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ABSTRACT: The reactions of Cp,MtMeClI (Cp = #s-CsHs, Mt = Ti, Zr, Me = CHj3) with AlMe; and with
MeAI[OAI;H,].0, as a model of the cocatalytic site of methylalumoxane (MAO), were studied by means
of DFT qguantum-mechanical calculations. The energy required to form the CpMtMe* cation from
dissociation of Cp,MtMeCl-AlMe; and different kinds of chlorine-bridged and oxygen-bridged Cp,MtMeCl-
MAO model adducts accounts for the higher cocatalytic activity exhibited by methylalumoxane with respect
to AlMe; in olefin polymerization. Both the presence of highly acidic aluminum atoms and negative
charge dispersion power of XMAO~ macroanions (X = Cl, Me) are essential features in determining low
dissociation energies. Possible key roles played by monomer and AlMe; content of MAO in affecting
active species formation are suggested. The computational results support the idea that, in the absence
of degradative side reactions, titanium and zirconium MAO-based systems should exhibit comparable

catalytic activity.

Introduction

The discovery that group 1'VB metallocene complexes,
in the presence of chloroalkylaluminum compounds,
react with ethylene, to give high molecular weight linear
polyethylene, dates back to 1957.1 However, the ex-
tremely higher productivity exhibited by traditional
TiCl4/Al(C2H5s)s heterogeneous Ziegler—Natta catalysts
and their ability to react also with a-olefins to give
highly stereoregular polymers? eclipsed for many years
the interest for metallocene-based catalysis.

About 20 years later, the research in the field of
homogeneous catalysis was greatly stimulated by the
discovery that methylalumoxane (MAO) is able to
activate metallocene complexes, increasing by several
orders of magnitude their ability to polymerize ethylene
and oa-olefins with high yields.?

Despite the growing industrial interest for these
systems and the great efforts made to clarify the role
played by methylalumoxane in the activation process,*
many questions still remain unanswered. The amor-
phous structure of MAO and its chemical fluxionality
make it and the chemical reactions occurring when it
is mixed with metallocenes to form catalytically active
systems extremely difficult to study. It is believed that
methyalumoxane is involved in several reactions:® (i)
alkylation of metallocene (in the case of dihalogenated
precursors); (ii) formation of “cationlike” active species;®®
(iii) deactivation of catalyst poisons.

Concerning step ii, it is generally assumed that the
main role played by aluminum-based cocatalysts should
consist of the extraction of the X~ anion (X = halogen
or alkyl group) from a neutral alkylated metallocene
precursor LoMtRX® (L = cyclopentadienyl ligand, R =
alkyl group) to form ion pairs in which alkylated cationic
metallocenes Lo,MtR™ should be responsible for olefin
polymerization.” In this framework, the high efficiency
of MAO is generally ascribed both to its strong Lewis
acidity, making it a good anion-extractor, and to its
ability to form a weakly coordinating X-MAO~ mac-
roanion.®

® Abstract published in Advance ACS Abstracts, November 15,
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In the last few years we used molecular modeling
techniques, combined with spectroscopic investigations
and polymerization tests, to identify the main structural
features of MAO accounting for its high cocatalytic
activity.®

In previous papers®1° we put in evidence, on the basis
of energy calculations, the idea that ion pair separation
could play a critical role in determining the activity of
metallocene-based catalytic systems. With Cp,TiMeCl/
AlMe,CI (Cp = 55-CsHs, Me = CH3) system, the high
energy (> 100 kcal/mol) required to separate Cp,TiMe*
from AlMe,Cl,~ in vacuum can hardly be compensated
for by the solvation energy in the weakly polar solvents
usually used in polymerization (15—30 kcal/mol).1? We
suggested that olefin separated ion pairs (OSIP) Cp,-
TiMet/C,H4/AlMe,Cl,~, where an ethylene molecule is
sandwiched between the cation and the anion, repre-
sent, in that case, the least unfavorable way to allow
olefin coordination and following insertion into the
metal-carbon bond.1°

In the present work we made an effort to rationalize
theoretical considerations and experimental observa-
tions collected in recent years, by building different
models of the “cocatalytic site” of MAO, simulating their
reaction with typical titanocene and zirconocene cata-
lytic precursors, and investigating cationic active species
formation in comparison with those obtained from
metallocene/trimethylaluminum systems.

Models of the Cocatalytic Sites in MAO

Different hypothesis about methylalumoxane struc-
ture have been formulated*812-13 on the basis of ex-
perimental evidences coming from various character-
ization techniques!® as well as from studies of model
compounds with well defined structure.8213

It is not the aim of this paper to present a review of
all the MAO models suggested until now but to propose
a new model of cocatalytic site of MAO including all the
main features supposed to be relevant to explain its
cocatalytic behavior.

The idea of MAO simply conceived as an ensemble of
linear [—AI(CH3)O—], oligomers is quite unrealistic for
at least two reasons:

© 1997 American Chemical Society
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Figure 1. Possible aggregation of methylalumoxane chains.
The arrows denote O—AIl dative bonds between different
alumoxanic chains. Two possible ways of coordination of AlMes
to methylalumoxane are shown: through a double methyl
bridge (a) and oxygen coordination (b).

First, aluminum atoms are generally more stable in
the tetrahedral rather than in the trigonal planar
configuration because of the reactivity of their 3p
unoccupied orbital; in fact, the presence of tricoordi-
nated aluminum atoms is peculiar to compounds with
sterically hindering substituents of the aluminum,
which inhibit the formation of dimeric or oligomeric
structures,’* as well as of metastable transient struc-
tures.1®

Second, tricoordinated aluminum atoms (acidic sites)
and dicoordinated oxygen atoms (basic sites) have a high
tendency to form O—AIl dative bonds, causing the
aggregation of the oligomeric chains, giving structures
characterized by tetracoordination of aluminum atoms
and tricoordination of oxygen atoms (Figure 1); such a
situation is very common in many methylalumoxane
analogues with well-defined structure.3

Furthermore, in contrast to the idea of MAO as a
strong Lewis acid, tricoordinated aluminum atoms
bridging dicoordinated oxygen atoms are expected to
have lower Lewis acidity than that of monomeric
trimethylaluminum, because of the p-electron back-
donation from oxygen to aluminum.16

Although the real coordinative situation of Al and O
atoms in MAO is controversal, it can be reasonably
assumed that the [-Al(Me)O—], chains can aggregate
with each other®® and this is confirmed by experimental
evidence, mainly arising from NMR studies.1>17

It has been also well established that the presence of
“free trimethylaluminum” in MAO*82 (about 30—40% in
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the commercial product®?) is crucial for the exhibition
of a high catalytic activity.18>¢ It can be reasonably
assumed that AlMe; is at least partly coordinated to
alumoxane chains!?1® through methyl bridges (Figure
la), or through direct coordination to oxygen atoms
(Figure 1b).18d

Our model of the cocatalytic site of MAO takes into
account all these experimental observations and mod-
elistic considerations, assuming that (a) aluminum
atoms are able to interact with metallocene neutral
precursors only in the metastable tricoordinated situ-
ations;#20 (b) aluminum atoms weakly coordinating
AlMe3z molecules (Figure 1a) have a higher probability
to produce such a situation rather than those involved
in inter or intrachain O—Al dative bonds (Figure 1), for
both thermodynamic (the higher energy requirements
expected to break O—AIl bridges compared to that
needing to break AlMe--Al bridges) and kinetic factors
(dissociation processes involving small molecules like
AlMe; are faster than those impling cooperative rear-
rangements of macromolecular chains); (c) tricoordi-
nated aluminum atoms bridging two tricoordinated
oxygen atoms are expected to be strongly acidic because
the p-electron back-donation from oxygen to aluminum
should be at least partially inhibited.

MeAI[OAI;Me,],0 can be proposed as a minimal
model of the cocatalytic site satisfying the above reg-
uisites: it can be considered as the aggregation product
of trimeric Me,AIOAI(Me)OAIMe, and dimeric Me,-
AlOAIMe,; methylalumoxane chain fragments (Figure
2). The formation of two dative O—Al bonds between
the two oxygen atoms of the trimer and the two
aluminum atoms of the dimer gives a six-membered ring
structure. According to point c, the Al* aluminum atom
is symmetrically coordinated to two tricoordinated
oxygen atoms. To further reduce the complexity of the
model, the terminal methyl groups were replaced with
hydrogen atoms: in the following we will refer to this
model molecule as MeAI[OAl;H4],0 or MAOH (1).

Model Reactions Involved in Active Species
Formation

Reactions of Cp,MtMeCl (Mt = Ti, Zr) with AlMes,
taken as reference cocatalyst, and with different models
of cocatalytic sites derived from the MAOW, were
investigated. The choice of prealkylated metallocenes
as the starting compounds was made in order to skip
the study of the alkylation step. The proposed reactions
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Figure 2. Simplified MAO model, obtained by aggregation between dimeric and trimeric alumoxane chain fragments, in
equilibrium with AlMe;. R = H denotes the MAO" model. The tricoordinated Al* atom in the central structure represents the

cocatalytic site.



Macromolecules, Vol. 30, No. 25, 1997

Me
Cp_ ‘ Cp
Me Mt
Cp_| Cp
Mt 1‘1 Cl  Me 1'1
Cl Al Al* Al
H/ \0/ \O/E \H
_Al H v _H
Me | “Me CAl_ Al
Me H~ o+ O
6 7

Figure 3. Schematic drawings of Cp.MtMeClI-AlMe;s (6) and
Cp.MtMeCI-MAOH (7) adducts.

involved in active species formation can be indicated in
the following way: (i) reaction between chloroalkylated
metallocene and cocatalytic species with formation of
Mt—CI—Al chlorine-bridged adducts; (ii) dissociation of
these adducts into free ion pairs; (iii) formation of
oxygen-coordinated metallocene/MAOH adducts; (iv)
formation of ion pairs from dissociation of these adducts;
(v) stabilization of ion pairs through the formation of
metallocene/monomer cationic complexes and counter-
ion/AlMes adducts.

It is well-known that trimethylaluminum exists in a
dimeric form, [AIMes],** (2), that is supposed to be in
fast equilibrium with the monomeric form 3:

[AlMe,], = 2AIMe, 1)
2 3

In close analogy with reaction 1 we supposed that,
according to point b, a double-methyl-bridged trimethyl-
aluminum/methylalumoxane adduct, simulated by Me,-
Al[Me],AI[OAIzH4]20 (4), is in equilibrium with dissoci-
ated MAOH and AlMe; (Figure 2), as described by
reaction 2. The coordination of AlMe; to the dicoordi-

Me,Al[Me],AI[OAI,H,],0 =
4

MeAI[OAI,H,],0 + AlMe, (2)
1

nated oxygen atom O* in MAOH (Figure 2), although
supposed to be thermodynamically favored with respect
to the formation of 4, will be temporarily neglected
because it does not involve the Al* atom directly. This
reaction will be explicitely considered in the following
section, when the stabilizing effect of trimethylalumi-
num on active species formation will be investigated.

Cp2MtMeCl catalytic precursors (5) are supposed to
react with AlMes or MAOM to give respectively Cp»-
MtMe-CIlAIMe; (6) and CpaMtMe-CIMeAIl[OAI;H4]20 (7)
adducts (Figure 3):

Cp,MtMeClI + AlMe; — Cp,MtMe-ClAIMe; (3)
5 3 6

Cp,MtMeCl + MeAI[OAI,H,],0 —
5 1

Cp,MtMe-CIMeAI[OAI,H,,0 (4)
7

The heterolytic dissociation of the Mt—CI bond in 6 and
7 leads to the formation of free cation/anion pairs:

Reactions of Cp,MtCH3CIl Complexes 7675

Cp,MtMe-CIAIMe; — Cp,MtMe* + CIAIMe,”  (5)
6 8 9

Cp,MtMe-CIMeAI[OAI,H,],0 —
7

Cp,MtMe" + CIMeAI[OAIH,l,O™ (6)
8 10

Both dissociations (egs 5 and 6) imply charge separa-
tion and are expected to require high energy in weakly
polar solvents. It has been suggested that ion pair
separation can be greatly facilitated by the ability of
the XMAO~- macroanion to delocalize the negative
charge,®¢ as this feature is closely related to its size.
Because of the difficulty of simulating such a macro-
molecular structure, the charge delocalization occurring
in an infinitely large virtual anion was simulated by
neutralizing the negative charge of the anion 10. To
this aim a cationic model of MAO was introduced, MeAl-
[OAI;H4],0-AlH,T (MAOH-AIH, T (11)), obtained by co-
ordinating the AIH,* cation to O* of MAOH (Figure 4).
The reaction of Cp,MtMeCl with 11 produces the
chlorine bridged adduct 12:

Cp,MtMeCl + MeAI[OAI,H,],0-AlH," —
11
Cp,MtMe-CIMeAI[OAI,H,],O-AlH," (7)
12

that can dissociate as

Cp,MtMe-CIMeAI[OAI,H,],O-AlH," —
12
Cp,MtMe™ + CIMeAI[OAl,H,],0-AlH, (8)
13

forming the Cp,MtMe*/CIMeAI[OAIl;H4],0-AlH; “virtual
ion pair’. Because the “virtual anion” 13 is a neutral
species, no charge separation occurs in such a reaction
and lower dissociation energies are expected.

In the following section, reactions involving both
neutral MAOH and cationic MAO"-AlH,T models will
be investigated.

Concerning the possible role of methylalumoxane as
solvating agent of ion pairs, it has been suggested the
cationic active species could be stabilized by weak
interactions with oxygen atoms of alumoxane chains?52!
as shown in Figure 5. The thermodynamics of migra-
tion of Cp,MtMe™* cations along the alumoxane chain
to form oxygen-coordinated Mt—O adducts, as well as
their dissociation, can be studied in order to check this
hypothesis. In the idea that almost all the oxygen
atoms in methylalumoxane form O—AIl dative bonds,
thus making them unavailable for Cp,MtMe™ coordina-
tion, the remaining oxygen atoms, coordinating tri-
methylaluminum molecules, have a higher probability
to react with metallocene cations.

In this framework the cation migration can be better
conceived as an exchange reaction between Cp,MtMe™,
initially bound to Al* through a chlorine bridge, and an
AlMe; molecule coordinated to an oxygen atom of
methylalumoxane (Figure 5). When such an exchange
occurs, the formation of free Cp,MtMe™ cations implies
the breaking of Mt—O bonds. Obviously the above
mentioned ability of XMAO™ macroanions in delocaliz-
ing the negative charge can affect the strength of these
bonds. Therefore also in this case two limit situations
were considered.
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Figure 4. Cationic MAOY-AlIH," (11) model and CIMAOH:-AIH; (13) virtual anion

Me Me

Cp_ ‘ _Cp Me | _Me
8+I\;4l /;\]
5.Cl Me ¢ Me ©
L { ‘ L ' ¢ v
‘.O/Al\ /‘Tl\ /?l\o/AlnA;’ /Al\o/“’\l\ /‘Tl\ /Alx
' v Me | Me | v boMe |
Al Al Al Al Al Al e Mt
Me | “Me Cp | Cp
Me
a) b) ¢

Figure 5. Possible migration mechanism of Cp,MtMe™ cations
from the chlorine atom of the initial adduct (a) to an oxygen
atom of the alumoxanic chain and (b), that paralleled by
migration of an AlMe; molecule in the opposite direction.

For the neutral MAO" model the migration of the
cationic metallocene toward O* was studied, flanked by
AlMe3; migration from O* to Cl:

Cp,MtMe-CIMeAI[OAIl,H,],0-AlMe; —
14
Me,Al-CIMeAI[OAl,H,],0-MtCp,Me (9)
15

For the cationic MAOH-AIH,™ model, the exchange
reaction (eq 10) between Cp,MtMe™ coordinated to the
Cl atom of the virtual anion CIMeAI[OAI;H4],0-AlH;
and AlMej; coordinated to O* of MAOH was investigated,
assuming that, from an electronic point of view, the
oxygen atoms of an infinitely large macroanion are
virtually indistinguishable from O* in the neutral
MAOH:

Cp,MtMe-CIMeAI[OAl,H,],0-AlH," +
12
MeAI[OAI,H,],0-AlMe, —
16
MeAI[OAI,H,],0-MtCp,Me" +
17
Me,Al-CIMeAI[OAILH,],0-AlH, (10)
18

The dissociation of the Mt—0O bonds in the neutral
and cationic adducts 15 and 17 was investigated by
studying the following reactions:

CIMeAI[OAI,H,],0-MtCp,Me —
19
Cp,MtMe" + CIMeAI[OAIH,],0™ (11)
8 10

MeAI[OAIl,H,],0-MtCp,Me" —
17
Cp,MtMe" 4+ MeAI[OAI,H,],O (12)
8 1

In reaction 11, where adducts 19 were considered
instead of 15, the absence of AlMe; coordinated to the
Cl atom is assumed to be not relevant in determining
the Mt—0 bond dissociation energy.

According to Cossee’s mechanism,?? the formation of
the coordinatively insatured cations 8 is essential to
allow olefin coordination to the transition metal and the
successive insertion into the metal—carbon bond. The
energy produced by the coordination of ethylene to Cp,-
MtMe™ complexes was also calculated:

Cp,MtMe* + C,H, — Cp,MtMe(C,H,)*
8 20

(13)

Although such an intermediate has never been ex-
perimentally observed, being a transient species, it is
expected that ethylene coordination produces a stabiliz-
ing effect on the Cp,MtMe™ cation, similar to that
arising from its interaction with an aromatic solvent
molecule.

Further thermodynamic stabilization of dissociated
ion pairs could derive from trimethyaluminum coordi-
nation to the residual chlorine atom of the counterion.
The coordination energy was calculated for the counter-
ions obtained starting from the three cocatalysts AlMes,
MAOH, and MAOH-AIH,*, as described by the following
reactions:

AlMe; + CIAIMe,” — [AIMe,,CI~  (14)
3 9 21
AlMe; + CIMeAI[OAI,H,],0” —
3 10
AlMe,-CIMeAI[OAI,H,],0~ (15)
22
AlMe; + CIMeAI[OAIH,],0-AlH, —
3 13
Me,Al-CIMeAI[OALH,],0-AlH, (16)

18

The same stabilizing effect on ion pair dissociation
can arise from AlMe; coordination to oxygen atoms of
10 and 1 coming out from the dissociation of the Mt—O
bond, respectively, of 15 (or 19) and 17, as described by
reactions 17 and 18.

AlMe; + CIMeAI[OAIH,],0” —
3 10

CIMeAI[OAI,H,],0-AlMe,~ (17)
23
AlMe, + MeAI[OAI,H,],0 —
3 1
MeAI[OAIH,],0-AlMe, (18)
16
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Table 1. Nomenclature Adopted for MAOH Adducts

Cocatalytic Precursor and Lewis Acids
4 MEZAl[Me]zAl[OA|2H4]20 M93A|'MAOH
1 MeAl[OA|2H4]20 MAQH
11 MeAI[OAIH4].0-AlH,* MAOH-AIH, "

Chlorine-Bridged Metallocene/Aluminum Adducts
7 CpMtMe-CIMeAI[OAI H,],0 Cp,MtMe-CIMAQOH
12 Cp.MtMe-CIMeAI[OAI,H,],0-AlH,t  Cp,MtMe-CIMAOH-AlH,*
14 szMtMe'C|MeA|[OA|2H4]20'A|Meg szMtMe'ClMAOH'AlMeg

Chlorinated Counterions
10 CIMeAI[OAIH4,0~ CIMAOH-
13 CIMeAI[OAIH,],0-AlH; CIMAOH-AIH,

Oxygen-Coordinated Metallocene/Aluminum Adducts
19 CIMeAl[OAIH4],0-MtCp,Me CIMAQOH-MtCp,Me
17 MeAI[OA|2H4]20-Mth2Me+ '\/l/AOH''\/"t(:[.')z'\/'GJr
15 MezAl-CIMeAI[OAl;H,],0-MtCp,Me  MesAl-CIMAOH-MtCp,Me
Trimethylaluminum-Stabilized Counterions
22  MesAl-CIMeAl[OAIH4],0~ MesAl-CIMAOH-
18 MegAl'ClMeAl[OA|2H4]QO'A|H2 Me3A|'C|MAOH'A|H2
23 CIMeAI[OAl;H4],0-AlMes~ CIMAQOH-AlMes~
16 MeAIl[OAIH4],0-AlMes MAQOH-AlMe;

Density Functional Calculations

All the calculations were performed using the DMol
4.0.0 program?? (Molecular Simulations Inc.) based on
the density functional theory.2* The electronic configu-
rations of the molecular systems were described by
restricted double-numerical basis sets without polariza-
tion functions. The 1s? configuration on carbon and
aluminum, 1s? and 2s? on aluminum and chlorine, 1s?
2s2 2p6é on titanium, and 1s? 2s? 2p% 3s2 3p® 3d1° on
zirconium were assigned to the core and treated by the
frozen-core approximation. For each molecule studied,
a geometry optimization was carried out with Cs sym-
metry constraint, using the BFGS energy minimization
algorithm.?® The Vosko—Wilk—Nusair?® (VWN) local
correlation parameters (LDA) were applied to evaluate
the density functionals. The computations were also
performed recalculating the energies of the VWN opti-
mized structures both with single point gradient-cor-
rected self-consistent calculations, using Perdew—Wang—
Becke?” (PWB) potentials, including polarization
functions, and with a further reoptimization in the
nonlocal density approximation (NLDA). In a previous
paper'® the comparison of the experimental polymeri-
zation enthalpy of ethylene?® (—22.3 kcal/mol) with the
olefin insertion energies, calculated at the LDA level
(—30.7 kcal/mol) and the NLDA level (—20.6 kcal/mol),
showed a tendency opposite of that the former method
to overestimate and of the latter to underestimate the
experimental value. In the present work, in the only
case where a direct comparison with experimental data
was possible (19 kcal/mol for the dissociation enthalpy
of dimeric AlMe3;?°) was a better agreement obtained
with calculations performed at LDA level (19.8 kcal/mol)
rather than with application of the gradient correction
(7.9 kcal/mol for the reoptimized structures). Although
this occurrence could be casual, because the general
trend of the reaction energies remains qualitatively the
same for both methodologies, we chose to base the
discussion on the results obtained at LDA level (Tables
2 and 3). However, we have also reported for complete-
ness the reaction energies calculated through structure
reoptimization, including the gradient correction (Tables
4 and 5).

Results and Discussion

For the sake of simplicity we adopted a more con-
densed symbology to identify the different MAOH ad-
ducts. It is simply based on the replacement of MeAl-
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Table 2. Binding Energies (kcal/mol) of the Examined
Intermediates Calculated at the LDA Level

Group A. Cocatalytic Precursors and Lewis Acids (Figure 6)

2 [AlMes], —2468.2
4 MezAl[Me]2A|[OA|2H4]20 —2987.6
3 AlMez —1224.2
1 MeAI[OAIH,],0 -1739.9

Group B. Metallocene Complexes (Figure 7)

Mt =Ti Mt = Zr
5 Cp2MtMeCl -3172.7 —3208.9
8 Cp2MtMe™ —2928.2 —2956.9
20 Cp2MtMe(CoH.)*" —3566.3 —3601.7
Group C. Chlorine-Bridged Metallocene/
Aluminum Adducts (Figures 8 and 11)
Mt=Ti Mt=12Zr

—4408.4 —4439.7
Cp2MtMe-CIMeAI[OAIH,4],0 —4936.6 —4970.8
12 Cp;MtMe-CIMeAI[OALH,0-AlH,*  —5004.6 —5036.9

14 CpoMtMe-CIMeAl[OAIH],0-AlMes —6199.3 —6232.5

Cp2MtMe-ClAIMe;

~N o

Group D. Chlorinated Counterions (Figure 9)

9 ClAIMe;~ —1355.9
10 C|M8A|[0A|2H4]207 —1906.5
13 CIMeAI[OAIl;H4]20-AlH; —2036.0

Group E. Oxygen-Coordinated Metallocene/
Aluminum Adducts (Figures 10 and 11)

Mt=Ti Mt=12Zr

19 CIMeAI[OAlH4],0-MtCp,Me —4957.6 —4997.1
17 MeAI[OAIlH4],0-MtCp,Me*+ —4720.9 —4758.6

15 MesAl-CIMeAl[OAl;H],0:-MtCp,Me  —6192.7 —6231.0

Group F. Trimethylaluminum-Stabilized
Counterions (Figure 12)

21 CI[AIMes]2~ —2604.6
22 MesAl-CIMeAI[OAlH4],0~ —3145.6
18 MegAI-CIMeAI[OAI2H4]20-AIH2 —3269.6
23 C|MEA|[0A|2H4]20‘A|M637 —3174.2
16 MeAI[OAIl;H4],0-AlMes —2999.2

Cl- —83.6

CoH4 —616.0

[OAIH4],0 moiety with the symbol “MAOH” in the
general formula, as reported in Table 1.

In Figures 6—12 the optimized structures of all the
compounds examined are presented in homogeneous
groups: the cocatalytic precursors and the correspon-
dent Lewis acids (Figure 6); the metallocene complexes
(Figure 7); the chlorine-bridged metallocene/cocatalyst
adducts (Figure 8); the counterions produced by het-
erolytic dissociation of the Mt—ClI bond (Figure 9); the
oxygen-coordinated metallocene/cocatalyst adducts (Fig-
ure 10); the metallocene/MAOY/AlMe; adducts (Figure
11); the AlMes-stabilized counterions (Figure 12). Cal-
culated binding energies of these compounds are re-
ported in Table 2, adopting the same classification
criterium. On the basis of these energy values, enthal-
pies of reactions 1—18 were estimated in terms of the
energy difference (AE) between products and reagents
and summarized in Table 3.

Cocatalytic Precursors and Lewis Acids

On the left side of Figure 6 are reported the optimized
structures of the cocatalytic precursors [AlMes], (2) and
MesAl-MAOH (4). The correspondent Lewis acids (AlMes
(3) and MAQH (2)), produced by their dissociation, are
shown on the right side of the same figure, ordered by
increasing acidity values from top to bottom. Acidity
was estimated on the basis of the energy (E.) of the
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Table 3. Reaction Energies (kcal/mol) for the Examined Reactions Calculated At LDA Level

(a) Dissociation of Cocatalytic Precursors

) [AlMes]2 — 2AIMe; +19.8
) MesAl-MAOH — AlMe; + MAOH +23.5
(b) Chlorine-Bridged Adduct Formation
Mt =Ti Mt = Zr
(3) Cp2MtMeCl + AlMes; — Cp2MtMe-CIAIMe; -11.5 —6.6
4) Cp,MtMeCl + MAOH — Cp,MtMe-CIMAOH —24.0 —22.0
(c) Free Cation Formation
Mt =Ti Mt = Zr
(0) Cp2MtMeCIl — Cp,MtMe* + C!— +160.9 +168.4
(5) Cp2MtMe-ClAIMe; — Cp,MtMe* + CIAIMe3~ +124.3 +126.9
(6) Cp2MtMe-CIMAOH — CpMtMe* + CIMAOH ™ +101.9 +107.4
(8) Cp2MtMe-CIMAOH-AIH,™ — Cp,MtMe™ + CIMAOH-AIH, +40.4 +44.0
(11) CIMAQOH-MtCp;Me — Cp;MtMe+ + CIMAOH™ +122.9 +133.7
(12) MAOH-MtCp,Met — Cp,MtMe* + MAOH +52.8 +61.8
(d) Metallocene/Trimethyaluminum Exchange Reactions
Mt = Ti Mt = Zr
9) Cp2MtMe-CIMAOH-AlMe; — MezAl-CIMAOH-MtCp,Me +6.6 +1.5
(20) Cp2MtMe:-CIMAOH-AIH," + MAOH-AlMe3z — MAOH-MtCp,Me* + MezAl-CIMAOH:AIH, +13.3 +7.9
(e) Ethylene Coordination
Mt=Ti Mt = Zr
(13) Cp2MtMe™ + CoH4 — CpaMtMeCoH4™ —22.1 —28.8
() Trimethylaluminum/Counterion Reactions
(14) AlMes + CIAIMe;~ — [AlMe3].Cl~ —24.5
(15) AlMe; + CIMAOH~ — MezAl-CIMAOH- —14.9
(16) AlMe; + CIMAOHAIH,; — MezAl-CIMAOH-AIH, —9.4
a7) AlMe; + CIMAOH~ — CIMAOH-AlMe3™~ —43.5
(18) AlMe; + MAOH — MAOH:-AIMe; —35.1
Precursors Lewis acids Ti Zr

c @O O
H C O Al
Figure 6. Optimized structures of AlMe; and MAO" in

associated (precursors 2 and 4 on the left) and dissociated
(Lewis acids 3 and 1 on the right) forms.

lowest unoccupied molecular orbital (LUMO), obtained
by DFT calculations: —1.627 and —2.547 eV respec-
tively for AlMes, and MAOH. The LUMO coincides with
the empty p orbital of the tricoordinated Al atoms in
AlMez and MAOH (Al*).

The net positive charge values of Al in AlMe; (+0.538
au), and of Al* in MAOM (+0.665 au) follow the same
trend of increasing Lewis acidity determined on the
basis of the E, values.

H C Cl Mt

Figure 7. Optimized structures of titanium and zirconium
bis(cyclopentadienyl) complexes: chloromethyl precursors (5),
methylated cations (8), and ethylene complexes (20).

These results confirm the initial hypothesis that the
tricoordinated oxygen atoms bound to Al* in MAOM
produce an electron-withdrawing effect, making this
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Table 4. Binding Energies (kcal/mol) of the Examined
Intermediates Calculated at the NLDA Level

Group A. Cocatalytic Precursors and Lewis Acids (Figure 6)

2 [AlMes], —2233.9
4 M92A|[Me]2A|[OA|2H4]20 —2758.9
3 AlMe; —1113.0
1 MeAI[OAlH,],0 -1635.7

Group B. Metallocene Complexes (Figure 7)

Me =Ti Me = Zr
5 Cp2MtMeCl —2860.5 —2896.8
8 CpMtMe* —2633.3 —2660.4
20 Cp2MtMe(CoH4)* —3201.5 —3234.8
Group C. Chlorine-Bridged Metallocene/
Aluminum Adducts (Figures 8 and 11)
Mt=Ti Mt=2Zr
6 Cp:MtMe-ClAIMe; —3975.7 —4009.9
7 Cpz:MtMe-CIMeAIl[OAI;H.],0 —4508.8 —4543.3

12 Cp;MtMe-CIMeAI[OALH,0-AlH,*  —4552.9 —4585.9
14 Cp;MtMe-CIMeAI[OALH,0-AlMe; —5635.5 —5669.4

Group D. Chlorinated Counterions (Figure 9)

9 CIAIMe;~ -1239.7
10 CIMeAI[OAlH,],0~ ~1796.5
13 CIMeAI[OAIH,],0-AlH; —1905.6

Group E. Oxygen-Coordinated Metallocene/
Aluminum Adducts (Figures 10 and 11)

Mt=Ti Mt=Zr

19 CIMeAI[OAIH4],0-MtCp,Me —4515.9 —4555.8
17 MeAI[OAIH4],0-MtCp,Me* —4288.8 —4324.2

15 MeszAl-CIMeAl[OAl;H4],0-MtCp,Me  —5629.0 —5667.6

Group F. Trimethylaluminum Stabilized
Counterions (Figure 12)

21 CI[AIMes], —2369.8
22 MesAl-CIMeAl[OAIlH4],0~ —2914.0
18 M83A|'C|M6A|[0A|2H4]20'A|H2 —3015.5
23 CIMeAI[OAI2H4]20-AIMe3* —2931.3
16 MeAI[OAIl,H4],0-AlMes —2762.9

Cl- —81.5

CoHa —560.8

aluminum atom more acidic than that in monomeric
AIMe3.

The accuracy of the calculated geometries is demon-
strated by the good agreement observed between the
calculated Al-C bond lengths in the dimeric trimethy-
aluminum and those obtained by crystallographic
data:202.11—2.19 A (calculated) vs 2.24 A (experimental)
for the Al—Me—Al bridging bonds and 1.96 A (calcu-
lated) vs 2.00 A (experimental) for the AlI—Me terminal
bonds.

The six-membered ring in the relaxed structure of
MAOH assumes a chair conformation and is character-
ized by a succession of nonequivalent Al—0O bonds: in
fact AlI*—0 bonds (1.74 A) and Al—O* bonds (1.72 A)
are significantly shorter than the other Al-O bonds
(1.88—1.89 A) present in the molecule. The two alumi-
num atoms protruding out of the ring structure form
Al—H—AI bridges, saturating their fourth coordinative
valence. These structural features are peculiar to all
of the MAO models examined in the present work.

Binding energies calculated for all the compounds
represented in Figure 8 are reported in Table 2 (group
A).

Metallocene Complexes

In Figure 7 the structures of Cp,MtMeCl chloroalky-
lated neutral precursors (5), CpoMtMe™ cations (8) and
Cp2MtMe(C,H,4) T ethylene complexes (20) are shown for

Reactions of Cp,MtCH3CIl Complexes 7679

Ti Zr

°c ® ® O ® O
H C O Al C1 Mt

Figure 8. Optimized structures of titanium and zirconium
chlorine-bridged metallocene/cocatalyst adducts: Cp.MtMe-
CIAIMe; (6), Cp,MtMe-CIMAO* (7), and Cp.MtMe-CIMAOH:
AlH,™ (12).

c 9O OO
H C 0 Al

Figure 9. Optimized structures of CIAIMe;™ (9) and CIMAOH-
(10) counterions and CIMAQOH-AIH, “virtual anion” (13).

both Ti and Zr. Their binding energies obtained by DFT
calculations are reported in Table 2 (group B).

The structural features of these complexes are in close
agreement with those obtained by experimental crystal
data3! and with those calculated by other authors®? by
qguantum-mechanical calculations; therefore, they will
not be the object of a detailed description.

The comparison of Mt—R bond lengths (R = Me, ClI,
CH(olefin)) between homologous structures of the two
metals reveals an average difference of about 0.11 A,
reflecting the difference of the ionic radii between
titanium and zirconium.

The energies required to extract the chloride anion
from Cp,MtMeCl are 160.9 kcal/mol for titanium and
168.4 kcal/mol for zirconium (Table 3, section c) while
ethylene coordination energies to the free cations to form
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Table 5. Reaction Energies (kcal/mol) for the Examined Reactions Calculated at the NLDA Level

(a) Dissociation of Cocatalytic Precursors

) [AlMez], — 2AIMes +7.9
) MesAl-MAOH — AlMe; + MAOH +10.2
(b) Chlorine-Bridged Adduct Formation
Mt =Ti Mt = Zr
(3) Cp2MtMeCl + AlMes; — Cp2MtMe-CIAIMe; -2.2 -0.1
4) CpaMtMeCl + MAOH — Cp,MtMe-CIMAOH —12.6 —10.8
(c) Free Cation Formation
Mt =Ti Mt = Zr
0) Cpz2MtMeCl — Cp,MtMe™* + CI~ +145.7 +154.9
(5) Cp2MtMe-ClAIMe; — Cp,MtMe* + CIAIMez™ +102.7 +109.8
(6) Cp2MtMe-CIMAOH — Cp,MtMe+ + CIMAOH™ +79.0 +86.4
(8) Cp2MtMe-CIMAOH-AIH,™ — Cp,MtMe™ + CIMAOH-AIH, +14.0 +19.9
(11) CIMAQOH-MtCp;Me — Cp;MtMe+ + CIMAOH™ +86.1 +98.9
(12) MAOH-MtCp,Met — Cp,MtMe* + MAOH +19.8 +28.1
(d) Metallocene/Trimethyaluminum Exchange Reactions
Mt=Ti Mt = Zr
9) Cp2MtMe-CIMAOH-AlMe; — MezAl-CIMAOH-MtCp;Me +6.5 +1.8
(10) Cp2MtMe:-CIMAOH-AIH," + MAOH-AlMe3z — MAOH-MtCp,Me* + MezAl-CIMAOH:AIH, +11.5 +9.1
(e) Ethylene Coordination
Mt=Ti Mt = Zr
(13) szMtMe+ + CoHy — C[Z)z’\/|tM(£‘C2H4Jr 7.4 —-13.6
(f) Trimethylaluminum/Counterion Reactions
(14) AlMes + CIAIMe;~ — [AlMe3].Cl~ -17.1
(15) AlMe; + CIMAOH™ — MezAl-CIMAOH- —4.5
(16) AlMe; + CIMAOHAIH,; — MezAl-CIMAOH-AIH, +3.1
a7) AlMe; + CIMAOY~ — CIMAOH-AlIMe3~ —21.8
(18) AlMe; + MAOH — MAOH:-AIMe; —14.2
Ti Zr Ti Zr

H C O Al (1 Mt

Figure 10. Optimized structures of titanium and zirconium
oxygen-coordinated metallocene/cocatalyst adducts: CIMAQOH-
MtCp:Me (19) and MAOH-MtCp.Me™* (17).

Cp2MtMe(CzH,)*™ complexes are respectively —22.1 kcal/
mol for titanium and —28.8 kcal/mol for zirconium
(Table 3, section e). These results suggest a higher
affinity of the zirconocene cation toward nucleofilic
species like ClI~ and C,H,4, compared to the titanocene
cation. Looking at the LUMO energies of the Cp,MtMe*
cations (—9.067 eV for titanium and —8.098 eV for
zirconium), as a measure of their electronic affinity, the
opposite behavior should be expected. Possible explana-
tions are derived from the unfavorable coordinative
situation of titanium compared to zirconium in metal-
locene complexes, due to the smaller ionic radius of this
metal, combined with the presence of the two sterically

c @ © O @ O
H C O Al C1 Mt
Figure 11. Optimized structures of titanium and zirconium

metallocene/MAOY/AlMe; adducts: Cp,MtMe-CIMAOH-AlMe;
(14) and MesAl-CIMAOH-MtCp.Me (15).

hindering cyclopentadienyl rings, and by the lower value
of its positive charge (Qti = +0.477 au vs Qz = +0.616
au).

Chlorine-Bridged Metallocene/Cocatalyst
Adducts

Reactions of metallocene precursors Cp,MtMeCl with
AlMe; and MAOH produce the chlorine-bridged Mt—CIl—



Macromolecules, Vol. 30, No. 25, 1997

Figure 12. Chlorine-coordinated (top) and oxygen-coordinated
(bottom) AlMes-stabilized counterions and “virtual anions”:
[AlMe3],Cl~ (21), MesAl-CIMAOH™ (22), MezAl-CIMAOHAIH,
(18), CIMAOH-AlMe;™ (23), and MAOH-AlMe; (16).

Al adducts 6 and 7 shown in Figure 8 where the
structure of adducts 12, the precursors of the “virtual
ion-pair”, are also reported. They are ordered from top
to bottom for increasing values of Lewis acidity of the
tricoordinated aluminum atom of the cocatalytic precur-
sor, and their binding energies are reported in Table 2
(group C).

Coordination of the trivalent aluminum atom of the
cocatalyst to the chlorine atom of Cpo,MtMeCl increases
the polarization degree of the Mt—ClI bond. In fact,
calculating the value of the electrostatic charge induced
in the Cp,MtMe’* moiety, as the sum (EQwm:) of the net
charges of all CpoMtMe®+ atoms in each adduct, we
obtained the following results for the the two transition
metal series: XQt; = +0.288, +0.409, +0.496 au and
3Qzr = +0.298, +0.426, +0.495 au, respectively, for the
adducts with AlMes;, MAOH, and MAOH-AlMe,". Fur-
thermore, for both metal families, our calculations show
that Mt—ClI bond lengths grow in the same order (Figure
10), with a parallel decrease of Cl—Al bond lengths.

These results clearly confirm the widely accepted
idea® that the most efficient extractors of CI~ anions
from metallocene precursors are cocatalyts character-
ized by a strong Lewis acidity.

Counterions and “Virtual Anions”

The heterolytic dissociation of Mt—CI bonds in the
adducts 6, 7, and 12 leads to the formation of ion pairs
where the cationic moieties are the Cp,MtMe* com-
plexes (Figure 7) and the correspondent counteranions
are respectively CIAIMes~ (9), CIMAOH- (10), and the
CIMAOH-AIH; “virtual anion” (13): their optimized
structures are shown in Figure 9, while their binding
energies are reported in Table 2 (group D).

The CI—Al* bond in CIMAOH~ is shorter than the CI-
Al bond in CIAIMe;™, as a consequence of the electron-
withdrawing effect performed by the tricoordinated
oxygen atoms bound to Al*. In CIMAOH-AIH,, the Cl—
Al* bond is longer than in CIMAOH™, because of the
stabilizing interactions occurring between Cl and the
other two Al atoms of the six-membered ring (CI-Al =
2.92 A). Such stabilizing interactions are probably
induced by the presence of the AIH,™ moiety coordinated
to O* and are absent in CIMAOH- (CI-Al = 4.08 A).

The negative charge on Cl atom decreases in the order
ClAIMe;~ (-0.420 a.u.), CIMAOH~ (-0.302 au), and
CIMAQOH-AIH;, (—0.159 au). A less evident parallel
decrease of the methyl carbon negative charge was also
observed (—0.310, —0.289, and —0.263 au respectively
for 9, 10, and 13).
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Oxygen-Coordinated Metallocene/MAOH
Adducts

The optimized structures of the oxygen coordinated
CIMAQOH-MtCp,Me (19) and MAOH-MtCp,Me™ (17) ad-
ducts are shown respectively at the top and bottom of
Figure 10; calculated binding energies of these com-
pounds are reported in Table 2 (group D).

In both kinds of adducts the difference between Ti—O
and Zr—0 bond lengths clearly reflects the values of the
ionic radius of the two metals. In 19 (Figure 10, top,
right) the Zr—0O bond length (2.11 A) is in good agree-
ment with experimental structural data (2.044 A)
obtained by Erker et al.21b for [Cp,Zr(Me)OAIMe;],. In
both adducts 19, the coordination of CpMtMe* to O*
induces a partial coordination of the chlorine atom to
the two Al atoms bonded to O*, in close analogy with
that observed in the case of CIMAOH-AIH.

Metallocene/MAOH/AlMe; Adducts

In Figure 11 the structures of the two kinds of Cp,-
MtMe*/CIMAOH-/AlIMe; adducts 14 and 15, used to
study the thermodynamics of the exchange reaction
between the metallocene cation and AlMes on the small
size CIMAOH™ counterion (reaction 10) are reported. The
relative binding energies calculated with DFT method
are reported in Table 2 (group C and group E). The
almost planar configuration of AlMes in 15 implies that
this molecule is only weakly coordinated to the Cl atom,
which is already involved in quite strong interactions
with the two Al atoms bonded to O*.

AlMes-Stabilized Counterions and “Virtual
Anions”

In Figure 12 the structure and main geometrical
parameters of the different AIMes/MAOH adducts are
examined, i.e., the three chlorine bridged trimethy-
aluminum/chlorinated-counterion adducts 21, 22, and
23 (top) and the oxygen-coordinated adducts 16 and 23
(bottom). The relative binding energies are reported in
Table 2 (group F).

The coordination of AlMe; to the chlorine atom of
ClAIMe3™ to form CI[AIMes],™ causes an increase of the
Al—CI bond length from 2.35 to 2.45 A. In a similar
way in MeszAl-:CIMAOH™ the CI-Al* bond length is
increased from the value of 2.24 A of CIMAOH to 2.31
A, while the Mez;Al—CI bond is remarkably longer (2.55
A). The interaction between AlMes; and CIMAOH-AIH,
to form 18 can be considered as a purely nonbonded
interaction (MesAl—Cl = 3.58 A). This observation is
also supported by AlMe; complexation energy values
calculated for reactions 14—16 and is reported in section
f of Table 3. These data indicate that AlMe; coordina-
tion to the chlorinated counterions is closely related to
their ability to delocalize the negative charge on the CI
atom: in fact the lowest complexation energy (—9.4 kcal/
mol) is obtained in the case of CIMAO":-AIH, “virtual
anion” where Qc; is only —0.159 au, and the highest
value (—24.5 kcal/mol) is observed in the case of CIAIMe;
where Qg is —0.420 au.

Higher values of AlMe; complexation energy were
obtained for oxygen-coordinated adducts 23 and 16
(Table 3, section f, reactions 17 and 18): as expected
the highest value (—43.5 kcal/mol) is observed in the
case of coordination to CIMAO"~ anion, where the
negative charge on O* is —0.474 au; it is reduced to
—35.1 kcal/mol in the case of the neutral MAOH where
Qo+ is —0.462 au. These results also explain why the
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O*—AlMe;z bond length is longer in 16 (1.94 A) than in
23 (1.91 A).

Thermodynamics of Active Species Formation
The reactions

Cp,MtMeCl + /,[AIMe,], —
Cp,MtMe-CIAIMe, (19)

Cp,MtMeCl + Me,Al-MAO" —
Cp,MtMe-CIAO" + '/,[AIMe,], (20)

include the dissociation of the two cocatalytic precursors,
[AlMes], and MezAl-MAQOH, to form the correspondent
Lewis acids AlMe; and MAOM (Table 3, section a) and
their reaction with Cp,MtMeCl to give the chlorine-
bridged adducts (Reactions 5 and 6 in Table 3, section
b).

In the case of trimethylaluminum, our calculations
show that reaction 19 is slightly exothermic for titanium
(—1.6 kcal/mol) and moderately endothermic for zirco-
nium (+3.3 kcal/mol).

The reactions of titanium and zirconium metallocenes
with Me;Al-MAOH are remarkably exothermic in both
cases (—10.4 and —8.4 kcal/mol, respectively), confirm-
ing that MAO" is more reactive toward the metal-
locenes. The comparative behavior of the two metals
in reactions 19 and 20 shows that the formation of the
titanium-based adducts is always favored with respect
to the zirconium-based ones.

Dissociation of Chlorine-Bridged Adducts

The next step consists of the study of the dissociation
of these adducts to form free cation/anion pairs through
Mt—ClI bond breaking. Section C of Table 3 shows that,
for reactions 5 and 6, the energies required to dissociate
the Mt—CI bond in Cp,MtMe-ClAIMe3 and Cp,MtMe-
CIMAQH, although remarkably lower than those re-
quired in the case of Cp,MtMeCl precursors (reaction
0), are always higher than 100 kcal/mol.

With MAOH-AIH,* model, as described by reaction 8,
no charge separation occurs and dissociation energies
(+40.4 and +44.0 kcal/mol respectively for titanium and
zirconium) are remarkably lower than those calculated
for the metallocene adducts with AlMe; and MAOH.
These results confirm that an efficient delocalization of
the negative charge of the anion, which in this case has
been simulated by its complete neutralization, is es-
sential to obtain a significative reduction of the ion-pair
separation energy.

It is noteworthy that, also in this extremely favorable
case, the energy required to form free metallocene
cations is on the order of 40 kcal/mol, a value always
too high to justify the high polymerization rates experi-
mentally observed with metallocene/MAO systems. In
fact the intermittent chain-growth scheme proposed by
Fink and co-workers33 and sketched in Figure 13 implies
separation of ion-pairs at each monomer insertion
step: consequently the ion-pair dissociation energy
should be of the same order of magnitude of the
activation energy in the propagation step, whose ex-
perimental value is about 7 kcal/mol.34

Cation Solvation

Because we performed our calculations in a vacuum,
their major limitation consists of neglecting the contri-
bution of ion solvation. As mentioned in the Introduc-
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Activation Propagation
C+A
CHAS CR¥*A> C}?*A&

[ I I
L + - M v - +
C+A—>CPI+A —»CPZ+A—> .....

Figure 13. Multiple equilibria scheme of polymerization
process: C = catalyst precursor; A = cocatalyst; C*tA*~ =
polarized complex; C* = cationic species; A~ = counterion; M
= monomer; P; = growing polymer chain; i = number of
inserted monomeric units.

tion, the experimental solvation energies estimated for
toluene solutions of cationic metallocenes are 15—30
kcal/mol.’* We assumed that the main contribution to
the solvation energy difference between the Cp,MtX,
neutral complex and the Cp,MtX* cationic complex
arises from the interaction of the latter with a solvent
molecule S, which coordinates to the transition metal
atom forming the Cp,MtX(S)* complex, where the outer
solvation shell remains substantially unaltered. In this
framework, it is not unreasonable to think that the
coordination energy of an ethylene molecule to the free
metallocenic cation is of the same order of magnitude
as that of an aromatic solvent. From Table 3 (section
e) we see that the ethylene coordination energy is —22.1
kcal/mol in the case of titanium and —28.8 kcal/mol for
zirconium, values that fall in the experimental range.
Therefore, assuming that olefin coordination energy
roughly reproduces the solvation energy, the formation
of monomer-stabilized virtual ion pairs Cp,MtMe(C,H,4)*1/
CIMAOM-AIH; require 18.3 kcal/mol for titanium and
15.2 kcal/mol for zirconium; these results are in closer
agreement with the experimental free energy values for
the propagation reaction. Although it is important to
remark that these considerations are purely thermody-
namic in nature and that kinetic aspects could further
penalize ion pair separation, the calculated energies are
expected to further decrease, taking into account the
interactions occuring between the cationic Cp,MtMe-
(C2H4)™ complex and the counterion, when the formation
of olefin separated ion pairs (OSIP) is admitted. In fact,
in a previous paper,'° we emphasized that the formation
of OSIP intermediates, where an olefin molecule is
sandwiched between the cation and anion, represents
the most feasible polymerization mechanism for the Cp,-
TiMeCl/AIMeCl system. In that case the barrier to
olefin coordination drops down from 90 to about 30 kcal/
mol. In the case of Cp,MtMe(C,H4)"/CIMAQOH-AIH,, it
is expected to be reduced to a few kilocalories per mole.
The study of these systems is in progress and will be
the object of a future paper.

Counterion Stabilization Induced by AlMe;

In principle, a further stabilization effect could arise
from AlMe; coordination to the residual chlorine atom
bound to MAO (Table 3, section e, reactions 14—16), but
this contribution appears to be negligible (+0.5 kcal/
mol) in the less unfavorable case of dissociation of Cp,-
MtMe-CIMAOH-AIH,*, if the energy required to disso-
ciate [AlMes], dimer is also taken into account.

Oxygen-Coordinated Adducts

As mentioned in the Introduction, the migration of
Cp2MtMet cation along the alumoxane chain to form
oxygen-bridged metallocene/MAQO adducts both for the
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Figure 14. Reaction scheme between metallocene and MAO: MAO (1) and chloroalkylated metallocene (11) react to form chlorine-
bridged adducts (I11) that, in the presence of olefinic monomers, can dissociate to form metastable cationic species (1) which
undergo olefin insertion. At high Al/Mt ratios cationic metallocenes can react with oxygen atoms of alumoxanic chains to form
oxygen-coordinated adducts (V) that, in the presence of monomer and AlMes, can dissociate to form metastable active species
(1V). The energetics of the reactions involving both titanium- and zirconium-based complexes is reported, for the case of a virtual

infinitely-large XMAO™ macroanion.

small size MAOH model (reaction 9) and for a virtual
infinitely large macroanionic MAO model (reaction 10)
is flanked by migration of AlMe3 from oxygen to chlorine
atom in the opposite direction (Table 3, Section c¢). In
both cases such a migration is thermodynamically un-
favorable: in the case of small size MAO model, it is
less difficult for zirconium (+1.4 kcal/mol) than for
titanium (+6.6 kcal/mol). An analogous situation occurs
for reaction 10, which appears to be even more endo-
thermic (+13.3 and +7.9 kcal/mol for titanium and
zirconium, respectively).

The slight ability of the small MezAl-CIMAOH™ coun-
terion to delocalize the negative charge causes the high
dissociation energy values calculated for the Mt—O bond
breaking for both metals (+118.9 kcal/mol for titanium
and +128.5 kcal/mol for zirconium). A remarkable
decrease of these energies is observed in the case of the
dissociation of the MAOH-Cp,MtMet*adducts. Because
no charge separation occurs in this case, Mt—0O bond
dissociation energies decrease to +52.8 kcal/mol for
titanium and +61.8 kcal/mol for zirconium.

If the stabilizing effect of monomer coordination to
cationic metallocenes (reaction 13) is taken into account,
the energy to dissociate the MAOH-Cp,MtMe™ virtual
ion pair to form the MAOY/Cp,MtMe(C,H,)* pair be-

comes +30.7 kcal/mol for titanium and +33.0 kcal/mol
for zirconium. A further energy contribution to the
dissociation can arise from AlMe; coordination to O* in
MAOH to form the MAOHY-AlMes stabilized “virtual
counterion”. Different from the previously analyzed
case of CI—-AlMes interaction (reaction 16), the forma-
tion of an Al-0 bond produces a nonnegligible stabili-
zation effect: including all the contributions due to
ethylene coordination to metallocenic cation, [AlMes],
dissociation, and AlMesz coordination to MAO"Y, the
energy required to obtain the Cp,MtMe(C,H,4) "/ MAQOH--
AlMe; pair becomes +5.5 kcal/mol for titanium and +7.8
kcal/mol for zirconium. Although this mechanism seems
feasible from a thermodynamic point of view, it should
imply the simultaneous coordination of the olefin to the
transition metal atom and AlMe; coordination to that
oxygen atom: a situation that appears quite unrealistic
to occur. For this reason we think that also in this case
olefin coordination via OSIP species should be consid-
ered the most feasible polymerization mechanism.

A side result coming from the comparison of the
energetics of reactions 18 and 2 is that the coordination
of monomeric AlMe; to O* to form adduct 4 is favored
(—35.1 kcal/mol) with respect to the formation of the
dimethyl-bridged adduct 3 (—23.5 kcal/mol), confirming
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the hypothesis discussed in the presentation of MAO
models.

Comparison between Titanium and Zirconium

The different behaviors of titanium and zirconium
complexes can be rationalized by analyzing the dissocia-
tion energy of the correspondent chlorine-bridged and
oxygen-coordinated metallocene/MAO adducts reported
in Table 3 (section c¢): Zr—X bonds (X = CI, O) are
always stronger than correspondent Ti—X bonds, but
the energy difference between the two metals is higher
for Mt—0O bonds.

General Reaction Scheme

In Figure 14 a general scheme summarizing the
thermodynamics of the reactions supposed to be in-
volved in active species formation is presented. From
this scheme we can infer the following considerations:

The first product obtained by mixing MAO (1) with a
metallocene (11) is the chlorine-bridged polarized adduct
(.

In the presence of olefins such an adduct can dissoci-
ate to form cationic species (IV) able to undergo olefin
insertion (polymerization).

At a high Al/Mt ratio and high temperature the
formation of oxygen-stabilized adducts (V) is expected.

In the presence of olefins, adducts (V) can dissociate
to form cationic active species (1V).

The formation of oxygen-stabilized adducts is ex-
pected to be easier for zirconium than for titanium-
based metallocenes.

The presence of two kinds of “precatalytic” species (111
and V) accounts for bimodal molecular weight and
comonomer distributions observed in homo- and co-
polymerization of ethylene with the Cp,ZrCIl,/MAO
system under appropriate conditions;3° electron-donor
substituents on cyclopentadienyl rings are expecetd to
stabilize the positive charge of the cationic species,
favoring their migration along alumoxane chains with
almost exclusive formation of oxygen-stabilized metal-
locene—MAO species (V).

AlMe3; appears to be involved in almost all the
reactions described.

Conclusions

The theoretical investigations of reactions between
typical metallocene precursors and different cocatalytic
site models of MAO has allowed us to reach some
significant insights on the mechanisms involved in the
formation of active species responsible for olefin polym-
erization:

The presence of highly acidic aluminum atoms in
MAO can explain its higher cocatalytic activivity com-
pared to AlMes.

lon-pair dissociation is a difficult process whose
energetics is not compatible with experimental polym-
erization data.

Negative charge dispersion in MAO macroanions
strongly affects the ion-pair dissociation energy, reduc-
ing its value from more than 100 to about 40 kcal/mol,
however, this feature cannot justify by itself the forma-
tion of free cationic species.

The stabilization of metallocene cations performed by
monomer coordination to the transition metal plays an
essential role in ion-pair separation, but according to
our previous calculations’® and to Brintzinger's
hypothesis, it is expected that the formation of olefin
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separated ion pairs represents a more suitable model
for the polymerization mechanism.

The presence of moderately coordinating oxygen
atoms in MAO can be determinant in the cationic
species stabilization, but also in this case, the OSIP
model should be invoked to justify the high catalytic
activity of methylalumoxane.

The AlMe3 content in MAO can play an important role
in determining its cocatalytic activity, both protecting
the acidic cocatalytic sites as well as affecting the
formation of stabilized Cp,MtMe™—0O adducts.

The comparative analysis of the behavior of ti-
tanocenes and zirconocenes put into evidence that
chlorine-bridged adducts with MAO are more easily
formed with titanium than with zirconium, but the
formation of olefin-stabilized titanium cations appears
to be unfavored with respect to zirconium ones (reaction
Il — 1V in Figure 14). At high Al/Mt ratio (reaction V
— IV in Figure 14) the situation is inverted. These
results do not justify the higher catalytic activity
experimentally exhibited by zirconium-based catalysts
(60 900 kg of PE/(mol of Mt-h-[Et])) compared to tita-
nium based ones (34 200 kg of PE/(mol of Mt-h-[Et]))gc.
However, it is well-known that, different from zirco-
nium, titanium complexes can easily undergo side
reactions like the formation of Ti''' adducts with AlMe33®
and Tebbe’s reagent3” which are not active in olefin
polymerization. In absence of degradation reactions the
two metals should exhibit a comparable catalytic activ-
ity with MAO. At high temperature and a high Al/Mt
ratio deactivation of titanium complexes probably pe-
nalizes this metal with respect to zirconium. With
AlMej3 at a low Al/Mt ratio, only titanocene complexes
are known to be active in ethylene polymerization. This
observation can be justified assuming that the Mt—Cl
bond breaking becomes the rate-determining step,
favoring titanium vs zirconium.
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