Macromolecules 2001, 34, 5379—5385

Articles

A Theoretical Study of Syndiospecific Styrene Polymerization with
Cp-Based and Cp-Free Titanium Catalysts. 2. Mechanism of Chain-End
Stereocontrol

Gianluca Minieri," Paolo Corradini,’ Gaetano Guerra,* Adolfo Zambelli,* and
Luigi Cavallo*f

Dipartimento di Chimica, Universita di Napoli, Complesso Monte S. Angelo, Via Cintia,
Napoli, 1-80126, Italy; and Dipartimento di Chimica, Universita di Salerno, Via Allende,
Baronissi (SA), 1-84081, Italy

Received December 20, 2000; Revised Manuscript Received April 27, 2001

ABSTRACT: A theoretical study of the mechanism of chain-end stereocontrol in the syndiospecific
polymerization of styrene with models based on the CpTi''"CH(Ph)CH3" species is presented. Independent
of the chirality of styrene coordination, low-energy transition states are always characterized by
interactions of the aromatic group of the last enchained unit with the metal atom. However, the most
stable transition state leads to formation of a syndiotactic diad, and it is favored by 6 kJ mol™ with
respect to the most stable transition state which leads to an isotactic diad. According to our calculations,
the transition state which leads to a syndiotactic diad is favored because the smallest substituent on the
C, atom of the chain, the H atom, can be pointed toward the Cp ligand. On the other hand, the transition
state which leads to an isotactic diad is of higher energy because one group between the aromatic ring
on the C, atom of the growing chain, or the Cz and following groups of the growing chain, must be oriented
toward the Cp ring. In agreement with experiments, models of the type Cp*Ti'""CH(Ph)CHs;" and
(benzene)Ti'"CH(Ph)CH;™ are calculated to be more stereoselective than CpTi"'"CH(Ph)CH3*, since the
transition states leading to a syndiotactic diad are favored by 16 and 13 kJ mol~ with respect to the
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transition states leading to an isotactic diad.

Introduction

Syndiotactic polystyrene is a new polymeric material,
which was discovered in 1986 by Ishihara and co-
workers.12 The high crystallization rate and the high
melting point, 270 °C,! make syndiotactic polystyrene
a crystalline engineering thermoplastic material of
industrial relevance.’8

Highly syndiotactic polystyrene (fraction of the rrrrrr
heptad >94%)? can be obtained with several soluble
titanium, and to a less extent zirconium, compounds.
The best performances are obtained with monocyclo-
pentadienyl compounds of titanium, as CpTiXsz or
Cp*TiX3 (Cp = 1°-CsHs; Cp* = 5°>-CsMes or another
substituted Cp ligand; X = F, CI)°15 activated by
methylalumoxane (MAO) or B(CgFs)3.1617 Cp-free com-
pounds as Ti(CH,Ph), and Ti(OR), (R = alkyl, aryl)
are also moderately active.’® In short, many soluble
titanium compounds can be used as precatalyst, but it
is worthwhile to note that titanocene compounds, quite
active in the polymerization of 1-olefins,’® are among
the less active species for styrene polymerization?2° and
that zirconium compounds are generally much less
active than the analogous titanium compounds.?!

The nature of the real active species in styrene
syndiotactic polymerization is still debated in the
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literature.?2-31 However, on the basis of kinetic, ESR,
and NMR studies, Zambelli and co-workers proposed
that the real active species could be of the type CpTi"''P*+
(P = polymeryl), for the Cp-based systems, and of the
type (arene)Ti''"P* for the Cp-free systems. In the latter
case, the Cp ring would be replaced by an arene neutral
nb-ligand, affording a cationic Ti'' complex.32734 In a
previous paper, we have performed density functional
calculations on the elementary steps of the mechanism
of styrene polymerization using as models Ti''! species
of the type CpTi'"CH,P™, and Ti" species of the type
(benzene)Ti'"CH,P*, and CpTi''"CH,P.35> The main
results of this study supported the proposal that species
like CpTi'MCH,P* are indeed involved in styrene
polymerization with Cp-based systems, and that species
like (benzene)Ti'"CH,P™ could be the ones active with
Cp-free systems. Moreover, our calculations indicated
that species like CpTi''"CH,P* should be quite more
active that species like (benzene)Ti'"CH,P™, which is in
agreement with the experimentally observed higher
activity of Cp-based systems relative to Cp-free systems.

Although there is some debate about the exact nature
of the species active in polymerization, NMR experi-
ments have clearly indicated that this polymerization
reaction occurs through a Ziegler—Natta type polyin-
sertion mechanism. In particular, these experiments
have shown the following: (i) the insertion occurs
through cis opening of the monomer double bond;3® (ii)
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the regiochemistry of styrene insertion is secondary and
highly regioselective;3"38 (iii) the stereoselectivity of the
insertion step is controlled by the chirality of the
growing chain-end. This is clearly indicated by the
analysis of the stereochemical composition of the
syndiotactic polymers, which shows the presence of
rmr tetrads and the substantial absence of rmm
tetrads.?13940 Although highly stereoselective, the syn-
diotacticity of the polystyrene samples is somewhat
dependent from the particular catalyst used. With
simple CpTiCls/MAO, the probability of formation of a
r diad, Py, goes from ~1 to 0.92, as the temperature goes
from —17 to +90 °C, which correspond to a fraction of
rrr tetrads equal to ~1 and 0.79, respectively.*® With
Cp-free systems of the type Ti(CH2Ph)s/MAOQO, P, is close
to 0.98 in the range 50—90 °C, while better results are
obtained with Cp*TiCls/MAO, for which Py is substan-
tially 1 even at 90 °C. It is worthwhile to note that such
a high stereoselectivity in chain-end stereocontrolled
polymerizations was unprecedented, and the origin of
such an exquisite stereocontrol is still unclear.

While many experimental studies have provided
substantial information on the polymerization mecha-
nism, to date almost nothing has been done from a
theoretical point of view. This is in sharp contrast to
the considerable amount of computational studies which
have contributed to the comprehension of even fine
details of site and chain-end controlled mechanisms of
stereoselectivity in the 1-olefins polymerizations with
both early and late transition metals.1®4%42 These
studies have shown that when a substantial site-
stereocontrol is calculated for primary propene inser-
tion, this can be rationalized by the so-called mechanism
of chiral orientation of the growing chain. According to
this mechanism, the growing chain is forced to assume
a chiral orientation by nonbonded interactions with the
chiral framework of the catalyst. This chiral orientation
of the growing chain, in turn, selects between the two
prochiral enantiofaces of the incoming monomer. In-
stead, the chain-end stereocontrol usually leads to lower
stereoselectivities,*34° and for this reason the corre-
sponding catalytic systems have not reached industrial
relevance for propene homopolymerization. However,
some of them are widely used for propene copolymeri-
zation with ethene. In particular, the syndiospecific
chain-end controlled polymerization of propene with
V-based catalysts is known since the 1960s. For these
systems, it has been shown that propene insertion is
scarcely regioselective and that the stereoselective step
is secondary propene insertion into a secondary growing
chain.*6=48 A molecular mechanics study of these sys-
tems suggested that the chirality of the last C atom of
the growing chain could induce a preferential A or A
configuration at the octahedrally coordinated V atom
which, in turn, would select the propene prochiral face
which minimized steric interactions with the other V
ligands.*®

With regard to the syndiospecific styrene polymeri-
zation, attempts to correlate the experimental data with
steric models are due to some of us and to Porri et
al.50-52 |n particular, Porri and Zambelli independently
proposed that the growing chain could be substantially
o-bonded to the metal at the transition state, although
some atoms of the aromatic group of the last inserted
unit could interact with the metal, and that the chirality
of the last C atom of the chain would induce a preferred
chirality at the metal atom. This induced chirality at
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the metal would select the enantioface of the incoming
styrene monomer in order to reduce steric interactions
between the growing chain, the monomer, and the
ancillary Cp ligand.

To test for these hypotheses, in the wake of our
previous study of the elementary steps which compose
the propagation cycle,3® we decided to make a density
functional study about the origin of stereoselectivity in
the syndiospecific polymerization of styrene with both
Cp-free and Cp-based catalysts. In particular, we in-
vestigated possible geometries of the transition state of
the insertion step. The basic features of these transition
states were determined previously, and they will be the
starting point for the calculations presented here. The
main difference with respect to the previous study is
the presence of a chiral growing chain. In particular,
we will present results on the stereoselectivity of styrene
insertion on the CpTi'"'"CH(Ph)CH3* and Cp*Ti'''CH-
(Ph)CH3™ active species, which are representative of Cp-
based systems, and on the (benzene)Ti''CH(Ph)CH3™
active species, as representative of Cp-free systems.

Models and Methods

The models used to investigate the propagation mechanism
are composed by monometallic cationic species. These models
comprise a Ti atom in the oxidation state 111 with a spectator
Cp ligand coordinated or a Ti atom in the oxidation state Il
with a spectator CsHg ligand coordinated. The CgHg is used to
simulate a neutral %%-ligand. Furthermore, a growing chain
simulated by the chiral —CH(Ph)CHj; group will be coordinated
to the metal. Coordination and insertion of a styrene molecule
to these systems will be considered.

The main elements of chirality that are relevant for the
present study are briefly recalled here. First of all, upon
coordination the prochiral styrene molecule gives rise to
nonsuperimposable re and si coordinations.® A second element
of chirality is the configuration of the tertiary carbon atom of
the growing chain nearest to the metal atom, and the Cahn—
Ingold—Prelog R, S nomenclature will be used. In this study,
the growing chain will be modeled with the chiral —CH(Ph)-
CHs; group of R configuration, which stems from insertion of
a re-coordinated styrene. For this reason, we will refer to the
—CH(Ph)CH3; group of R configuration as the re-ending chain.
Finally, also the pseudotetrahedral metal atom is chiral in
these systems, and the extension of the CIP nomenclature to
organometallic compounds, as proposed by Stanley and Baird,
will be used here.> In order of priority, the four different
substituents used to define the chirality at the pseudotetra-
hedral metal atom are as follows: (i) the center of mass of the
ancillary aromatic Cp or CgHs ligand, (ii) the center of mass
of the two C atoms of the aromatic ring of the styrene molecule
which are coordinated to the metal, (iii) the center of mass of
the monomer double bond, and (iv) the C, atom of the growing
chain. Within this choice, R is the configuration at the metal
atom in structures 1-syndio, 2-syndio, and 3-syndio of
Figure 2, while it is S in structures 1-iso, 2-iso, and 3-iso of
Figure 2.

Stationary points on the potential energy surface were
calculated with the Amsterdam Density Functional (ADF)
program system release 2.3.0% developed by Baerends et
al.%67%9 The electronic configuration of the molecular systems
were described by a triple-¢ basis set on titanium for 3s, 3p,
3d, and 4s, plus one 4p function (ADF basis set 1V).% Double-¢
STO basis sets were used for carbon (2s, 2p) and hydrogen
(1s), augmented with a single 3d and 2p function, respectively
(ADF basis set 111).5° The inner shells on titanium (including
2p) and carbon (1s) were treated within the frozen core
approximation. Energetic and geometries were evaluated by
using the local exchange-correlation potential by Vosko et al,%°
augmented in a self-consistent manner with Becke's exchange
gradient correction®? and Perdew's correlation gradient cor-
rection.®263 An unrestricted formalism was used for all species
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Figure 1. Geometry of the lowest energy transition state for
insertion of styrene on the CpTi"'CH,Ph* species, in which
the growing chain is simulated with the achiral —CH.Ph
group. The numbers close to the C atoms represent the
distance of these atoms from the metal. All distances are
reported in A.

with unpaired electrons. To check for the real nature of the
most favored transition states, we performed frequency cal-
culations on the lowest energy transition state geometries
leading to a syndio- and to an isotactic diad with the CpTi''!-
CH(Ph)CH3" system. These calculations were also used to
evaluate the vibrational zero point energy and thermodynamic
corrections, according to standard textbook procedures.5*

The energy differences with inclusion of solvent effects were
calculated by correcting the gas-phase energy with the use of
the conductor-like screening model, COSMO, of Klamt and
Schadrmann,® as implemented in the ADF package.®® The
calculations of the solvation energies were performed with a
dielectric constant ¢ = 2.38 to represent toluene as solvent.
The van der Waals surface was used to build the cavity
containing the molecule, and the standard radii H = 1.29 A
and C = 2.00 A, of Klamt and Schiirmann were used.®® For
Ti, we used a radius of 2.30 A, as proposed by Ziegler and co-
workers.®” The calculations of energies including solvation
effects were performed as single point calculations on the gas-
phase optimized geometries. The 2000 release of the ADF
package was used for these calculations.%8

Results and Discussion

Transition States for the Insertion Reaction. The
following calculations will be based on geometries
having the same basic features we found for the most
favored transition state for styrene insertion into the
Ti—C bond of the CpTi''"CH,P* species discussed in our
previous paper and labeled 3c¢.3% For the sake of read-
ability, the geometry of this transition state is reported
in Figure 1, and it is briefly discussed. The growing
chain, modeled by the —CH,Ph group, is substantially
o-bonded to the metal atom, since a short Ti—CH,-
(benzyl) distance is present. However, some of the C
atoms of the aromatic ring of the benzyl group are at
distances of coordination from the metal atom. This
suggests that a stabilizing interaction occurs between
the titanium and the phenyl ring of the benzyl group.
As for the styrene monomer, it is clearly cis-n*-
coordinated to the metal, since only the two olefinic C
atoms, the ipso-C and one of the ortho-C atoms of the
aromatic ring are at distances of coordination from the
metal atom. The overall structure presents the classical
four-centers geometry that characterizes olefins polym-
erization reactions. The Ti—CHj(benzyl), Ti—CH(sty-
rene), and CHy(styrene)—CHy(benzyl) distances are very
close to the analogous distances in the transition state
for olefin polymerization with group 4 metallocenes. The
torsional angle Ti—CH(styrene)—CHa(styrene)—CHo>-
(benzyl) assumes a value close to —8°, which indicates

Syndiospecific Styrene Polymerization 5381

3-syndio

Figure 2. Geometries of the transition states for insertion of
styrene on the CpTi""CH(Ph)CH3" species, in which the chiral
—CH(Ph)CH3; group is used to simulate a re-ending growing
chain. The numbers close to the C atoms represent the distance
of these atoms from the metal. All distances are reported in
A. Structures 1-3-syndio are characterized by a re-ending
chain, a si-coordinated monomer and a R configuration at the
metal atom. They mainly differ in the value assumed by the
6, torsional angle. Instead, structures 1—3-iso are character-
ized by a re-ending chain, a re-coordinated monomer, and a S
configuration at the metal atom. They mainly differ in the
value assumed by the 6, torsional angle. It is worthwhile to
note that structures 1—3-iso are diastereoisomers of structures
1-3-syndio, since they are characterized by the same con-
figuration of the chain-end, but they differ in the configuration
of the styrene coordination and of the metal atom.

an almost planar transition state geometry. Moreover,
an adjuvant a-agostic interaction of the Ti atom with a
H atom of the benzyl CH, groups is present. It is
worthwhile to note that approach of the styrene aro-
matic ring to the Ti atom occurs in a relatively un-
crowded sector, since the aromatic ring of the styrene
and the Cp ring are on opposite sides of the plane of
the four-centers transition state.

The model shown in Figure 1 presents a styrene
monomer coordination suitable for secondary insertion
(by using the notation used for models for olefin polym-
erization,*14° the dihedral angle 6, relative to the
orientation of the monomer double bond with respect
to the bond between metal and growing chain is nearly
equal to 180°). Moreover, a given chirality of styrene
monomer coordination (re or si) is associated with a
given chirality at the pseudotetrahedral metal center
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Scheme 1. Possible Mechanism of Stereospecificity

U
CH_CHZ /CHa

6,

(S or R, respectively). This occurs independent of the
chemical structure as well as of the chirality of the
growing chain.

The growing chain of structure 3c, however, is achiral,
and to discuss a possible mechanism of stereoselectivity,
we have to introduce a chiral growing chain. The
combination of the chirality of the growing chain-end
with the chirality of monomer coordination (and the
associated chirality at the metal) originates diastereoi-
someric situations of, possibly, different energy. The
achiral —CH,Ph benzyl group is thus made chiral by
substituting one of the H atoms of the CH, group with
a methyl group. The R or S configuration of the
resulting —CH(Ph)CH3 group depends on which par-
ticular H atom has been substituted by a methyl group.
For clarity of presentation, to build the thus arising
diastereoisomeric transition states we considered 3c and
its mirror image to have the —CH(Ph)CHj3; group of the
same configuration R, in both structures. As explained
in the Models and Methods section, we will refer to it
as the re-ending chain, since R is the configuration of
the —CH(Ph)CH3; group which stems from insertion of
a re-coordinated styrene.

Starting from structure 3c and considering both the
re- and si-styrene enantiofaces, we calculated the rota-
tional profiles around the angle 6; (defined as the
torsional angle C;—Ti—C,—Cpg, see Scheme 1) in the
range 0—180° with increments of 60°. At each increment
we optimized the energy with respect to all the degrees
of freedom, with exception of the 6, angle and of the
distance between the two C atoms that will form the
new C—C bond which was fixed at 2.15 A. All the
structures that were found to be within a threshold of
30 kJ mol~1, with respect to the most stable structure,
were subsequently used as the starting point for a full
transition state search. The so-localized transition states
are reported in Figure 2. Structures 1-syndio, 2-syn-
dio, and 3-syndio with a si-coordinated styrene (and
R configuration at metal center), are characterized by
values of 6; equal to +35, —74, and —127°, while their
diastereoisomeric structures 1-iso, 2-iso, and 3-iso with
a re-coordinated styrene (and S configuration at metal
center), are characterized by values of 0; equal to +15,
—73, and —112°, respectively. All these structures are
still characterized by a strong o-bond interaction be-
tween the growing chain and the Ti atom, while the
styrene molecule still is cis-n*-coordinated. Moreover,
all of them retain the classical four-centers geometry
that characterizes the transition state of olefins polym-
erization reactions. In fact, the Ti—CH(benzyl), Ti—CH-
(styrene), and CHy(styrene)—CH(benzyl) distances are
very close to the analogous distances in 3c, while the
torsional angle Ti—CH(styrene)—CHpj(styrene)—CH-
(benzyl) assumes values in the range +10°, which
indicates an almost planar transition state geometry.
Of relevance is the fact that all these low-energy
structures present the aromatic ring of the growing
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chain somewhat coordinated to the metal atom. The
higher energy of the structures not shown here is a
consequence of the loss of the energy stabilization due
to even partial coordination of the aromatic ring of the
growing chain to the metal.

With regard to structures which would lead to a
syndiotactic diad, that is with a si-coordinated monomer,
the situation with 6, equal to 35°, 1-syndio, is the most
stable, since structures with 6; equal to —74 and —127°,
2-syndio and 3-syndio, are 8 and 15 kJ mol~! higher
in energy, respectively. Structure 1-syndio presents a
relative disposition of the growing chain, of the mono-
mer, and of the Cp ring very similar to that of the
achiral structure 3c. The aromatic rings of both the
growing chain and of the monomer are far from the Cp
ring. The shortest distance between C atoms belonging
to different groups is 3.2 A, and it occurs between a C
atom of the styrene with a C atom of the Cp ring. The
shortest distance between aromatic C atoms of the
growing chain and of the styrene is 3.4 A. Moreover,
the methyl group used to simulate the Cg of the
re-ending growing chain develops far from the coordina-
tion sphere of the metal atom presenting a S configu-
ration, and repulsive interactions with other ligands are
negligible. Instead, in structures 2-syndio and 3-syn-
dio, short distances (~3.0 A) occur between the Cp ring
and the styrene, as well as between the Cp ring and
the growing chain.

With regard to structures which would lead to an
isotactic diad, that is with a re-coordinated monomer,
the situation with 6; equal to —112°, 3-is0, is the most
stable since structures with 6; equal to +15 and —73°
1-iso and 2-iso, are 3 and 17 kJ mol~1 higher in energy,
respectively. Structure 3-iso presents a relative disposi-
tion of the growing chain, of the monomer, and of the
Cp ring very similar to that of structures 3c and
1-syndio. However, in 3-iso, the methyl group used to
simulate the following of the re-ending growing chain
develops into the coordination sphere of the metal atom
which presents a S configuration, and some steric
repulsive interactions with other ligands, the Cp ring
in particular, are present. As a consequence, the C; atom
of the monomer molecule is at a short distance (3.0 A)
from the Cp ring. In structures 1-iso and 2-iso, beside
the Cp ring and the styrene, short distances (~3.0 A)
occur between the Cp ring and the aromatic ring of the
growing chain as well.

The higher steric stress of structure 3-iso relative to
that of structure 1-syndio is also suggested by the
higher deviation of 3-iso from the parent structure 3c,
with respect to the deviation of 1-syndio from 3c. In
fact, the rms deviations of 3-iso and 1-syndio from 3c,
obtained by superimposing the heavy atoms skeleton
of 3-iso and 1-syndio to the skeleton of 3c, amount to
0.22 and 0.07 A, respectively. Moreover, as shown by
the overlaps reported in Figure 3, it is clear that
deformations in 3-iso are most localized around the Cp
ring and the C, of the growing chain, further indication
of repulsive interactions between the Cp ring and the
methyl group.

Of paramount relevance, however, is the fact that
1-syndio is the most stable structure independently of
the chirality of coordination of the monomer (see Table
1). In fact, structures with a re-coordinated monomer
1-iso, 2-iso, and 3-iso, are 7, 21, and 4 kJ mol~* above
1-syndio, respectively. In short, formation of a syndio-
tactic diad is favored. The AAE* preference, for the
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1-syndio on 3¢ 3-iso on 3¢

Figure 3. Schematic superposition of structures 1-syndio
and 3-iso with a chiral growing chain, to the parent transition
state 3c with an achiral growing chain, parts A and B,
respectively.

Table 1. Relative Energies of the Most Important
Transition States

structure energy (kJ mol-1)
1-syndio 0
2-syndio 8
3-syndio 15
1-iso 7
2-iso 21
3-iso 4
Cp*-syndio 0
Cp*-iso 16
CsHg-syndio 0
CeHe-iSO 13

formation of a syndiotactic diad we have calculated, is
equal to 4 kJ mol~1. Inclusion of the vibrational zero
point energy and of the —TAS contribution, evaluated
at 298 K and 1 atm, leads to an increased AAG* of 8 kJ
mol~1 in the gas phase, whereas inclusion of solvent
effects slightly decreases the gas phase AAG* to the
value of 6 kJ mol~! for AAG* in solution. The calculated
AAG* values are in good agreement with the experi-
mental difference between the apparent energies of
activation leading to r and m diads, AE,,%° which has
been determined to be 7—8 kJ mol~1.40

From a geometrical viewpoint, it is worthwhile to note
that the most preferred structure 1-syndio is charac-
terized by a 61 value, |35|°, quite similar to the 6; values,
|~60]°, we calculated to be the preferred ones in the
polymerization of propene with group 4 metallocenes.194!
In the case of chiral group 4 metallocenes, the chiral
framework provided by the ligand forces the growing
chain to assume a chiral orientation which, in turn,
selects the chirality of the incoming propene molecule.

In this case, instead, a preferential configuration at
the metal atom is induced in order to avoid repulsive
interactions between the various ligands. In the case of
a re-ending chain, the R configuration at the metal atom
(which is associated with a si-coordinated styrene) is
favored because the smallest substituent on the C, atom
of the chain, the H atom, can be pointed toward the Cp
ligand, as occurs in 1-syndio. On the other hand, in
the case of a re-ending chain, the S configuration at the
metal atom (which is associated with a re-coordinated
styrene) is of higher energy because one group between
the aromatic ring on the C, atom of the growing chain,
or the Cs and following of the growing chain, must be
oriented toward the Cp ring. As a consequence, it is
reasonable that the most favored situation is the one
with the smaller methyl group pointed toward the Cp
ligand, as occurs in 3-iso. The unfavored S configuration
at the metal atom would generate a stereomistake (m
diad, rather than a r diad) because it would lead to the
insertion of the re enantioface of the incoming styrene
molecule.

A similar model, was proposed to explain the syn-
diospecificity in the secondary propene polymerization
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Figure 4. Geometries of the transition states for insertion of
styrene on the Cp*Ti'""CH(Ph)CHs;™ species, in which the chiral
—CH(Ph)CHj5 group is used to simulate a re-ending growing
chain. The numbers close to the C atoms represent the distance
of these atoms from the metal. All distances are reported in

of propene with soluble V compounds.*® It was suggested
that the chirality at the C, of the growing chain induces
a favored A or A configuration at the octahedrally
coordinated V atom which, in turn, would select the
propene prochiral face which minimized steric interac-
tions with the other V ligands. Moreover, it is also
worthwhile to note that the most favored structure has
strong similarities (o-bonding of the growing chain, 7*-
coordination of the monomer, preferential chirality at
the metal atom induced by the chirality of the C, of the
chain) with hypotheses independently presented by
Porri and Zambelli to explain the syndiospecificity of
such systems.51.52

Finally, we decided to test the model by calculating
the AAE* between 1-syndio and 3-iso when the Cp
ligand is replaced by the bulkier Cp* ligand, or when
the active species is a cationic Ti'l species of the type
(benzene)Ti''"P*. The latter, is the species proposed to
be the active one in the syndiospecific styrene polym-
erization with Cp-free catalysts, a proposal also sup-
ported by our previous calculations.®® The transition
states relative to the system with the Cp* ligand, Cp*-
syndio and Cp*-iso, are reported in Figure 4, while
the transition states relative to the cationic Ti"' system
with benzene as ligand, C¢Hes-syndio and CsHg-iso, are
reported in Figure 5.

The structures of Figures 4 and 5 have geometries
quite similar to those of 1-syndio and 3-iso and hence
will be not discussed. From an energetical point of view,
however, a higher preference in favor of the transition
state leading to the syndiotactic diad is calculated both
for the system with the bulkier Cp* ligand and for the
Ti'l active species with benzene as ligand, with respect
to the system with a Cp ligand. In fact, Cp*-syndio and
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CgHg-iso

Figure 5. Geometries of the transition states for insertion of
styrene on the (benzene)Ti'"CH(Ph)CH3* species, in which the
chiral —CH(Ph)CHj; group is used to simulate a re-ending
growing chain. The numbers close to the C atoms represent
the distance of these atoms from the metal. All distances are
reported in A.

CeHs-syndio are favored by 16 and 13 kJ mol~? relative
to Cp*-iso and CgHe-iso, respectively.

The higher stereoselectivity of these systems is due
to increased repulsive interactions between the methyl
group of the benzyl-type growing chain, and the bulkier
Cp* or benzene ligand, in Cp*-iso and CgHg-iso with
respect to 3-iso, and to the slightly more compact
geometry of the Ti'l system with benzene as ligand. The
higher stereoselectivity we calculated for these latter
systems with respect to the Cp-based system, is in good
agreement with the experimental results. In fact, the
probabilities of r enchainment, P, experimentally found
by Zambelli and co-workers at 90 °C, are equal to 0.92,
0.98, and ~1, for the catalytic systems CpTiCls/MAO,
Ti(CH2Ph)4/MAO and Cp*TiCl3/MAO, respectively.40

Conclusions

In this paper, we have presented a DFT study of a
possible mechanism of stereoselectivity in the syn-
diospecific polymerization of styrene. The main conclu-
sions can be summarized as follows:

(i) Independent of the chirality of styrene coordina-
tion, low-energy transition states are always character-
ized by interactions of the aromatic group of the last
enchained unit with the metal atom. Transition states
which do not have interactions between the aromatic
group of the last enchained unit and the metal atom
are at least 30 kJ mol~! higher in energy.

(ii) The most stable transition state leads to the
formation of a syndiotactic diad, since it corresponds to
si-styrene insertion on a re-ending growing chain and
it is favored by 6 kJ mol~! with respect to the insertion
of a re-coordinated styrene on a re-ending growing chain.
According to our calculations, the chirality of monomer
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coordination induces a preferential chirality at the metal
atom in order to avoid repulsive interactions between
the various ligands. In particular, a re-coordinated
styrene induces a S configuration at the metal atom,
while a si-coordinated one induces a R configuration.
In the case of a re-ending chain, the diastereoisomeric
transition state with a R configuration at the metal is
favored because the smallest substituent on the C, atom
of the chain, the H atom, can be pointed toward the Cp
ligand, as occurs in 1-syndio, whereas the diastereoi-
someric transition state with a S configuration at the
metal is of higher energy because one group between
the aromatic ring on the C, atom of the growing chain,
or the Cg and following of the growing chain, must be
oriented toward the Cp ring, as occurs in 3-iso. Finally,
it is worthwhile to note that the most preferred struc-
ture 1-syndio is characterized by a relative geometrical
arrangement of monomer and growing chain very close
to those generally assumed for olefin polymerization
with group 4 metallocenes.

(iii) In agreement with experiments, calculations on
models of the type Cp*Ti'""CH(Ph)CH3" and (benze-
ne)Ti'"CH(Ph)CHs™ indicated that these systems are
more stereoselective than CpTi'"CH(Ph)CHs™, since the
transition states leading to a syndiotactic diad are
favored by 16 and 13 kJ mol~! with respect to the
transition states leading to an isotactic diad. The higher
stereoselectivity of these systems is due to increased
repulsive interactions between the methyl group of the
benzyl-type growing chain, and the bulkier Cp* or
benzene ligand, in Cp*-iso and CgHg-iso with respect
to 3-iso. Finally, in agreement with experiments models
of the type (benzene)Ti'"CH(Ph)CH3" are calculated to
be more stereoselective than CpTi''"CH(Ph)CH3™, and
slightly less stereoselective than Cp*Ti'l'CH(Ph)CH;*.
This is a further support to the proposal that the active
species in Cp-free catalysts could be of the type (arene)-
Ti'"P* (P = polymeryl).
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