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Abstract: A nonlocal density functional study of ethylene polymerization with a model for the heterogeneous
Ziegler—Natta catalyst is presented. We have considered the propagation as well as the termination reactions.
In the absence of a coordinated olefin, the-Ti (chain)o bond does not occupy an octahedral coordination
position but is oriented along an axis that is intermediate between the two octahedral coordination positions
which are available. The propagation reaction occurs in a stepwise fashion, and the most favored mechanism
requires a rearrangement of the growing chain out of the four-center transition-state plane. The insertion
reaction is facilitated by a remarkalsleagostic interaction. The most favored termination reaction corresponds

to theS-hydrogen transfer to the monomer. This reaction is favored relative to-th¢ &bond activation of

a coordinated monomer, as well as to fhvydrogen transfer to the metal.

Introduction

It is well-known that polymerization of alkenes with hetero-
geneous ZieglerNatta catalysts is one of the most important
polymerization reactions. However, despite the intense theo-
retical research activity that has centered around homogeneou
Ziegler—Natta catalytic systems in the past decadery few
efforts have been devoted to the clarification of the elementary

steps that rule this reaction for the classical heterogeneous

systems, of overwhelming industrial relevance. One of the

reasons is the complexity of the systems employed; the exact

nature of the active center is not yet fully understood. Over
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the years, from simple Tigkrystals? the catalyst has evolved
into the nowadays-used high-technology systems based on the
use of magnesium dichloride as a support for TfCIAfter
mechanical co-milling of MgGl with TiCl, and an organic
Lewis base (the so-called internal donor), the active polymer-

Tzation sites are formed by treating the adsorbed jli@lecules

with an alkylating reducing species, such as Al&nhd a second
electron donor (the so-called external dorforThe resulting
catalytic system is of extreme chemical complexity. For these
reasons, although a very important industrial target has been
obtained, the intimate nature of the active sites is still poorly
understood.

Despite these difficulties, Arlman and Cossee have proposed
a widely accepted mechanismAriman devised the presence
of vacancies on the surface of the crysfélsyhile Cossee
modeled the active center as an octahedrally coordinated Ti
atom’2 The metal is surrounded by four chlorine atoms which
connect the Ti to the bulk of the crystal and an alkyl group
which develops into the growing chain, while the last coordina-
tion position is occupied at each polymerization step by an
incoming monomer molecule.

Some theoretical studies have been devoted to the clarification
of the elementary steg$,but all the considered systems always
concerned the insertion on a simple-TGH; bond. Moreover,
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termination reactions have never been considered, and a

consistent comparison of all these reactions is still lacking.
Finally, in all the considered systems, the oxidation state of the
Ti atom was chosen to be IV, while experimental reSstgygest

that the active species is a Ti atom in the oxidation state lII.

For these reasons, in the wake of analogous density functional
studies on the homogeneous systems performed by Ziegler
and co-workerdek0we performed the present study to pro-
vide a consistent picture of the reactions occurring at the active
site in the heterogeneous Ziegiéatta catalytic systems. To
model the catalyst, we considered the hypothetical species
Mg.ClsTi—alkyl, the oxidation number of the Ti atom being
lll. For this system, we studied the insertion reaction of an
ethylene molecule both on (i) a ¥CHs bond and (ii) a
Ti—CH,CH3z bond. We further considered the following
termination reactions: (iii3-hydrogen transfer to the metal;

; - . _ Figure 1. Schematic drawing of a model including an ethylene
(iv) A-hydrogen transfer to the monomer; (v)-@ o-bond molecule and an ethyl group bonded to the Ti atom. The main internal

actlvathn. These rea(_:tlons are shown in Scheme 1. In all thecoordinates that have been considered in the analysis are indicated.
calculations, the density functional theory approach has beenthq sketched conformation correspondito~ 0° and 6y ~ —60°.
employed. This technique, which has emerged in the last few

years as a powerful tool for the investigation of organometallic ‘;omposed of a single Ti(lll) atom octahedrally coordinated. Four

reactions, has been extensively applied to the study of olefin
polymerizations with group 4 homogeneous metallociériegsto
as well as with Ni-based homogeneous systéms.

Model and Computational Details

The considered M&lsTi(alkyl)(alkene) system is the sim-

coordination positions are occupied by Cl atoms, which represent
the bridges which connect the Ti atom to the Mg atoms. A
pendent Cl atom is bonded to each of the Mg atoms to saturate
the valences. The two other coordination positions at the Ti
atom are at the disposal of coordination of an alkyl group and
of the monomer. In all the calculations, the geometry of the

plest model representative of the heterogeneous catalytic systenMg2ClesTi skeleton has been treated as follows: the geometry

composed by TiGl supported on MgGl (Figure 1). It is
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around the Mg atoms and the bond lengths @l and Mg—ClI

have always been optimized. Differently, the-Qli—Cl angles
were fixed to 90, and the two rings formed by the Ti atom,
the Mg atom, and the two bridging Cl atoms were constrained
to be planar. Finally, the dihedral angle between the four-
membered rings was fixed at 90 This corresponds to the
simplifying assumption that the atoms on the surface present a
structure close to that present in the bulk of the crystal. A
different approach could consider a total relaxing of all the
degrees of freedom. However, due to the small dimensions of
the considered cluster, we think that this last approach would
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imply deformations that would not be representative of the
rearrangements that occur on the Mg@lirface.
In our model, the Ti atom is bridge-bonded to the two Mg

atoms through two pairs of Cl atoms. Due to the presence of
these bidentate chelating agents, the geometry of coordination

at the Ti atom is chiral, and can be denoted\as A according
to IUPAC rules for chiral octahedral compouridd? As
remarked by molecular mechanics studi#®sthe chirality of
this simplified model site is not sufficient to ensure stereospeci-
ficity during polymerization. However, all the models we have
considered are oA chirality.

For the sake of consistency with the molecular mechanics
models we developed for the stereospecificity for both the
heterogeneotddand the homogeneoliZiegler—Natta systems,

we used the geometrical parameters defined in Figure 1 to
characterize the obtained geometries. These are the dihedral

anglefy associated with the rotations of the olefin around the

vall et al.
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axis connecting the metal to the center of the double bond and Figure 2. Plot of the total energy of the MGIsTi" CHs system, con-

the internal rotation anglé; associated with the rotations around
the bond between the Ti atom and the first carbon atom of the
growing chain. Atfy ~ 0°, the double bond of the olefin is
aligned with the T+C(alkyl) o bond. 6, ~ 0° corresponds to
the conformation having the first-6C bond of the growing

tinuous line, and of the [MEIsTi"V CH;]™ system, dashed line, as a
function of the anglex, formed by the T+C o bond with the localC,
symmetry axis.

Perdew?! Due to the open-shell character of the systems under

chain eclipsed with respect to the axis connecting the metal atomstudy, an unrestricted formalism has been used. To confirm

to the center of the double bond of the olefin.
The density functional calculations were carried out by using
the HFS-LCAO package ADF, developed by Baerends.&t al

the character of the stationary points as minima or transition
states, frequency calculations were performed to check for the
absence of negative eigenvalues and the presence of only one

The geometry optimization procedure has been developed byfor the transition states. In the frequency calculations, the-Mg

Versluis and Zieglet® The electronic configurations of the
systems were described by an uncontracted tgpBFO basis
set on Ti (3s,3p,3d,4s,4p) and Mg (3s,3p,3d). Doup&FO

basis sets were used for Cl (3s,3p), C (2s,2p), and H (1s). These

basis sefs were augmented with single 3d and 2p polarization
functions for the Cl, C, and H atoms, respectivElyThe 13-
2€21f configuration on Ti, Mg, and Cl and theZsonfiguration

on C were treated by the frozen-core approximatfortll the
calculations have been performed by using the local potential
by Vosko et all® augmented, also during the geometry
optimizations, by the nonlocal corrections of Betkend
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ClgTi skeleton was completely frozen to save computer time.

Results and Discussion

Active Methyl Species Structure. Figure 2 plots the total
energy of the MgClgTiCH3 system as a function of the angle
a, formed by the Ti(lll)-C o bond with the localC; symmetry
axis. For the model of the heterogeneous catalyst we consid-
ered, the preferred orientation of the Ti(HE o bond is clearly
along the local symmetry axis, and the minimum energy geom-
etry is a distorted trigonal bipyramid with the Gldroup in

the equatorial plane. To force the-I€ bond to occupy an
octahedral position is energetically costly € 45°, AE = 7.6
kcal/mol). For the analogous homogeneous,tEH;]™ and
[CpSiIHNHTICH3]* systems, Ziegler and co-workers found that
the preferred orientation of the MC ¢ bond is not along the
local symmetry axid® A shallow energy minimum (less than

3 kcal/mol) is found ate = 53° and 6%, respectively, whereas
for the neutral Ti(lll) CpSiHNHTICH3 system, this angle is
noticeably reducedx(= 25°). This difference in the degree of
bending between neutral and cationic species was already
pointed out by Bierwagen et &. To further investigate this
aspect, we changed the oxidation state of Ti from IIl to IV and
we calculated the energy of the [MglsTiCH3]™ system as a
function of the anglex. The preference for a trigonal bipyra-
midal geometry is even enhanced for the Ti(IV) system, and
thus, our findings do not depend on the metal oxidation state.
Similar results were obtained by Clementi et®dlSakaie and
Jensen et &

Insertion into a Ti—CH3 Bond. The coordination of an eth-
ylene molecule td occurs without an energy barrier and leads
to 2, which lies 7.3 kcal/mol below. The preferred orientation
of the olefin is atdy ~ 90°, the C atoms of the olefin are slightly

(21) (a) Perdew, J. FPhys. Re. B 1986 33, 8822. (b) Perdew, J. P.
Phys. Re. B 1986 34, 7406.

(22) Bierwagen, E. P.; Bercaw, J. E.; Goddard, W. A.,JIlAm. Chem.
S0c.1994 116 1481.



Reactions in Classical ZiegleNatta Systems J. Am. Chem. Soc., Vol. 120, No. 10, 19881

mol). The kinetic insertion produd is obtained by relaxing
the transition stat&# on the product side and presents a weak
y-agostic interaction (2.61 A). Structufelies 14.6 kcal/mol
below 2 and can rearrange through the transition st#teand

a low barrier (0.3 kcal/mol) to the thermodynamic prod8ct
20.3 kcal/mol below2, which presents a strong-agostic
interaction (2.03 A). The overall energy profile is reported in
Figure 3 and corresponds to the lower curve (continuous line).

We also investigated the insertion reaction in which the H
atoms of the methyl group are staggered with respect to the
atoms bonded to the olefin C atom that is going to form the
new C-C bond. With this aim, we calculated structurds
3#b, 4b, and5#b, which essentially differ fron®, 3#, 4, and
5# only by a rotation of 60 of the methyl group. The reaction
path is approximately 1 kcal/mol higher than the one with an
eclipsed conformation of the methyl group. This is probably
due to the absence of the stabilizimgagostic interaction. The
energy profile is reported in Figure 3 (dashed line), and the
activation barrier, calculated as the energy difference between
5#b and 2b, is equal to 9.5 kcal/mol. Since this last reaction
path does not correspond to the lowest energy profile, we did
not characterize the structures along it, either as minima or
transition states, through frequency calculations.

Propagation Step. According to our model, the propagation
step should start from thg-agostic stabilized structur8.
However, to save computer time, we replacedtpeopyl group
with an ethyl group. Thus, thé-agostic stabilized structu@

asymmetrically coordinated (2.61 and 2.65 A), and a weak
a-agostic interaction (2.55 A) of the GHroup with the metal

is present. Prior to insertion, rotation of the olefin to have the
C—C double bond almost collinear with the-TCHz ¢ bond
occurs through the transition ste@# with 6, ~ 10° (3.5 kcal/
mol above2) and leads tal with 6y ~ 0° (3.3 kcal/mol above
2). As indicated by the larger FC(olefin) distances (2.80 and
2.82 A), the coordination of the olefin withy ~ 0° is slightly
weakened with respect @) while thea-agostic interaction of
the CH; group with the metal is slightly strengthened (2.40 A).
Finally, the reverse process, which is frahto 2, occurs with

a negligible barrier (0.2 kcal/mol).

By shrinking the methytethylene distance, the insertion of
the olefin into the T+CHjz bond occurs through the transition
state5#, which lies 5.3 kcal/mol abové. The insertion process
is stabilized by a remarkable-agostic interaction (2.08 A).
Considering the low barrier for the reactidn— 2, we think
that the overall insertion barrier corresponds to the energy of
the transition stat&# relative to thesr-complex2 (8.6 kcal/

represents the resting state of the propagation step. Coordination
of an ethylene molecule # can occur from the FC o bond

side as well as from thg-agostic bond side. The first of these
two attacks proceeds in a barrierless fashion and lead$,to
which lies 1.8 kcal/mol below. As for the insertion on a F
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Reaction Coordinate
Figure 3. Energy diagram for the insertion of ethylene into a-Ti
CHjs o bond. Symbols 18 correspond to structures-8 described in
the text.

CHs bond, the preferred coordination of the olefin corresponds
to 6o ~ 90°. The f-agostic interaction of the growing chain
with the Ti atom is completely removed during the coordination,
while the Ti—C o bond shifts from the local symmetry axis to
an octahedral coordination position. After the ethylene coor-
dination, the torsional angk®; that describes the orientation of
the growing chain relative to the monomer is defined and it
assumes a value close to 280The subsequent insertion
reaction can proceed in two different fashions. The first path
we explored begins with a rearrangement of the growing chain
to assume a conformation, which facilitates the insertion step.
This rearrangement proceeds through the transition dtb#e
with 6; ~ =12 (0.5 kcal/mol abovd Q) and leads td.2 with

01 ~ —40° (1.1 kcal/mol below10), which presents a weak
a-agostic interaction (2.40 A). Prior to insertion, rotation of
the olefin occurs through the transition stag#with 6y ~ —20°

(3.9 kcal/mol abovd 2) and leads td.4 with 6, ~ 0° (3.6 kcal/

mol abovel2). The coordination of the olefin withy ~ 0° is
slightly weakened (F+C(olefin) distances= 2.76 and 2.84 A),
and the value assumed By is close to—60°.

The olefin insertion into the HC ¢ bond occurs through
the transition stat&5# which lies 3.0 kcal/mol abové4. This
reaction is facilitated by a remarkalieagostic interaction and
leads to the/-agostic kinetic product6 (14.9 kcal/mol below
12). Considering the low barrier that separafiesfrom 12,

vall et al.

the overall insertion barrier corresponds, in our opinion, to the
energy of the transition state5# with respect tol2, which
amounts to 6.6 kcal/mol. The-agostic productl6 can
rearrange through the transition sta##tand a low barrier (0.8
kcal/mol) to the thermodynamic produd8 (22.3 kcal/mol
below 12), which presents a strongragostic interaction. The
position of the growing chain i&8 is the same as that B Let

us recall, instead, that for analogous models developed for the
homogeneous systems, the growing chain at the end of two
successive insertion steps occupies two different coordination
positions?10 As discussed in detail in the last section, this has
remarkable influences on the stereospecificity of the model
complexes. The overall energy profile is reported in Figure 4
and corresponds to the lower curve (continuous [fde).

The alternative insertion mechanism we considered occurs
without the rearrangement of the growing chain from values of
61 =~ 180 to values off; ~ £60° prior to insertion (dashed
line in Figure 4). In this case, starting frabf, the olefin rotates
to arrive at the minimum energy structutdb with 6y ~ 0°

(4.2 kcal/mol abovd.0). The corresponding insertion reaction
proceeds through the transition stdfs#h with an activation
barrier of 14.6 kcal/mol. The four-center transition stafétb

is probably destabilized by steric interactions with the chlorine
atoms, which also prevent the formation of stabilizing agostic
interactions. A rearrangement of the atoms at the catalyst
surface could partially relax these interactions. For this reason,
the calculated barrier is probably overestimated. However,
according to our model, the insertion with ~ +60° is
remarkably favored relative to the insertion with ~ 18C°
(AAE* = 8.0 kcal/mol). Thus, we think that no reasonable
rearrangement at the catalyst surface can modify our conclu-
sions.

To distinguish between the two orientations of the growing
chain in the insertion reaction for the homogeneous systems,
Ziegler and co-workers coined the terms “frontside” and
“backside” insertions, which correspond to transition states for
the insertion reaction with values 6f ~ £60° and6; ~ 18(,
respectively. Also for the systems they considered AE*
is always in favor of the frontside insertio;( ~ +60°),
although theAAE* values for the homogeneous systems are
noticeably smaller (2.8 and 3.4 kcal/mol for the systems
[Cp2ZrR]T and [CpSiHNHTIR]™).1%0¢ Differently from the
octahedral heterogeneous systems, for the pseudotetrahedral
homogeneous systems, the in-plane orientation of the olefin and
of the first two C atoms of the growing chain in the transition
state for the insertion with; ~ 180 nicely accommodates into
the metallocene equatorial belt. Moreover, the presence of a
fB-agostic interaction of the growing chain probably stabilizes
the transition state. The clear preference for insertion paths with

(23) Despite their chirality, for the simplified models considered in this
paper, the structures energetically equivalent18 12, 13# 14, and15#
are obtained by inverting the signs of tHgand 0, torsional angles, that
is, positive values for botHy and 6:.
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Figure 4. Energy diagram for the propagation reaction corresponding to the insertion of ethylene intdC&l;UH; ¢ bond. Symbols 918
correspond to structurés-18 described in the text. Schematic sketches of the most important structures characterizing the reaction paths derived
from the monomer attack from the FC o bond side 9, 12, 15# and18) as well as from the¢g-agostic bond side( 12a 15#a and18g) are

reported.

01 ~ +60° for Ziegler—Natta catalysts is also a strong support ~ Transfer to the Metal. The first termination reaction
to the molecular mechanics studies on the stereospecificity of considered is thg-hydrogen transfer to the metal. Starting from
both heterogeneotisand homogeneolfssystems, which are  the S-agostic propyl structur®, we elongated th¢g-agostic
based on the concept of the “chiral orientation of the growing C—H bond up to the transition stal®# with a C—H distance
chain”, which implies values of; ~ £60°. of 2.76 A, and a value of the formiry ~ —60°. The product
As for the second channel for the olefin attack to the metal
atom of structured, that is, from thes-agostic bond side, the
coordination occurs through a concerted mechanism which
implies a rotation of the ethyl group around the-T ¢ bond
with a disruption of the8-agostic interaction. Due to the flatness
of the potential energy surface, we did not attempt a transition
state search, but according to our scanning, the monomer
coordination occurs with an almost negligible barried(kcal/
mol) and leads to a structure with ~ —40° and 6y ~ 90°.
This structure has the sangg and 0y values of12, but the
relative coordination positions of the growing chain and of the
monomer are exchanged. Due to the presence of the @cal
symmetry axis, the two coordination positions available to the
chain and to the monomer are homotopic, and thus, the
minimum energy geometry obtained from the olefin attack from
the -agostic bond side is equivalent to structd2 For this
reason, the propagation reaction can be considered to proceed
from 12 along the already discussed path. Considering the
substantial absence of barrier for the two coordination channels
of the olefin, we think that the monomer attack to the metal
atom does not have a preferential path. Schematic sketches of(«)
the most important structures characterizing the reaction paths
deriving from the monomer attack from the-C o-bond side
(9, 12, 15# and18) as well as from th¢g-agostic bond side(
12a 15#g and18a) are reported in Figure 4.
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Figure 5. Energy diagram for the termination reaction corresponding
to the 5-hydrogen transfer to the metal. Symbols®L correspond to
structures8—21 described in the text.

20presents a FrH adduct with a propene-coordinated molecule
with 6o ~ —90°. The calculated barrier for the transfer to the
metal is 26.3 kcal/mol. The energy of coordination of the
propene in20 is 10.3 kcal/mol, and the final product of the
pB-hydrogen transfer to the metal is the—H adduct21, from
which the growth of a new chain can be started. The overall
energy profile is reported in Figure 5.

Transfer to the Monomer. The starting point for the
termination reaction that involves the transfer gf Aydrogen
of the growing chain to the monomer is theomplex22, with

vall et al.

N
o
1

(19.6)
23#

a AN
o » o
T T T

AE (kcal/mol)
o owm

Reaction Coordinate
Figure 6. Energy diagram for the termination reaction corresponding
to thep-hydrogen transfer to the monomer. Symbols-22 correspond
to structure22—24 described in the text.

the metal atom (octahedral vs tetrahedral) completely changes
the space at the disposal of the reacting atoms. Thus, a
rearrangement of the atoms at the catalyst surface could partially
relax the steric interactions occurring in the transition state. For
this reason, the calculated barrier is probably overestimated.
C—H ¢-Bond Activation. Another termination reaction that
has been considered involves the activation of-eHCs bond
of the monomer. From ther complex 12, we shrunk the
distance between the,®f the growing chain and one of the
hydrogen atoms of the monomer. The transition state for this
reaction,25# lies 21.3 kcal/mol abové2. The C-H o-bond

0o ~ 90° andf; ~ —40°. Shrinking the distance between one
of the 5 hydrogens of the propyl group with a carbon atom of
the ethylene molecule brings the transition st28¢# with an
activation barrier of 19.6 kcal/mol. Relaxing the transition state
on the product side yields structu2d, which presents an ethyl
group o-bonded to the metal, and @&coordinated propene
molecule that represents the vinylic chain end. The final product kcal/mol only. The overall energy profile is reported in Figure

is the g-agostic ethyl comple®, from which the growth of a

activation is facilitated by a strong interaction between the H
atom that is going to be transferred and the metal atom, as
indicated by the short FiH distance in the transition sta2&#
(1.80 A). The direct produc26 presents a vinylidene moiety
bound to the metal and a weakly coordinated ethane molecule.
The energy of coordination of the alkane group amounts to 0.6

7, and27 represents the final structure, after the detachment of

new chain can be started. The corresponding energy profile isthe ethane molecule. The-¥C distance ir27is equal to 2.07

reported in Figure 6.

A, and the TiC bond lies along the local symmetry axis.

As for the homogeneous systems, the H transfer is assisted Comparison with Experimental Results. The main results

by the metal. The €H distances i23#(1.41 and 1.45 A) are
noticeably shorter than the corresponding distansgis50 A)

in the transition state for the-hydrogen transfer to the monomer
for the homogeneous system [Cp@MHTIR]*.10d This reac-
tion, which is of relatively low energy for the homogeneous
systems €10 kcal/mol), is of remarkable energy. As for the
insertion reaction witl9, &~ 180, the different coordination at

obtained in the present study are in fair agreement with several
experimental facts. The calculated barrier for the propagation
reaction isAE* = 6.6 kcal/mol, and the inclusion of zero-point
vibrational energy contributions, ZPE, slightly increases the
calculated barrier A\E*zpe = 7.3 kcal/mol). This value is in
reasonable agreement with the value of the activation energy
determined for propene polymerization with supported catalysts
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Figure 7. Energy diagram for the termination reaction corresponding LLI
to the G-H ¢ bond activation. Symbols 27 correspond to structures ()]
12-27 described in the text. o4
. . . . = E# AEZoord high
(AE* ~ 9.5-12.0 kcal/mol’* Considering that the activation AE ordjow '
energy data relative to chain propagation are only available for Heterogeneous Ziegler-Natta catalysts
the polymerization of 1-butene with unsupported EiGhsed w600 as0° s +60°
systems (4.5 kcal/moBf, we checked the performance of our
approach by calculating the activation energy for the catalytic Alkene Alkene  Alkene  Akene Akene
model system in which the M@IsTi part has been replaced .
with the TiClg part. The calculated activation energye? = C1 symmetric
4.8 kcal/mol) can be directly compared with the experimental
data, and it is in excellent agreement with it. tioselectivityl4e27 This mechanism has been definitely proved

All the considered termination reactions (transfer to the metal py the hemiisospecific behavior @ symmetric metallocene
or to the monomer, €H o-bond activation) present activation  complexes when only one of the two monomer coordination
barriers noticeably higheAE* = 26.3, 19.6, and 21.3 kcal/ positions is enantioselectiViée:28
moI, respectively). Inclusion of ZPE contributions decreases However, several experimenta| fa&®and molecular model-
the calculated barrier by ca. 2 kcallmd\E"zpe = 23.4, 18.0,  ing studie®*" indicate that the chain migratory insertion mech-
and 18.9 kcal/mol). This is in agreement with the very high anism does not operate regularly oy symmetric metallocene
molecular weights X10°) obtained with the heterogeneous catalysts when the activation energies for monomer coordination
catalysts. In agreement with the experimental finditghe in the two available positions are energetically nonequivalent.
transfer to the monomer is favored with respect to the |n fact, in the alkene-free state, the growing chain can move to
f-hydrogen transfer to the metal. the previously occupied coordination position (back-skip of the

The difference between the activation barrier of the most growing chain) before coordination of a new monomer molecule,
favored termination reaction and the propagation reacax&" eventually leading to the minimum energy alkene-bound
= 13.0 kcal/mol, is noticeably higher than the value that can jntermediate. As sketched in the upper part of Chart 1, the
be calculated on the basis of the observed molecular WelghtSprobab”ny of occurrence of a back-skip of the chain in the
(ca. 7 kcal/mol). Inclusion of ZPENAE*zpe = 10.7 kcal/mol) alkene-free state of the metallocene catalytic complexes is
remarkably reduces the disagreement between the calculate@ependent on the difference between the activation energy for
and the experimentally observed values. Moreover, as discusseghe chain back-skipAE*,_s) and the activation energy for the
in a previous section, the activation barrier for fiiydrogen  formation of the high-energy alkene-bound intermediate
transfer to the monomer is somewhat overestimated. A better(AE#coord'higa_ Of course, the frequency of back-skip of the chain

approximation to this activation barrier could probably lead to can be substantially increased by the reduction of the monomer

a better agreement. concentratior?®

Position of the Growing Chain after Monomer Insertion According to the present calculations, a regular chain migra-
and Stereospecificity. The position of the growing chain after  tory mechanism for the proposed models for the heterogeneous
each monomer insertion, that is, the angllermed by the T+-C Ziegler-Natta catalysts seems unlikely. In fact, the chain

o bond with the local symmetry axis (see Figure 2), is extremely orients itself along an axis that is intermediate between the two
relevant for the polymerization mechanism and, in consequence,ayailable octahedral coordination positiors € 0°) in the
for the stereospecificity of the proposed model complexes, both ghsence of the monomer molecule. A possitbemigratory
for heterogeneous and for homogeneous catalytic systems. jnsertion mechanismhas no consequences on the stereospecific

The calculated energy minima of ~ 60° for metallocene-  pehavior of heterogeneous catalytic models with lo€al
based model complex€3*°has contributed to the rationaliza-  symmetry, as far as the two positions available for monomer
tion of the regulachain migratory insertion mechanism for coordination are homotopic. Thus, if the insertion step is

olefin polymerizations. This mechanism implies a migration enantioselective, irrespective of the coordination position, the
of the growing chain to the coordination position previously same monomer enantioface would always be coordinated and
occupied by the monomer at each insertion step. Itis essentialinserted, producing isotactic polymers. Models with a ld@al

to rationalize the syndiospecific behavior of metallocene symmetry have been proposed by A||egra several years ago for
complexes with locaCs symmetry, whose monomer coordina-  the heterogeneous catalysis on i€l

tion positions are enantiotopic and hence of opposite enan-

(27) Ewen, J. A.; Jones, R. L.; Razavi, A.; Ferrara, JJDAm. Chem.
(24) (a) Keii, T.; Suzuki, E.; Tamura, M.; Murata, M.; Doi, Makromol. Soc.1988 110, 6255.

Chem.1982 183 2285. (b) Keii, T.; Terano, M.; Kimura, K.; Ishii, K. In (28) Ewen, J. A,; Elder, M. J.; Jones, R. L.; Haspeslagh, L.; Atwood, J.

Transition Metals and Organometallics as Catalysts for Olefin Poly- L.; Bott, S. G.; Robinson, KMakromol. Chem., Macromol. Symp991,

merization Kaminsky, W., Sinn, H., Eds.; Springer-Verlag: Berlin, 1988; 48/49 253.

p 3. (29) (a) Farina, M.; Di Silvestro, G.; Sozzani, Racromolecule4993
(25) Natta, G.; Zambelli, A.; Pasquon, G.; Giongo, G. ®him. Ind. 26, 946. (b) Rieger, B.; Jany, G.; Fawzi, R.; Steiman,®tganometallics
(Milan) 1966 48, 1298. 1994 13, 647.

(26) Lauer, J. W.; Hoffmann, Rl. Am. Chem. Sod.976 98, 1729. (30) Allegra, G.Makromol. Chem1971, 145, 235.
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For the case of nonmigratory insertion mechanism=0°) classical heterogeneous Ziegidatta catalytic system. The
at catalytic sites withC,; symmetry, the probability that the  considered species were of the type X@Ti—alkyl, the
monomer coordination occurs to one or the other of the two oxidation number of the Ti atom being Ill. Our study indicated
coordination positions is directly related to the energy difference, that (i) the preferred orientation of the¥C(alkyl) bond in the
if any, between the corresponding activation energhé={,orq nigh absence of a coordinated olefin is along the local symmetry
— AE’coordjow in the lower part of Chart 1). If a substantial axis. To force this bond to occupy an octahedral coordination
energy difference is present, the monomer coordination and position is energetically quite costly (ca. 8 kcal/mol). (ii) The
insertion would occur substantially at a given coordination propagation reaction occurs in a stepwise fashion. It starts with
position only. In that case, the isospecificity would be related the coordination of the olefin, and the most favored mechanism
to the enantioselectiVity of the insertion reaction Corresponding requires a rearrangement of the growing chain out of the four-
to the minimym energy monomer coordination position only. center transition-state plane (valuesf~ = +60° in our
Models of this type have been proposed by Cos3ee. framework). The insertion reaction is facilitated bg-agostic

_The enantioselectivity of botll; and C, symmetric model jnteraction, and the overall activation barrier, including ZPE
sites has been rationalized in terms of the chiral orientation of contributions, is 7.3 kcal/mol. (iii) The most favored termination
the growing chain mechanism by Corradini and co-workers. reactions involve a coordinated monomer. Thdydrogen

A comparison of the schematic energy profiles of Chart 1, yansfer to the monomer and the-8 o-bond activation are of
suggests that fo€, symmetric catalytic sites WithAE*coord,high similar energy AE%pe = 18.0 and 18.9 kcal/mol). Both of

N - €00
AE’coordjow > 3 keal/mol, the monomer coordination and these reactions can be considered to begin from the same

er;g!ﬁgt.;\:]ougds.t%cnc?gr re]:tseigt'aelrléoog Zt.le ;;tr?aecatl)t(;tla?sdral coordination intermediate, which leads to the propagation
ination posit 9 us Ziegl i reaction. The other termination reaction considered Sthg-

Q(ci)d)etlﬁé\;vnr;rgr?wser(?:girtdoirfgﬁoin:nrg);nbsaerrrtliirnf\?vromg ggalgsz?kﬁlgdrogen transfer to the metal, presents a higher activation barrier
P P (AEfype = 23.4 keal/mol).

(although less probable) also at the position leading to higher
energy intermediates for metallocene-based catalytic models.

As a final remark, it is worth noting that model sites with : S S !
local Cs symmetry representing enantiotopic coordination posi- vers[ty of Naples and scientists of Montell Polyolef{ns for use-
tions are expected to be aspecific in the framework of a ful discussions and Dr. T. K. Woo of the University of Cal-
nonmigratory insertion mechanism, even if the insertion step is 97y for useful hints in using the ADF package. Financial
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In the present study, we considered the propagation as well
as the termination reactions at catalytic site models of the JA972618N



