric interactions with the bulky
succinates; (ii) the monomer inserts with the methyl group trans
to (i.e., away from) the Câ and the following atoms of the
growing chain, to minimize steric interactions with the growing
chain.

Instead, the transition state leading to a stereomistake (Figure
5b) is disfavored by steric interactions between the (-) growing
chain and one of the succinates. Given the overallC2 symmetry
of the Ti species in the presence of two succinate molecules,
exactly the same geometrical arrangement of atoms would be
present in the following step when, in the framework of the
chain migratory mechanism, the relative coordination positions
of the monomer and of the growing chain would be exchanged.
Thus, this hypothesized active site would lead to an isotactic

Figure 4. Top (left) and side (right) views of the transition states
leading to primary, parts a and b, and secondary, parts c and d, propene
insertion into the Ti-iBu bond. For the sake of clarity, in the top views
only a part of the MgCl2 cluster is reported. The cluster actually used
is reported in part e.
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polymer. This finding is in agreement with the well-known fact
that a high amount of isotactic polypropylene is obtained only
in the presence of a Lewis base, and with previous TREF
analysis, which indicated that addition of donors significantly
limits formation of aspecific sites and drastically promote
formation of sites with highest isospecificity.11,14,16,17,83

The stereoselective behavior and the overall geometry of the
active site in the presence of two Lewis base molecules around
the Ti atom is very similar to the models developed to explain
the isospecific behavior of bridged bisphenoxy-amine based
homogeneous catalysts, which adds to similar analogies between
homogeneous and heterogeneous catalysts proposed in the
past.69,84 All these species present an octahedrally coordinated
metal atom in aC2 symmetric coordination sphere. Stereose-
lectivity is provided by the X group in the structure of Scheme
2, which is a surface Cl atom in the models proposed for TiCl3

and for MgCl2/TiCl4 in the absence of donors,40,66-68 a bulky
alkyl group in the bridged bisphenoxy-amine based homoge-
neous catalysts,84-86 and a donor in the models presented in
this paper.

With a focus on regioselectivity, the adsorbed donors have a
small effect on the insertion of there-enantioface because the
corresponding transition state (Figure 5c) presents a (+)
orientation of the growing chain and the secondary inserting
propene presents the methyl group far away from both donors.
This explains the relatively small increase of∆Eq

Regio after
inclusion of the two donor molecules.

Instead, the donor has a remarkable effect on the insertion
of thesi-enantioface because the corresponding transition state
(Figure 5d) presents the methyl group of the secondary inserting
propene very close to one of the donors. Thus, the donors
destabilize only one of the two transition states leading to
secondary propene insertion. The sharp conclusion is that the
overall regioselectivity of the model is not changed substantially,
but it is very enantioselective. Incidentally, the calculations
indicate that opposite propene enantiofaces are favored in
primary and secondary insertion. Our results are in agreement
with previous quantum mechanics calculations of Busico and
co-workers on a smaller system in which bulkiness around the
Ti atom is provided by Cl atoms.82

Again, our model is in good agreement with the experimental
characterization of propene/ethene-[1-13C] copolymers obtained
with the catalytic system MgCl2/TiCl4-AlR3 in the presence
of a dialkyl phthalate and of a 1,3-diether50 and with the main
conclusion of Busico and co-workers that the lower amount of
regiomistakes in the presence of the donors is mostly related to
higher enantioselectivity in the secondary insertions. Addition-
ally, our finding that primary and secondary insertions occur
with opposite enantiofaces also is in good agreement with the
experimental results.

Discussion

As final comments we try to discuss the results using a more
general quadrants representation we used in the past. The Ti
active species without and with two coordinated donors are
schematically sketched in the quadrants representation of
Scheme 3. Gray quadrants represent regions sterically occupied
by the donors. Of course, there are no gray quadrants if no donor
is coordinated. In this case the growing chain is not forced to
assume a chiral orientation, and thus primary insertion is
nonstereoselective because the (-)chain/re-propene and (+)-

Figure 5. Top view of the transition states leading to primary, parts
a and b, and secondary, parts c and d, propene insertion into the Ti-
iBu bond. For the sake of clarity, in the top views only a part of the
MgCl2 cluster actually used is reported (see Figure 4). The Ti-active
site is flanked by two rac-1,4-dimethoxy-2,3-dimethyl succinate
molecules (110)-bridge coordinated.

Scheme 2

Scheme 3
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chain/si-propene combination of chiralities are almost of the
same energy (top-left in Scheme 3). Secondary insertion is also
nonstereoselective because both enantiofaces of a secondary
inserting monomer can be accommodated on the active site
without relevant steric interactions (bottom-left in Scheme 3).

Different is the case with two donors coordinated. In this
case, the donors impose a chiral orientation to the growing chain
and, in the case of an active site with aΛ configuration at the
metal, the (-)chain/re-propene combination of chiralities is of
higher energy relative to the (+)chain/si-propene combination
(top-right in Scheme 3). Steric effects occur also in the insertion
of a secondary propene molecule. In this case, the donors
sterically destabilize insertion of asi-propene through direct
interaction with the methyl group of the monomer. Thus
also secondary insertion is stereoselective (bottom-right in
Scheme 3).

The last possibility is that only one donor is coordinated close
to the active Ti atom (see Scheme 4). In this case, the eventual
stereoselectivity of the primary and secondary insertions depends
on which side of the active Ti atom the donor is coordinated. If
the donor is close to the monomer, primary insertion is
nonstereoselective, while secondary insertion is remarkably
stereoselective (Scheme 4, left). In the case where the donor is
close to the growing chain, primary insertion is remarkably
stereoselective, while secondary insertion is nonstereoselective
(Scheme 4, right).

Thus, in the presence of only one coordinated donor, the
structure of the resulting polypropylene will depend on the
relative energy between the two situations depicted on the left
and right sides of Scheme 4. If they present similar energy,
within the framework of the chain migratory mechanism a hemi-
isotactic polymer87 should be produced. A situation like this is
observed in the polymerization of propene withC1-symmetric
metallocenes such as Me2C(3Me-Cp)(9-Flu)ZrCl2.88,89 If the
situations are of remarkably different energy, regular chain
migration could be replaced by a regular back-skip of the
growing chain (or chain-retention), so that insertion occurs
always with the same disposition of the monomer and of the
growing chain relative to the coordinated donor. If the situation
with the growing chain close to the donor is more stable
(Scheme 4, right side), an isotactic polypropylene will be
produced. A situation like this has been proposed for possible
Ti active species on lateral surfaces ofR-TiCl3, on the (100)
lateral cut of MgCl2/TiCl4 supported catalysts, and is observed
in the polymerization of propene withC1-symmetric metal-
locenes such as Me2C(3-tBu-Cp)(9-Flu)ZrCl2.90,91

Assuming reversible adsorption/desorption of the donors, the
three static situations of Schemes 3 and 4 can be linked together

in the single dynamic model of Scheme 5 and the emerging
picture corresponds to a specific application of the three-site
dynamic model proposed by Busico on the basis of quantum
mechanics calculations on a general model,49,92 and supported
by experiments on properly designed single-center bis(phenoxy-
amine)Zr catalysts.84 In the framework of Busico’s model,
adsorption/desorption of species near to the active Ti atoms
results in a switch between active species with different stereo-
and regioselective behaviors, as sketched in Scheme 5. More-
over, it can be hypothesized that any conformational change in
the adsorbed donor or partial dissociation of the donor (i.e., the
donor remains coordinated with a single O atom) can also result
in decreased stereoselectivity. This would enlarge the validity
of the three-site mechanism.

As a final remark, we note that the variety of active species
we proposed here (which are only the most easy guesses) are
possible because the donor we considered, a succinate, can
coordinate in many different geometries. Moreover, Ti active
species could also be flanked by donors in different coordination
modes, for example (110)-bridge on one side and (110)-zip on
the other. We also remind that the (110)-chelate coordination
mode was not considered, that we did not consider coordination
of other species as the Al-alkyls, and that we did not consider
possible active species on the (100) lateral cut. All these
possibilities are of course unmanageable within a single
manuscript.

Conclusions

In the first part of this manuscript we investigated the structure
and energetic relative to coordination of several Lewis bases to
MgCl2 surfaces. The main conclusions we obtained are (i) All
the Lewis bases we considered coordinate rather strongly to
both the (100) and (110) lateral cuts. Although, only one
coordination mode is possible on the (100) lateral cut, whereas
several coordination modes are possible on the (110) lateral cut.
Additionally, one of these coordination modes involves vicinal
(110) monolayers. This coordination mode could favor the
stacking of MgCl2 monolayers. (ii) The short spacer between
the coordinating O atoms of alkoxysilanes and 1,3-diethers
substantially imposes the (110)-chelate coordination. Instead,
in the case of phthalates and succinates, the four-atom spacer
confers flexibility to the donors, which can assume a variety of
coordination modes. This flexibility is particularly high for
succinates and phthalates and could result in broader variety of
active sites. This could rationalize the fact that largerMw/Mn

are observed with phthalate, as an internal donor, than with
diether-containing catalysts.11

In the last part of this manuscript we investigated the stereo-
and regioselective behavior of possible catalytically active
models corresponding to titanium-chloride species adsorbed
on the (110) lateral cut. We focused on this lateral cut because
it is very easy to build models with a close proximity between
the coordinated donors and the active Ti species. The main
conclusions we obtained are (i) Isolated Ti species on the (110)
monolayer would lead to a substantially atactic polyproplylene.
The regioregularity of this polypropylene would not be par-
ticularly high, and the occasional regiomistakes would not be

Scheme 4 Scheme 5

Macromolecules, Vol. 40, No. 25, 2007 MgCl2/TiCl4/Lewis Base Ziegler-Natta Catalytic 9187



enantioselective. The microstructure of this polymer is rather
consistent with that of the “less-tactic” polypropylene obtained
in the absence of any Lewis base. (ii) Ti species on the (110)
monolayer flanked by two donors (110)-bridge coordinated
would lead to a substantially isotactic polyproplylene. The
regioregularity of this polypropylene would be reasonably high,
and the occasional regiomistakes would be enantioselective. The
microstructure of this polymer is rather consistent with that of
the polypropylene obtained in the presence of a Lewis base as
phthalate or 1,3-diether. A polypropylene with a similar
microstructure would be produced also with the donors (110)-
zip coordinated on vicinal MgCl2 layers.

We believe that our models should not be taken as models
for the “real active species” (in its broadest sense) but should
be considered as examples of the variety of possible active
species that can be formed by the interaction between the
different components of the heterogeneous Ziegler-Natta
catalysts. A comprehensive description of these catalytic systems
should include all possible combinations of MgCl2 lateral cuts
and junctions between different lateral cuts, of differently
adsorbed donors, of Al-alkyl and chloride species, and of
isolated and clusterized titanium-chloride species. A task of
this dimension needs to be puzzled out step by step.
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