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Abstract

The role of electron donors in propylene polymerization using Ziegler—Natta model catalyst [TiCl,CH;]" has been investigated
using density functional calculations at B3LYP/6-31G* level. Methyl benzoate (MBz) and para-methoxy methyl benzoate (p-OMe-
MBz) are the electron donors considered in this study. We have found two major roles of these electron donors that match well with
the corresponding experimental results. First, for both the catalysts having different electron donors, the propylene insertion in Ti-
CHj; bond in syn-fashion rather than anti-fashion has lower activation barriers (E,.). This indicates that the regioselectivity of pro-
pylene insertion is maintained in the presence of the electron donors. Secondly, co-ordination of electron donors is found to increase
the activation barriers of propylene insertion, which explains the experimentally observed drop in catalytic activity of [TiCl,Me]* on

adding electron donors.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Polypropylene of high isotacticity is a versatile mate-
rial with a conservative estimate of global production of
30 million tons in 2005 [1]. Most of the commercial
catalysts used for polypropylene manufacture, are
modifications and improvements of the original Ziegler—
Natta (ZN) system. They consist of three components:
MgCl, supported TiCly, trialkyl or dialkyl aluminum
chloride and organic additives [2]. In the patent litera-
ture the organic additives are normally referred to as
the electron donors. During the preparation of MgCl,
supported TiCl,, a mono- or diester is added and these
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are known as the internal electron donors. During poly-
merization, another additive usually another ester or
ether is added, and these are referred to as the external
electron donor. Specific combinations of internal and
external electron donors have major influence on the
activity of the catalyst, as well as the isotacticity of the
resultant polypropylene. One such combination, most
extensively used industrially, is ethyl benzoate and p-eth-
oxy ethylbenzoate as the internal and external electron
donor, respectively.

There is spectroscopic and X-ray structural evidence
to show that the electron donors can, and do co-ordi-
nate to titanium and magnesium ions [3]. There is some
evidence to suggest that electron donors deactivate the
atactic catalytic sites [4]. It has also been proposed that
co-ordination of electron donors to or near the catalytic
sites increases the number of asymmetric active sites,
1.e., isotactic sites [5]. These hypotheses are consistent
with quantitative data that show that as the concentra-
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tion of electron donor increases, the isotacticity in-
creases but the productivity or turnover number de-
creases. Apart from the benzoate esters, experimental
data on the ability of other donors like phthalates and
diethers on productivity and tacticity of ZN catalytic
systems have also been reported [6i—k].

In recent years, DFT based theoretical calculations
have proved to be useful for rationalizing a number of
empirical observations on polymerization reactions
using ZN catalysts [4a,b,6a-—m,7]. Earlier, electronic
structure studies on regioselective preferences of propyl-
ene insertion were reported using ab initio methods with
[TiCl,Me]" (Me=CHj3) as model catalyst [6c]. It was
shown that the non-planarity of the transition state of
propylene insertion in [TiCl,Me]" makes one of the
two stereo-specific syn insertion pathways substantially
more favorable than the other. It was further analyzed
in the same study that this tendency of a non-planar
transition state may have more significance in determin-
ing stereo-specificity in the chain growth step of olefin
polymerizations in [RTiCl,]".

In a recent DFT based Car—Parrinello molecular
dynamics(CPMD) study of TiCly/MgCl, ZN catalyst
for isotactic propylene polymerization, Boero et al.
showed the regioselective preference of propylene inser-
tion in syn(1,2) fashion over anti(2,1) fashion in the Ti—
alkyl bond [6d]. The enantioface selectivity of one of the
syn faces of propylene was inferred from steric interac-
tions and comparison of the corresponding activation
barriers. This study considers the highly reactive Ti(IV)
5-fold coordinated center [6¢] as the dominant catalytic
species possessing high degree of stereoselectivity to se-
lect the appropriate propylene enantioface in the chain
growth process [6d].

Using a similar theoretical model, Boero et al. [4b]
studied the role of a typical internal electron donor like
di-n-butyl phthalate in poisoning the active sites and
deactivating the ZN catalyst. It is shown that such phth-
alate donors deactivate the catalyst by binding strongly
to and thereby poisoning Ti centers such as the 6-coor-
dinated Corradini one [6f-h] on the (1 1 0) MgCl, sur-
face while leaving the 5-fold coordinated Ti sites
unaffected. Ziegler and co-workers [6]] studied several
models of active sites for solid TiCl4/MgCl, ZN catalyst
and proposed TiCl; based sites as relevant. Further, by
QM(DFT)/MM studies [4a] they found that an external
base like THF used in the TiCly/MgCl, ZN catalyzed
ethylene polymerization mostly coordinates to the Al-
alkyl monomer or a TiClz-based site causing poisoning
of the active sites and catalyst deactivation.

Recently, using DFT studies we investigated the fac-
tors responsible for variation of activity in ZN catalyst
for ethylene and propylene polymerization with different
ligands such as the conventional chloride, chloroalkoxy,
alkoxy and non-alkoxy types [7a,b]. The activation bar-
riers for propylene insertion in the Ti-CH; bond was

consistently lower for syn(1,2) insertion than for
anti(2,1) for all the catalysts studied. This is in accor-
dance with the general observation, that in propylene
polymerization with commercial ZN catalysts, syn(1,2)
insertion is the preferred mode [6¢,d].

The present work is our next step in a systematic ap-
proach to explore the mechanistic aspects of propylene
polymerization by ZN catalysts. More specifically, here
we investigate the roles of ethyl benzoate and p-ethoxy
ethyl benzoate as electron donors, in tuning regio- and
stereoselective preferences of propylene polymerization.
For computational simplicity we have modeled these
two electron donors by methyl benzoate and p-methoxy
methylbenzoate respectively, and the catalyst precursor
by [TiCl,Me]".

2. Methodology

Titanium in the present study is considered to be in
+4 oxidation state. The active catalysts selected for this
work are slight modifications of that originally sug-
gested by Cossee [6n,0]. In the active catalysts, the elec-
tron donors, methyl benzoate (MBz) and para-methoxy
methyl benzoate (p-OMe-MBz) are proposed to be co-
ordinated to the titanium center of [TiCl,CH;]*. Using
this active catalyst and methyl benzoate and p-OMe
methyl benzoate as internal additives, we have investi-
gated stationary points on the potential energy surface
(PES) of propylene polymerization. All the geometries
have been obtained using hybrid density functional
method B3LYP [8] (three parameter Becke’s exchange
energy functional along with correlation functional
due to Lee, Yang and Parr). The basis set used is 6-
31G*. The vibrational frequencies and zero point cor-
rected energies (ZPE) of all the stationary points on
the PES have been obtained (cf. Tables 1 and 2). All
the calculations have been performed using ab initio
program GAUSSIAN 98 [9].

3. Results and discussion

The optimized structures of all reactants, viz. propyl-
ene, [TiCl,Me]", and electron donors MBz and p-OMe-
MBz are displayed in Fig. 1. The optimized geometries
of stationary points observed on the PES of propylene
insertion in the active catalysts, i.e., [MBz...TiCl,CH;]"
and [p-OMe-MBz...TiCl,CH;5]", at B3LYP/6-31G*
level are displayed in Figs. 2 and 4, respectively. The
meaning of syn and anti terminology used throughout
this work refers to the relative orientations of the methyl
group of propylene with respect to the Ti-CH; bond. If
both the methyl groups are on the same side then the
structure is called syn, otherwise it is referred to as anti.
It may be noted that the insertion of propylene in the
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Table 1

Zero point energy (ZPE) corrected relative energies (kcal/mol) of stationary points on the PES of propylene insertion in Ti-CHj; bond of
[MBz. .. TiCl,CH;]" as active catalyst at BBLYP/6-31G* level* and the values in parentheses are relative energies (kcal/mol) obtained from single

point calculations at B3LYP/ 6-311+G(d,p) level®

Structure E(Complex) E(TS) E..¢ E(Product)

Syn-si —3.55 (-2.03) 12.96 (14.18) 16.51 (16.21) —19.05 (—18.18)
Syn-re —3.28 (—1.85) 12.88 (14.28) 16.16 (16.13) —17.89 (—17.10)
Anti-si —4.01 (—2.46) 15.56 (16.88) 19.57 (19.34) —18.31 (—17.50)
Anti-re —3.97 (-2.24) 16.09 (17.22) 20.06 (19.46) —18.62 (—17.70)

® Total ZPE corrected energies (electronic +ZPE in a.u.) of active catalysts and olefin are: [MBz...TiCl,CHs]" = —2269.605274;
C;3Hg = —117.827460. MBz = methyl benzoate internal additive. ZPEs used are without scaling.
® Single point energies (in a.u.) of active catalyst and olefin are: [MBz. . . TiCL,CH;]" = —2270.030136; C5Hg = —117.945385.

¢ E, is insertion barrier in kcal/mol.

Table 2

Zero point energy (ZPE) corrected relative energies (kcal/mol) of
stationary points on the PES of propylene insertion in Ti-CH3 bond of
[p-OMe-MBz. . .TiCl,CH;]" as active catalyst at B3LYP/6-31G* level®

Structure E(Complex) E(TS) Epel® E(Product)
Syn-si —2.04 14.61 16.65 —18.60
Syn-re —-1.92 14.49 16.41 —17.54
Anti-si —2.65 17.15 19.80 —17.72
Anti-re —2.50 17.71 20.21 —18.04

% Total ZPE corrected energies (electronic + ZPE in a.u.) of active
catalysts and olefin are: [p-OMe-MBz. . . TiCl,CH;]" = —2384.106503;
C;3Hg = —117.827460. p-OMe-MBz = para-methoxy methyl benzoate
internal additive. ZPEs used are without scaling.

b E,. is insertion barrier in kcal/mol.

[TiCL,CH;3]™ Active catalyst

Para methoxy methyl benzoate (p-OMe-MBz)

Ti—alkyl bond in the syn-and anti-structures leads to the
formation of anti-Markovnikov (Ti bonded to unsubsti-
tuted or less branched carbon) and Markovnikov prod-
ucts, respectively. Since propylene is a prochiral
molecule, in each of these structures there are two fur-
ther possibilities according to coordination of propylene
to titanium center by two different enantiofaces. These
are referred to by suffix si and re according to the si
and re faces of propylene facing the Ti—C(alkyl) bond.
More precisely si and re refer to structures, where the
methyl group of propylene is above or below the plane
formed by Ti and the two C atoms of the double bond
in propylene, respectively (cf. Scheme 1).

Propylene (CsHg)

Fig. 1. Optimized geometries of stationary points observed for [TiCl,CH;]" active catalyst, propylene and methyl benzoate, para-methoxy methyl
benzoate as internal additives at B3LYP/6-31G* level. Bond lengths are in A. All the structures have been visualized by using MDS molecular

modeling software [11].
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Bond lengths are in A.

The active catalysts, and the products of first propyl-
ene insertion in the Ti—-CH; bond, have pseudo tetrahe-
dral geometries (cf. Figs. 2 and 4). The tetrahedral Ti in
the active catalyst has the fifth coordination site open to
accept an incoming propylene molecule. The propylene
complexes and the transition states for the insertion of
propylene into the Ti—-CHj3; bond, have pseudo trigonal
bipyramidal (TBP) geometry around the Ti center (cf.
Figs. 2 and 4).

In the TBP geometry of the complexes and the tran-
sition states, the methyl and the two chloride ligands lie

in the equatorial plane (cf. Figs. 2 and 4). Propylene
and the electron donor (MBz or p-OMe-MBz) occupy
axial positions. In all the stationary points the coordi-
nation of the electron donor to titanium takes place
through the carbonyl oxygen of the ester functionality.
It may be noted that single crystal X-ray structure of
diester adducts of TiCl, has been reported in the liter-
ature [10]. The computed structures where monoesters
are found to co-ordinate to TiCl, through the carbonyl
oxygen atoms are in accordance with these reported
structures.



1360 S. Mukhopadhyay et al. | Journal of Organometallic Chemistry 690 (2005) 1356-1365

é 2313

'|‘z1sz

w@@)

[MBz...TiCl,CHjs....C3Hg] " anti-si TS

[MBz...TiCl,CHs..

[MBz...TiCl,C4Ho]  anti-re Product

..C3H(,]+ anti-re Complex [MBz...TiCl,CHj....Cs

58 b

@g@%

W
[MBz...TiCl,C4Ho]™ anti-si Product

. ]
2307
S
I |2.167 1,389
Ti ¥ 2295 o

Hg]" anti-re TS

Fig. 2 (continued)

(‘JHs CH3 H3C,
X\@\ Qs Tj i + || or || or | O ”
C/ :__-‘ i CH3 HBCII IIIII
\ Cl C
O
HaC " active catalyst syn-si syn-re  anti- si anti- re
X=H,-OMe
Scheme 1.

3.1. Structure and bonding aspects

The optimized geometries of the active catalyst
[MBz...TiCl,CH;]", the catalytic intermediates with
co-ordinated propylene, the TSs for propylene insertion
into the Ti-CHj3 bond, and the final products are shown
in Fig. 2. The corresponding relative energy profile is
also shown in Fig. 3.

In the active catalyst [MBz.. .TiCl,CH;]" the Ti-O
bond distance is 1.912 A. The Ti-O bond elongates by
about 0.06 A in the syn and anti propylene complexes,
by about 0.12 A in the corresponding TSs, and reduces

to around 1.933 A in the final products. This is a reflec-
tion of the change of coordination number from four
(active catalyst) to five (complexes and transition states)
and again to four (products).

The Ti-CH3 bond elongates from 2.015 A in active
catalyst to 2.033 A in syn-si, 2.042 A in syn-re, 2.034
A in anti-si, 2. 035 A in anti-re complexes. It further in-
creases to 2.183 A, 2.184 A in syn-si, syn-re and 2.162
A, 2.167 A in anti-si, anti-re transition states(TSs),
respectively. This indicates progressive weakening of
the Ti-CHj3 bond as the active catalyst is converted first
to the propylene complex and then to the TS. It should
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Fig. 3. Relative energy profile for propylene insertion into
[MBz...TiCl,CHs]* at B3LYP/6-31G* level after inclusion of zero
point energy correction.

be noted that the Ti-CHj3 bonds are longer in case of syn
TS than the corresponding anti. The Ti-CH3 bond even-
tually breaks during the insertion reaction and the prod-
ucts with growing alkyl chain are formed (cf. Fig. 2).

In syn-si and syn-re complexes the propylene mole-
cule is almost perpendicular to the Ti-CHj; bond. In
the TSs it is oriented almost parallel to the Ti-CHj
bond. In propylene complexes, the shorter of the two
Ti-C(propylene) distances are 2.666, 2.665, 2.641 and
2.641 A in syn-si, syn-re, anti-si and anti-re complexes,
respectively. It should be noted that there is a greater
elongation of C=C bond from syn complex to syn TS
than in the corresponding anti complex to anti TS.

The optimized geometries for complexes, TSs and
products for propylene insertion into Ti~CH3 bond of
active catalyst [p-OMe-MBz.. . TiCl,CH;3]" are shown
in Fig. 4 and corresponding relative energy profile is dis-
played in Fig. 5. In the four coordinated active catalyst
[p-OMe-MBz. . .TiCl,CH;]" the Ti-O bond distance is
1.894 A which is shorter than that in [MBz...
TiClLCH;]". The trends in variation of Ti—O and Ti—
CHj; bonds from [p-OMe-MBz. . . TiCl,CH;]" to corre-
sponding syn and anti propylene complexes, TSs and
products are similar to those in the [MBz...TiCl,CH;]*
system. The overall structural and bonding features in
the p-OMe-MBz catalytic complexes, TSs and products
are also similar (cf. Fig. 4) to those for the MBz catalyst
and therefore are not discussed in detail.

3.2. Energetics

The ZPE corrected relative energies (kcal/mol) for
propylene insertion reactions using [TiCl,CH;]" as mod-
el catalyst and methyl benzoate and p-OMe methyl ben-
zoate as internal additives at B3LYP/6-31G* level are
shown in Tables 1 and 2, respectively and the corre-
sponding relative energy profiles are shown in Figs. 3
and 5, respectively. The energies reported in Tables 1
and 2 are relative to energies of the two reactants, i.e.,
active catalysts and propylene and the activation barri-
ers (E,.) refer to insertion of propylene in the Ti—-CHj;
bond. The relative energy values (kcal/mol) in parenthe-
ses in Table 1 are for the corresponding single point
energies at B3LYP/ 6-311+G(d,p) level of calculation.
In the following discussion unless otherwise explicitly
mentioned, the relative energy values discussed are the
ZPE corrected values (not in parentheses in Table 1)
at B3LYP/6-31G* level.

Co-ordination by MBz or p-OMe-MBz to [TiCl,Me]*
results in complexes in which the latter is stabilized more
by 6.18 kcal/mol than [MBz...TiCl,CH;3]" complex.
These complexes are the active catalysts for propylene
polymerization in the present study. The results in Table
1 and 2 show that the individual propylene w-complex
stabilization energies (E(Complex)) for the complexes
with MBz as the electron donor are lower than that
for the corresponding complexes with p-OMe-MBz as
the electron donor. This may be rationalized in terms
of the donor ability of the methoxy substituent in p-
OMe-MBz. The positive charge on Ti is partly quenched
due to the extra donation, which probably leads to lower
stabilization energy. This fact is also reflected in the
Ti—O distances in the corresponding catalysts which
show shorter Ti-O bond in [p-OMe-MBz. . .TiCl,CH;]"
compared to that in [MBz...TiCl,CH;]" as discussed
earlier in Section 3.1 (cf. Figs. 2 and 4).

The activation barriers for [MBz...TiCl,CHs;...
C3Hg]" complexes are 16.51 (syn-si) and 16.16 (syn-re),
19.57 (anti-si) and 20.06 (anti-re) kcal/mol (cf. Table 1).
The propylene insertion in [p-OMe-MBz...TiCl,CH;
...C3Hg]" complexes have activation barriers of 16.65
(syn-si), 16.41 (syn-re), 19.80 (anti-si) and 20.21 (anti-
re) kcal/mol (cf. Table 2). These results indicate that
the activation barriers (E,.) of corresponding structures
of MBz and p-OMe-MBz are not significantly different.

In order to study the effect of basis set on the trends
of relative energies, we have also performed single
point calculations at the above optimized geometries
using 6-311++G(d,p) basis set for the MBz catalyst
system. The trends in the relative energies are similar
for syn and anti complexes, their corresponding activa-
tion barriers (E,) and products at both levels of calcu-
lation (cf. Table 1). The overall trend of relative
energies of anti TSs being higher than the syn TSs is
reproduced at both levels of calculations. Similar
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trends are also expected for propylene insertion in
[p-OMe-MBz. . .TiCl,CHj;...C3Hg]" at the higher level
basis set, 6-311++G(d,p).

From the activation barriers it is clear that for both
the electron donors, propylene insertion in anti fashion
requires more than 3 kcal/mol of extra activation energy
than in syn fashion. This fact is also reflected in the Ti—
CH; distances in the corresponding catalysts which
show longer Ti-CH; bond in case of syn TS than the
corresponding anti TS. Further, greater elongation of
C=C bond from syn complex to syn TS than from anti
complex to anti TS for both [p-OMe-MBz

. TlClzCH3 . .C3H6]+ and [MBZ . TlClzCH3 . .C3H6]+
systems (cf. Figs. 2 and 4) are observed. Similar trends,
i.e., less activation barriers for syn insertions in propyl-
ene complexes of the type [TiCl,(CH3)]" and [Ti-
CI(OR)(CHj3)]" were also seen in our previous works
[7a]. The preference for syn insertion is in accordance
with the general experimental observation, that in pro-
pylene polymerization with commercial ZN catalysts
syn(1,2) insertion (anti-Markovnikov) is the preferred
mode [6¢,d]. The preference for syn insertion is probably
steric in nature and has been reported by other workers

for propylene polymerization with both the regioselec-
tivity, stereospecificity preferences [6¢,d].

At B3LYP/6-31G* level of calculation, the activation
barrier for syn propylene insertion in the Ti-CHj3; bond
of the active catalyst [TiCl,Me]" is 11.63 kcal/mol. With
[MBz. . .TiCl,CH;]" and [p-OMe-MBz. . .TiCl,CH;]" as
the active catalysts, the activation barriers (E,.) of syn
insertion of propylene in the Ti—-CHj; bond lie within
the range of 16.16-16.65 kcal/mol (cf. Tables 1 and 2).
Thus, the insertion barriers in the presence of internal
additives are significantly higher (by 4.5-5.0 kcal/mol)
than that for the corresponding [TiCl,Me]" catalyst.
The rates of polymerization in the presence of the elec-
tron donors are thus expected to be lower. Assuming
that the pre-exponential factor remains constant, the
rate constants in the presence of the electron donors
are expected to be more than three orders of magnitude
less than that in their absence. From data available in
the literature, a commercial catalyst with ethyl benzoate
as the electron donor is about 20-25% less active than
the one without an electron donor [2b]. In a multi-site
solid catalyst the contribution of a given type of active
site is expected to be limited, and that of a tri-coordinate
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active site approximating [TiCl,Me]" is expected to be
very small [6]]. This probably explains why on addition
of the electron donor a small, rather than orders of mag-
nitude drop in activity is observed.

An analysis of the relative stabilization energies of the
individual m-complexes reveals the following interesting
observation. The propylene m-complex stabilization
energies (E(Complex)) for the complexes with MBz
and p-OMe-MBz as electron donors range from —3.28
to —4.01 and —1.92 to —2.65 kcal/mol, respectively (cf.
Tables 1 and 2). The corresponding stabilization ener-
gies in the absence of eclectron donors are typically
—44.7 kcal/mol. Thus, on co-ordination by the electron
donors there is almost an order of magnitude decrease in
the stabilization energies. This could be rationalized on
the basis of higher availability of positive charge on Ti in

[TiCl,Me]" for interaction with propylene, than on Ti in
[MBz...TiCl,CHs]* and [p-OMe-MBz...TiCl,CH;]".
These results indicate decreased interaction between Ti
and propylene on adding the electron donors to
[TiCl,Me]" which in turn could have some impact on
its deactivation.

The energies of propylene insertion reactions, i.e.,
catalyst. . .olefin complex — alkyl product, can be com-
puted from the relative stabilization energies of the ole-
fin complex and products of first propylene insertion
reported in Tables 1 and 2. These show that propylene
insertion reactions are exothermic by about 15 kcal/
mol for all the [MBz...TiCl,CH;]" and [p-OMe-
MBz.. . TiCl,CH;3]" systems studied in this work.
Whereas propylene insertion into [TiCl,Me]" catalyst
in syn fashion [7a] is endothermic by 3.33 kcal/mol at



1364 S. Mukhopadhyay et al. | Journal of Organometallic Chemistry 690 (2005) 1356-1365

active catalyst = [p-OMe-MBz...TiCl 2CH3]*
20— Transition States
Relitivic g
Energy 2
(kcal/mol)
10
active
catalyst
+
ropylene
0 _|propy !
Complexes
210 = Insertion
— propylene syn-si
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Fig. 5. Relative energy profile for propylene insertion into [p-OMe-
MBz. . . TiClL,CH;]" at B3LYP/6-31G* level after inclusion of zero
point energy correction.

6-31G* level as found in this work. This indicates great-
er product stabilization for first propylene insertion in
the [MBz...TiClL,CH;]" and [p-OMe-MBz.. .TiCl,-
CHj;]" systems than in [TiCl,Me]" which could be due
to the presence of the internal electron donors in the
former two systems.

It may be noted that for both the electron donors,
there is a small difference between the activation barri-
ers for propylene insertion of syn-si and syn-re com-
plexes (cf. Tables 1 and 2). Although one may want
to attribute this to a small but observable kinetic pref-
erence for propylene insertion in a stereospecific man-
ner, it could be an artifact of basis set and level of
calculations used.

4. Concluding remarks

The purpose of this study was to find out the role of
monoester electron donors on the performance of Zie-
gler—Natta catalyst in propylene polymerization. To
the best of our knowledge, this is the first density func-
tional report of the role of two typical monoester elec-
tron donors for this purpose where we could
rationalize the regioselective tuning of ZN catalysed
propylene polymerization by such donors starting from
the simple model catalyst, [TiCl,Me]".

Our results agree well with two major literature re-
ported experimental observations. Firstly, the regiose-
lectivity (anti-Markovnikov) of propylene insertion is
found to be maintained in the presence of electron do-
nors. For both the electron donors, the propylene inser-
tions in syn fashion have lower activation barriers (E,)
than the corresponding anti fashion. Secondly, co-ordi-
nation of electron donors is found to increase the activa-
tion barriers of propylene insertion, which explains the
experimentally observed drop in catalytic activity. We
have found that the propylene syn insertion barriers in
presence of internal additives are significantly higher
(by 4.5-5.0 kcal/mol) than that for the corresponding
[TiCl,Me]" catalyst. This is in agreement with the widely
reported experimental observation that in the presence
of electron donors there is a drop in the catalytic activity
of ZN catalysts.

Finally, for both electron donors, there is a small dif-
ference between the activation barriers for propylene
insertion of syn-si and syn-re complexes. Though this
seems attributable to a small but observable kinetic pref-
erence for propylene insertion in a stereospecific manner,
this could actually be an artifact of basis set and level of
calculations used. It is known that the stereospecificity
of polypropylene with a ZN catalyst is mainly depen-
dent on the second and subsequent propylene insertion,
rather than the first insertion reaction [6d]. Work on
other electron donors and second propylene insertion
in the [MBz...TiCl,C4Ho]" and [p-OMe-MBz...
TiClL,C4Ho]" systems is in progress.
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