Macromolecule007,40, 9181-9189 9181

Key Elements in the Structure and Function Relationship of the
MgCI,/TiCl4JLewis Base ZieglerNatta Catalytic System

Andrea Correa,*'' Fabrizio Piemontesi} Giampiero Morini, ¥ and Luigi Cavallo®

Dipartimento di Chimica, Uniersitadi Salerno, Via Ponte don Melillo, Fisciano (SA), 1-84084, Italy,
and Centro Ricerche “Giulio Natta”, Basell Poliolefine Italia, Piazzale Donegani 12,
Ferrara, 1-44100 ltaly

Receied June 11, 2007; Resed Manuscript Receed August 28, 2007

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 thesdpg0tt. 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 lective sites or could transform aspecific sites in highly
The world market for polypropylene is currently over 30 stereoselective sites. . o
108 tonslyear, and by far the largest fraction of the global Of course, several studies focused on the characterization of

. . : . . i 6,18-38 initi
polymer is obtained with heterogeneous Ziegliatta catalytic ~ Neterogeneous ZiegteNatta catalysts] but definitive
systems. Over the years, these catalysts have evolved@NSWers have not been achieved yet. Nevertheless, some points

from simple TiCk crystals into the nowadays-used Mg(TICl/ are well accepted now. The primary particles of activated MgCl
donor systems, where the donor is a Lewis base that can be2'® composed of agfevy irregularly stacked-®g—Cl sand-
added during catalyst preparation (the so-called internal dénor). Wichlike monolayers? with the MgCh Tolcrocrystals terminated
Among donors alkoxysilanes, 1,3-diethéraromatic esters DY the (100) and (110) lateral clis:® For electroneutrality
(benzoates and phthalates in particuténd recently aliphatic ~ '€asons, these two lateral cuts contain coordinatively unsaturated
esters (succinates in particular) have been shown to be parMg?" ions with coordination numbers 4 and 5 on the (110) and
ticularly effective® Catalyst activation requires addition of (100) cuts, respectively, as shown in Figuré{: ,
alkylating reducing species (Alfthe most used) possibly mixed _Knowledge of the catalys_t structu_re prior and after re_dl_Jctlon
with a second electron donor (the so-called external donor), With Al —alkyl compounds is also incomplete. Corradini and
usually an alkoxysilane or, more recently, a succinate. The co-workers proposed that preferential titaniahlorides co-
resulting active system is of extreme chemical complexity, ordination would occur on the lateral cuts, leading to adsorbed
and the polypropylenes obtained present very different proper- Monomeric Ti species on the (100) and (110) cuts and to dimeric
ties. Ti species on the (100) ct?.These Ti(IV) and Ti(lll) species
The nature of the added Lewis bases is fundamental in terms¢oUld be epitaxially adsorbed on the (110) and (100)-cuts. In

of performances, since it can strongly modify (i) the tacticity the case of the (100)-lateral cut, monodimensional Ti(IH)Cl
of the obtained polypropylenes from a large fraction of almost clusters could also be forméélUseful information on the nature
atactic polymer (as in the absence of any Lewis base) to almost®f the active sites has been also obtained 8¢ NMR
exclusively highly isotactic polymers; (ii) the molecular masses Microstructural characterization of the produced polypropyl-
distribution, that can be rather narrow or rather broad: (iii) the €n€s:**>*°These analyses indicated that some active sites could
response to molecular hydrogen, which clearly allows one to interconvert in a time shorter than the average time of chain
control the molecular masses of the produced poly#1éfsThe growth and that at least one of the active sites has an

Lewis bases have been suggested to stabilize small primary€nVironment ofC; symmetry:’ . .
crystallites of MgCj and/or to influence the amount and Although the whole framework is extremely complicated,

distribution of TiCly in the final catalyst. Indeed, the donor has SOMe theoretical efforts have been attempted:>® Most of
possibly inducing formation of the more stereoselective sites. these informative investigations did not consider in detail the

Additionally, the internal donor could poison poorly stereose- Origin of stereoselectivity, and limited efforts were dedicated
to rationalize the role of different Lewis bases. The less

* Corresponding author. E-mail: acorrea@unisa.it investigated interaction between the Lewis bases and theMgCl
t Universpit‘adi S%uema ' ' o support substantially indicated that donors preferentially coor-
*Basell Poliolefine Italia. dinate on the (110) lateral ct#5%56 and it was speculated that
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Figure 2. Schematic representation of stacked Mg@bnolayers. 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

Figure 1. Schematic representation of a Mg@honolayer. The Mg the (110)-zip coordination mode. On the right, the (100) surface is

atoms are colored in orange. The CI atoms above the Mg plane areygpresented and the double arrow curve represents the (100)-zip
dark green colored, whereas the Cl atoms below the Mg plane are light ;gordination mode.

green colored. The (100) and (110) lateral cuts with 5- and 4-coordi-
nated Mg atoms are indicated. The double arrow curves represent Scheme 1
possible coordination modes of the donors of Chart 1. (110} bridge ctve Thste (110)bridge
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of a monolayer, about 6.0 A. Of course, two Mg atoms on

: very similar to the distance between Mg atoms in the (110)-cut
stacked (100) layers also are roughly 6.0 A apart. However,

Eo OEt EO OFt EO OFt because of the zigzag shape of the (100) surface, see Figure 2,
o o o © o o0 we were unable to (100)-zip coordinate any donor. For this
3 4-rac 4-meso reason, the (100)-zip coordination mode is not further discussed.

Donor coordination on (1) lateral cuts of MgCJ, as for
example on the (102) céf,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
éitanium—chloride species is adsorbed. The isolated Ti species
of Scheme 1 was proposed years ago as a possibly active Ti
interactions between the internal dondis2, 3, 4-rac, and atom whic_h would produce a substantially atactic or slightly
4-mesoof Chart 1 and the MgGlsupport using a theoretical syndiotactic polypropylgn@? . ) ) .
approach based on density functional theory, DFT. The donors We conclude this section reca_llllng that other active Ti species
are supposed to interact with the (100) and (110) lateral cuts of "@ve been proposéd.® In particular, Corradini and Guerra
MgCl; as indicated in Figure 1. We considered only geometries Proposed that dimeric Ti species adsorbed on the (100) lateral
in which both O atoms coordinate to Mg atoms, since coordina- Ut would produce an isotactic polynfér2>®® The main value
tion of the second O atom is clearly favored by entropic effects. of this Ti species is Fhe a_b|I|ty to explain the fraction of isotactic

Two different adsorption modes are possible on the (110) Polypropylene obtained in the absence of any donor and, even
lateral cut of a MgGl monolayer: (i) chelated, if the two O more |mportant, for the |ntrodyct|on of the 'mechamsm.of the
atoms coordinate to the same Mg atom and (ii) bridged if the chiral orientation of the growing chaff,while the possible
two O atoms coordinate to different Mg atoms. We label these activé species presented in this paper, instead, owe all their
adsorption modes, sketched in Figure 1, (110)-chelate and (110)-Stereoselective behavior to the presence of the donors. Ad-
bridge, respectively. Differently, only the bridge coordination ditionally, Busico proposed a three-site dynamic model that
mode is possible on the (100) lateral cut, because only one@SSumes a_ldsoeron/_desorptl_on of species near to the_actlvg Ti
coordinative vacancy is present in five-coordinated Mg atoms, &0ms. This results in a switch between active species with
see Figure 1. different stereo- and regioselective behavirs.

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 Computational Details. The MgCh support was described
the (110)-zip coordination mode because the distance betweerusing the cluster method, an approach validated by Ziegler and
Mg atoms one on top of the other on stacked (110) layers is co-workers® All the DFT calculations were carried out using

this preferential coordination could prevent formation of Ti
species on the (110) lateral cut of MgQupposed to be poorly
stereoselective® 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 TiG| although relative complexation energies
are calculated reasonably wéil.

Considering that systematic studies on the interaction between
different classes of donors and MgGlre 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. Th
work is split in two parts. In the former we analyze possible

Computational Details
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the TURBOMOLE?® package. Energies and geometries have  Table 1. Absolute,Ecoord, and Relative, AEcoora, Coordination

been obtained at the BP86 level of thedty’ Energies of CHCOOCH;3 and CH3OCH3; to a Single MgCh
MgCl,/Donor Interactions. Geometries of adsorbed donor Fragment and to the (100) and (110) Lateral _C“ts of MgGl _
molecules have been always fully optimized. To represent the donor MgCh fragment  (110)-bridge  (100)-bridge
(100) cut, a (MgGJ); cluster has been used. For the three AbsoluteEcoorg (kcal/mol)
different adsorption modes on the (110) cut, (Mg&KMgCl,)o, CH3COOCH; (sp* O) —23.9 —26.5 —23.0
and (MgCb)1o clusters have been used to represent the (110)- 8:388&(3'* (sp*O) :;g'g :;gg _’22'3
chelate, (110)-bridge, and (110)-zip, respectively. The MgCl ° ) ' ' '
clusters have been kept fixed. The Mgl distances and all RelativeAEcoora (kcal/mol)
he CHMg—Cl angles have been set equal to X-ray values of CH.COOCH (7 O) 0.0 2.9 00
the g gle qualto X-ray CH3COOCH; (sp# O) 10.0 11.3 14.4
2.49 A and 90.74 This corresponds to the simplifying assump-  CH.0CHs -1.7 1.0 1.3

tion that the atoms on the surface present a structure close to
that in the bulk of the crystal. While this assumption can result transition state. A similar approach was used by Ziegler and

in an overestimation of the absolute coordination energies, co-workers in the similarly difficult case of acrylates polym-
calculations we performed in the past indicated that trends in erization?®

relative coordination energies are preser{®&d. 5> Since the
scope of the present manuscript is to compare different donors,Results
we believe that the rigid cluster approximation provides a
reliable chemical scenario.The electronic configuration of the
atoms was described by a triplebasis set augmented with two
polarization function (TURBOMOLE basis set TZVPP)AI
coordination energies were corrected for basis set superpositio
error with the counterpoise approach of Boys and Berrfrdi.

The donor adsorption energicoorg IS calculated according
toeq 1:

Interaction MgCl o/Donors. We start this section by con-
sidering coordination of the different type of O atoms present
in the donors of Chart 1. Donofisand, somewhat similarly2

rpresent etheric $pO atoms, while3 and 4 contain two
chemically different O atoms, estericsand carboxylic sp
Thus, we first considered coordination of the simplest ether and
ester, namely, CkDCH; and CHCOOCH;, to a single MgG
fragment and to both the (100) and (110) MgGGiteral cuts.
E =E _E0 O 1) Donors coordination to a single Mglfragment reflects the
Coord — =Mg/D Mg D relative Lewis base strength of these O atoBs§ of the O
whereEwgp is the energy of the system composed by a donor atoms: ethe'% ca_lrboxyl > ester). Differently, theEcoora for
molecule bonded on the M@z, cluster, whileE%, and E% donors coordlngthn to the (100) gnd_(llO) lateral cuts _of the
are the total energies of the Mg cluster and of the free MgCl, c!usters indicate that coordination of.the carboxyllé sp
donor, respectively. For analysis purposes the donor adsorptiono atom is fayored by roughly 1 kcal/mol relative to coordination
energyEcoord Can be rewritten as in eq 2: of th_e etheric s?JO_atom and by _roughly 1015 kcal/mol
relative to coordination of the esteric3sp atom, see Table 1.
Ecoord= Eprep™ Einter 2) Geometrical analysis indicates that short distances between the
CHs; groups of CHOCH; and Cl atoms of the MgGllateral
whereEpep= Ep — E% only contains the energy required to  Cut are responsible for the reduced stability of the ether/MgCl
deform a free donor molecule in a conformation suitable to be cluster interaction. Conversely, the alcoholic substituents of the
bonded on the surface (the MgQiluster being kept frozen). ~ €ster can be easily folded away from the Mg8lirface. This
Enmer instead, is the interaction energy between the distorted feature is observed also in the case of coordination of the donors

donor and the MgCla, cluster. In this frameworEpepis positive of Chart 1, compare structures (110)-chelatd @ind4-meso
by definition, wherea& e is negative. reported in Figure 3. The conclusion is that esters coordinate
Active Sites Study. To model the (110) lateral cut, a mor_e_strongly than ethers to Mgﬁlurfa_ces_, despite the higher
(MgCl,)10 cluster has been used, to increase flexibility, and in basicity of ethers, and that coordination of esters occur
the case of active species, we relaxed the four Mg@lts of exclusively through the carboxylic O atom. Finally, coordination
the cluster surface which are involved in donors and titarium o0 the (110) lateral cut is favored by roughly-3 kcal/mol
chloride coordination. Because of the presence of a Ti(lll) atom, 'elative to coordination on the (100) lateral cut, in agreement
unrestricted DFT calculations were performed in the case of W'tt‘mthe suggested more acidic behavior of the (110) lateral
the active species. The electronic configuration of Ti and Mg Cut: _ o
was described by a triple-basis set augmented with one Adsorption of Donors 1—4. The coordination energy of the
polarization function (TURBOMOLE basis set TZVP)For donors of Chart 1 to the (100) and (110) lateral cuts of MgCl
H, C, and Cl atoms, a double-quality basis set augmented are reported in Table 2. Independently of the coordination mode,
with one polarization function was used (TURBOMOLE basis adsorption of all the donors is remarkably favored. Even
set SVP)’ considering cluster relaxation effects, and a substantial unfavor-
Because of the size of the systems considered, full transition able entropic contribution, the numbers of Table 2 indicate that
state searches could not be performed. Thus, transition state€ll the Mg atoms at the Mgglsurface should be interacting

for primary and secondary propene insertion into the'Bu with a Lewis base when the support is contacted with an excess
bond were approximated through a linear scan of the potential of Lewis base.
energy surface in the region 2:40.25 A of the new forming In agreement with the results obtained for the simple models

C—C bond with a step of 0.05 A. All other degrees of freedom of Table 1, coordination of phthalated;,and succinategi-rac
were optimized. This choice is based on the fact that the forming and 4-mesq is remarkably favored relative to coordination of
C—C bond in transition states for insertion of ethene or propene 1,3-diethers], and of alkoxysilanes. Considering thécoorg
into Ti—alkyl bonds is almost invariably calculated to be in of CH;OCH; and CHCOOCH; (~20—25 kcal/mol),Ecoorg Of
this range’’6%-63.78|n each case the geometry higher in energy donors 1—4 should be in the range of 4®0 kcal/mol.
was considered to be a reasonable approximation to the realDifferently, the Ecoorg Of donors1—4 are always smaller than
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Table 2. Absolute,Ecoord, and Relative, AEcoord, Coordination
Energies of the Lewis Bases of Chart 1 on the (100) and (110)
Lateral Cuts of MgCl

donor (110)-chelate  (110)-bridge  (110)-zip  (100)-bridge
AbsoluteEcqord (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
RelativeAEcoorg (kcal/mol)
1 0 12.6 8.6 111
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 14 2.9 3.8

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, 8or
and both-rac and4-mesgq all the adsorption modes, including
the (110)-zip that involves coordination on two vicinal MgCl
monolayers, are closer in energy. It is worthy to note that a
stable (110)-zip coordination mode could induce the stacking
of MgCl, monolayers along the (001) direction.

From a geometric point of view, the MgD distances are in
the range of 2.22.4 A 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
MgCl; surface, see Figure 3. Only alkoxysilahdeviates from
this behavior due to the very short<Sspacer that makes the
bridge or zip coordination d quite problematic. Indeed, these

Macromolecules, Vol. 40, No. 25, 2007

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—'Bu 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 31
2,1-re 13 14
2,1-si 11 45

Energy decomposition according to eq 2, reported in the
Supporting Information, indicates thBpre, 0f 1 and3, with a
short spacer between the coordinating O atoms, increases in
the order (110)-chelates (100)-bridge< (110)-zip~ (110)-
bridge. Donor2 presents lowEpe, because of the limited
flexibility of alkoxysilanes, while the rather l0VEprep Of 3 is
due to limited rotational flexibility around the aromatic-C
bond, which also prevent3 to chelate effectively to a single
Mg atom in the (110)-chelate geometry. Differently, because
of the flexible four sp C-atom spacer, both-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 A 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 Speciedn 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 MgCJ. This active site was proposed by Corradini
and co-workers. The active Ti(lll) atom is 6-fold coordinated
and sits hepitaxially on the Mgghburface in a configuration
similar to bulk Mg atoms (see Scheme 1). The resulting
octahedrally coordinated Ti atom is chiral, and its chirality can
be labeledA or A. For the sake of simplicity, in all the
calculations we fixed the configuration of the Ti atom to be
A% All the energies discussed in this section are collected in
Table 3.

The approximate transition states for primary and secondary
propene insertion into the FiBu bond of this model are
sketched in Figure 4. The most favored transition state (Figure
4b) corresponds to primary insertion -propene on a-<)
growing chairf® 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,
AFfsiere0 IS @ measure of the stereoselectivity of this active site.
The very lowAE*sreowe 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 isolaB2esymmetric
Ti atom on the (110) lateral cut of Mgglis essentially
nonstereoselective.

The approximate transition states for secondary propene

geometries substantially present only one O atom coordinatedinsertion (Figure 4c,d) correspondr andsi-propene insertion

to the Mg atom.

on a (+) growing chain, respectively. These two approximate
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An isolated Ti(lll) active species on the (110) lateral cut
of MgCl;, can thus rationalize the large amount of substan-
tially atactic polypropylene obtained with MgCkupported
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-[113C] copolymers obtained with the catalytic system
MgCl,/TiCl,—AIR3 in the absence of any Lewis ba¥eAs a
final note, we specify that thAE*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 uséf:82 B3LYP single point
energy calculations on the structures of Figure 4a,c result in a
AE*Regioof 1.7 kcal/mol. Although a better qualitative agreement
with the experimental number is obtained with the B3LYP

Secondary insertions functional, the overall chemical scenario is substantially the
same. For this reason, we decided to not use the B3LYP
C re-propene functional any further due to its computational cost on systems

Primary insertions

a si-propene

(+) growing chain

b re-propene

(-) growing chain

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, tie
enantioface of propene is clearly favored overrthenantioface
Growing chain and theAE*siereo raises to 3.1 kcal/mol. The transition states

for secondary insertion of the andsi enantiofaces of propene
e are 1.4 and 4.5 kcal/mol higher in energy relative to the favored
primary insertion, respectively, which means that &€ 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.
Figure 4. Top (left) and side (right) views of the transition states

leading to primary, parts a and b, and secondary, parts ¢ and d, propene Exammgnop of the structures of Figure ?holds an explananon
insertion into the T+Bu bond. For the sake of clarity, in the top views  for these findings. The most stable transition state for primary
only a part of the MgGlcluster is reported. The cluster actually used insertion (Figure 5a) shows the most classical features which
is reported in part e. characterize the mechanism of the chiral orientation of the

transition states are about %:.1.3 kcal/mol higher in energy ~ 9rowing chain proposed by Corradini and co-workers for
relative to the transition states leading to primary insertion. heterogeneous and homogeneous polymerization catélysts.
These energy differences\E'rego are a measure of the order, they are (i) the growing chain assumes a chiral orientation,
regioselectivity of this active site. The rather |aWE*regio We (+) in this case, to minimize steric interactions with the bulky
calculated for both propene enantiofaces indicates that ansuccinates; (ii) the monomer inserts with the methyl group trans
isolatedCp-symmetric Ti atom on the (110) lateral cut of MgCl  to (i.e., away from) the gand the following atoms of the
should introduce a large amount of regiomistakes into the growing chain, to minimize steric interactions with the growing
polypropylene chain. Moreover, the small energy difference chain.

between the two transition states leading to secondary insertion,
?hg I:\?Vacl)l/rg?Abg]:écitﬁgntt?&;égir_e|Irf' gk?o‘r)tr,eft?lfnpcg;&roggleer?; 5b) ﬁs disfavored by steric _interactio_ns between thgdrowing
produced by an isolated and active Ti species on the (110) lateralch@in and one of the succinates. Given the ovelalymmetry

cut of a monolayer should be substantially atactic, in agreement©f the Ti species in the presence of two succinate molecules,
with previous molecular mechanics calculations by Corradini €xactly the same geometrical arrangement of atoms would be
and co-workers? and should present a rather high amount of Present in the following step when, in the framework of the
nonenantioselective regiomistakes, in agreement with previouschain migratory mechanism, the relative coordination positions
guantum mechanics calculations by Busico and Ziegler on of the monomer and of the growing chain would be exchanged.
similar modelg*9.64 Thus, this hypothesized active site would lead to an isotactic

(+) growing chain

d si-propene

(+) growing chain

Propen

@c! @Ti ®Mg @Growing chain ®Propene

Instead, the transition state leading to a stereomistake (Figure
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Primary insertions Scheme 2
M
Scheme 3
Cy-symmetric, No donor C,-symmetric, Two donors
Primary Insertion Primary Insertion

s e sl re
propene propene propene propene
T M W M

Pr] Gl P G
(+}chain [~Jchain (+)chain (~jchain
: A-site A-site A-site A-site
(-) growing Secondary Insertion Secondary Insertion
chain
ES re E2 re
prupeq propene propene Inrupur\s
Secondary insertions 8 D g o
P P P P
(+)chain {+]chain {+)chain {+)chain
A-site A-site A-site A-site

With a focus on regioselectivity, the adsorbed donors have a
small effect on the insertion of the-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 &E*regio after
inclusion of the two donor molecules.

Instead, the donor has a remarkable effect on the insertion
of the si-enantioface because the corresponding transition state
(Figure 5d) presents the methyl group of the secondary inserting
o propene very close to one of the donors. Thus, the donors
(+) growing destabilize only one of the two transition states leading to
chain secondary propene insertion. The sharp conclusion is that the

@c! @Ti @Mg @Growing chain @Propene overall_regioselectivit'y of the _model i§ not changed substant_ially,
Fi 5 Top view of the transition states leading fo brimary. parts put_ it is very enantlloselectlve. Inudentally, the calculatlons_
alglrizieb,'and%econdary, parts ¢ and d, propene igsertFi)on int)c/;fﬁe Ti |n(_1|cate that opposite propene enantiofaces are favored in
iBu bond. For the sake of clarity, in the top views only a part of the Primary and secondary insertion. Our results are in agreement
MgCl; cluster actually used is reported (see Figure 4). The Ti-active With previous quantum mechanics calculations of Busico and
site is flanked by tworac-1,4-dimethoxy-2,3-dimethyl succinate  co-workers on a smaller system in which bulkiness around the
molecules (110)-bridge coordinated. Ti atom is provided by Cl atomf&

Again, our model is in good agreement with the experimental

polymer. This finding is. in agr.eement with the vyell-kngwn fact characterization of propene/ethenel$C] copolymers obtained
that a high amount of isotactic polypropylene is obtained only with the catalytic system Mg@MTiCl,—AIR; in the presence

in the _presqnce_ Of, a Lewis basg,_ and with prev_lou.s. TREF of a dialkyl phthalate and of a 1,3-dietA®and with the main
a_mglyas, Whl_ch indicated t_h_at a_ddltlon of donqrs significantly 5 clusion of Busico and co-workers that the lower amount of
limits formatlc_)n of _asp(_ecn‘lc s_ltes an_d_ (_drastlcally promote regiomistakes in the presence of the donors is mostly related to
formation of sites with highest isospecificity!*+6:17.83 higher enantioselectivity in the secondary insertions. Addition-
The stereoselective behavior and the overall geometry of theally, our finding that primary and secondary insertions occur
active site in the presence of two Lewis base molecules aroundwith opposite enantiofaces also is in good agreement with the
the Ti atom is very similar to the models developed to explain experimental results.
the isospecific behavior of bridged bisphenexamine based ) _
homogeneous catalysts, which adds to similar analogies betweerPiscussion
homogeneous and heterogeneous catalysts proposed in the As final comments we try to discuss the results using a more
past?®84All these species present an octahedrally coordinated general quadrants representation we used in the past. The Ti
metal atom in &C; symmetric coordination sphere. Stereose- active species without and with two coordinated donors are
lectivity is provided by the X group in the structure of Scheme schematically sketched in the quadrants representation of
2, which is a surface Cl atom in the models proposed for3liCl Scheme 3. Gray quadrants represent regions sterically occupied
and for MgCW/TiCly in the absence of donof8%¢-%8 a bulky by the donors. Of course, there are no gray quadrants if no donor
alkyl group in the bridged bisphenoxyamine based homoge- is coordinated. In this case the growing chain is not forced to
neous catalyst¥ 86 and a donor in the models presented in assume a chiral orientation, and thus primary insertion is
this paper. nonstereoselective because th€dhainfe-propene and-)-

(+) growin
chain
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Scheme 5

+ donor + danor

- donor - doner

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 mddét,and supported

by experiments on properly designed single-center bis(phenoxy-
amine)Zr catalyst® 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-

chainéi-propene combination of chiralities are almost of the gyer, it can be hypothesized that any conformational change in
same energy (top-left in Scheme 3). Secondary insertion is alsothe adsorbed donor or partial dissociation of the donor (i.e., the
nonstereoselective because both enantiofaces of a secondanjonor remains coordinated with a single O atom) can also result
inserting monomer can be accommodated on the active sitejn decreased stereoselectivity. This would enlarge the validity
without relevant steric interactions (bottom-left in Scheme 3). of the three-site mechanism.

Different is the case with two donors coordinated. In this As a final remark, we note that the variety of active species
case, the donors impose a chiral orientation to the growing chainye proposed here (which are only the most easy guesses) are

and, in the case of an active site witlhaconfiguration at the
metal, the {-)chainte-propene combination of chiralities is of
higher energy relative to theHjchainki-propene combination

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

(top-right in Scheme 3). Steric effects occur also in the insertion modes, for example (110)-bridge on one side and (110)-zip on

of a secondary propene molecule. In this case, the donorsthe other. We also remind that the (110)-chelate coordination

sterically destabilize insertion of si-propene through direct  mode was not considered, that we did not consider coordination

interaction with the methyl group of the monomer. Thus of other species as the Ahlkyls, and that we did not consider

also secondary insertion is stereoselective (bottom-right in possible active species on the (100) lateral cut. All these

Scheme 3). possibilities are of course unmanageable within a single
The last possibility is that only one donor is coordinated close manuscript.

to the active Ti atom (see Scheme 4). In this case, the eventual

stereoselectivity of the primary and secondary insertions dependsConclusions

on which side of the active Ti atom the donor is coordinated. If  |n the first part of this manuscript we investigated the structure
the donor is close to the monomer, primary insertion is and energetic relative to coordination of several Lewis bases to
nonstereoselective, while secondary insertion is remarkably MgCl, surfaces. The main conclusions we obtained are (i) All
stereoselective (Scheme 4, left). In the case where the donor ishe |ewis bases we considered coordinate rather strongly to
close to the growing chain, primary insertion is remarkably poth the (100) and (110) lateral cuts. Although, only one
stereoselective, while secondary insertion is nonstereoselectivecoordination mode is possible on the (100) lateral cut, whereas
(Scheme 4, right). several coordination modes are possible on the (110) lateral cut.
Thus, in the presence of only one coordinated donor, the Additionally, one of these coordination modes involves vicinal
structure of the resulting polypropylene will depend on the (110) monolayers. This coordination mode could favor the
relative energy between the two situations depicted on the left stacking of MgC} monolayers. (ii) The short spacer between
and right sides of Scheme 4. If they present similar energy, the coordinating O atoms of alkoxysilanes and 1,3-diethers
within the framework of the chain migratory mechanism a hemi- substantially imposes the (110)-chelate coordination. Instead,
isotactic polymet” should be produced. A situation like thisis  in the case of phthalates and succinates, the four-atom spacer
observed in the polymerization of propene wiirsymmetric confers flexibility to the donors, which can assume a variety of
metallocenes such as M&3Me—Cp)(9-Flu)ZrCh.338If the coordination modes. This flexibility is particularly high for

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

succinates and phthalates and could result in broader variety of
active sites. This could rationalize the fact that larly&y/M,
are observed with phthalate, as an internal donor, than with
diether-containing catalysts.

In the last part of this manuscript we investigated the stereo-
and regioselective behavior of possible catalytically active
models corresponding to titaniunchloride species adsorbed

produced. A situation like this has been proposed for possible on the (110) lateral cut. We focused on this lateral cut because

Ti active species on lateral surfacesadTiCls, on the (100)

it is very easy to build models with a close proximity between

lateral cut of MgCH/TiCl4 supported catalysts, and is observed the coordinated donors and the active Ti species. The main

in the polymerization of propene wit;-symmetric metal-
locenes such as ME(3+Bu—Cp)(9-Flu)ZrC}.90-91

conclusions we obtained are (i) Isolated Ti species on the (110)
monolayer would lead to a substantially atactic polyproplylene.

Assuming reversible adsorption/desorption of the donors, the The regioregularity of this polypropylene would not be par-
three static situations of Schemes 3 and 4 can be linked togetheticularly high, and the occasional regiomistakes would not be
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enantioselective. The microstructure of this polymer is rather (17) Matsuoka, H.; Liu, B.; Nakatani, H.; Terano, Mlacromol. Rapid

consistent with that of the “less-tactic” polypropylene obtained
in the absence of any Lewis base. (ii) Ti species on the (110)

Commun2001, 22, 326-328.
(18) Rodriguez, L. A. M.; van Looy, H. MJ. Polym. Sci., Part A: Polym.
Chem.1966 4, 1951-1968.

monolayer flanked by two donors (110)-bridge coordinated (19) Galli, P.; Luciani, L.; Cecchin, GAngew. Makromol. Cheni.981,

would lead to a substantially isotactic polyproplylene. The
regioregularity of this polypropylene would be reasonably high,

94, 63—89.
Giannini, U.; Giunchi, G.; Albizzati, ENATO ASI Ser., Ser. €987,
215 473-484.

(20)

and the occasional regiomistakes would be enantioselective. Thg21) chien, J. C. W.; Kuo, C.-. Polym. Sci., Part A: Polym. Chem.

microstructure of this polymer is rather consistent with that of
the polypropylene obtained in the presence of a Lewis base as(22)

phthalate or 1,3-diether. A polypropylene with a similar

microstructure would be produced also with the donors (110)-

zip coordinated on vicinal Mg@Gllayers.

We believe that our models should not be taken as models

1986 24, 1779-1818.

Chien, J. C. W,; Bres, B. Polym. Sci., Part A: Polym. Chert986

24, 1967-1988.

(23) Chien, J. C. W.; Weber, S.; Hu, Y. Ifiransition Metals and
Organometallics as Catalysts for Olefin Polymerizatigtaminsky,
W., Sinn, H., Eds.; Springer-Verlag: Berlin, Heidelberg, Germany,
1988, p 45.

24) Brant, P.; Torngvist, E. G. Mnorg. Chem.1986 25, 3776-3779.

for the “real active species” (in its broadest sense) but should (25) Brant, P.; Speca, A. N.; Johnston, D..Catal. 198§ 113 250—

be considered as examples of the variety of possible active
species that can be formed by the interaction between the(26)

different components of the heterogeneous Zieghatta

catalysts. A comprehensive description of these catalytic systems

should include all possible combinations of MgGiteral cuts

and junctions between different lateral cuts, of differently 29)

adsorbed donors, of Alalkyl and chloride species, and of
isolated and clusterized titaniunchloride species. A task of
this dimension needs to be puzzled out step by step.
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