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Abstract

The origin of variation in the activity of Ziegler—Natta (ZN) catalysts having chloride and alkoxy ligands for ethylene and
propylene polymerization has been investigated using density functional calculations at B3LYP/LANL2DZ level. The barriers for
olefin insertion into [TiCl,CH;]* for ethylene and propylene are comparable whereas for catalysts with alkoxy ligands, the insertion
barriers for propylene are about 5 kcal mol ™! higher than the corresponding ethylene insertion barriers. This supports the
experimental observation that the propylene polymerization with ZN catalyst having alkoxy ligands has very low catalytic activity
as compared to that for ethylene polymerization whereas [TiCl,CHs]" polymerizes both ethylene and propylene. It is further
revealed that the electronic factors of ligands are dominant over the steric factors in olefin polymerization using such catalysts. The
bonding aspects of various stationary structures on the potential energy surface of olefin insertion reaction are investigated using

topological properties of electron density.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Polyethylene and polypropylene are two of the largest
volume commodity plastic with a total global produc-
tion in excess of 72 billion kilogram [1]. The catalysts
used in the manufacture of these two polyolefins play a
very important role in the productivity and overall
properties of the final polymer and are estimated to have
a global market [2] of $1.5bn. In spite of the spectacular
advances in metallocene and other single site catalysts in
recent times, the commercial manufacture of polypro-
pylene and high-density polyethylene is still largely
based on magnesium chloride supported titanium cata-
lysts, in combination with suitable organo aluminum
cocatalysts. The synthesis and performance of these
catalysts, commonly referred to as Ziegler—Natta cata-
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lysts, have been reported in numerous publications and
patents.

Ziegler—Natta (ZN) catalyst has been one of the most
widely used industrial catalyst for polymerization of
olefins. Several experimental [3] and theoretical [4]
investigations have been carried out using this catalyst.
The commonly accepted mechanism of ZN catalysis is
due to Cossee [5] wherein the active catalyst is assumed
to have a vacant site to which monomer olefin binds to
form metal—alkyl—olefin complex as shown in step 1 of
Scheme 1. Further, olefin inserts into the metal alkyl
bond through four center transition state leading to new
alkyl complex of longer chain and generation of vacant
site on the catalyst (cf. step 2 of Scheme 1). There exist a
large number of theoretical studies addressing elemen-
tary steps in the reaction mechanism proposed by
Cossee as well as those involving two component
TiCly—AlIRj; system [6]. These studies have been based
on various levels of theory using variety of basis-sets.
However, essential features of the Cossee mechanism
remain unchanged irrespective of level of theory and
basis set [6,7].
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Scheme 1.

Using computational methods, the mechanism of
alkene polymerization by classical Ziegler—Natta cata-
lyst has been investigated by several authors. However
to the best of our knowledge no semi quantitative,
mechanistic studies have been carried out on the
comparative activities of titanium haloalkoxy species
towards the polymerization of ethylene and propylene.
Such studies are of obvious importance since it is well
established that alkoxy or haloalkoxy species show
notably different activities in the polymerization of
ethylene and propylene. Thus while alkoxy or haloalk-
oxy species are known to be active catalysts for ethylene
polymerization, they show little or no activity in the
polymerization of propylene [8]. In fact because of this
adverse effect on activity, in the manufacture of poly-
propylene catalyst using Mg(OEt), as the precursor, the
removal of Ti(OEt)Cl; is extremely important for a
catalyst of high activity [9]. The work reported here was
undertaken with a view to offer an explanation for these
technologically important empirical observations. In the
present work, we assume the reaction mechanism due to
Cossee and investigate differences in the reaction
profiles of TiCly and Ti(OR), catalyzed ethylene and
propylene polymerization.

2. Methodology

The active catalysts (having one vacant site as
suggested by Cossee) selected for this work are
[TlClzCHg,] + R [TI(OCH3)2CH3] + and [Ti(O—tBu)z-
CH;]". We have also studied a model active catalyst
[TiCI(OCH;)CH;]t to understand the effect of repla-
cing one of the chloride ligands by OCHj3 group. All the
geometries have been obtained using hybrid density
functional method B3LYP [10] (three parameter Becke’s
exchange energy functional along with correlation
functional due to Lee, Yang and Parr). The LANL2DZ
basis set which includes a double zeta valence basis set
(8s5p5d)/[3s3p2d] for Ti with the Hay and Wadt ECP
replacing core electrons up to 2p and Huzinaga—
Dunning double zeta basis set for all other atoms has

been used throughout the calculations. The vibrational
frequencies and zero-point energies (ZPE) of all the
stationary points have been obtained (cf. Table 1).

Some of the mechanistic aspects of the catalytic
process have been investigated on the basis of the
bonding features of all the structures obtained from
topological analysis of electron density. All the calcula-
tions have been performed using ab initio program
Gaussian 94 [11].

3. Results and discussion

All the stationary structures of reactants viz. active
catalysts and olefins are displayed in Fig. 1. We initiate
our study (using the level of theory discussed above)
with ethylene and propylene polymerization using
[TiCl,CH;]" as an active catalyst, although there are
several reports on ab initio and density functional
investigations on this [7]. The stationary structures on
the potential energy surface (PES) of ethylene and
propylene polymerization are found to be similar to
earlier reported structures [7] and hence not reported
herein. The relative energies for ethylene and propylene
insertion reactions for different catalysts studied herein
are shown in Table 1. The active catalyst, [TiCl,CH3]™
has one vacant site for olefin attack and the ethylene
complex has two structures with one having ethylene
and Ti—CHj; parallel to each other and the other where
they are almost perpendicular. The former ethylene
complex is stabilized by 37.98 kcal mol ' compared to
reactants (ethylene+active catalyst) and ethylene car-
bons are at the distances of 2.302 and 2.855 A from Ti.
The C=C bond of ethylene gets elongated from 1.348 A
in the reactant to 1.373 A in the complex. In the TS, the
C=C of ethylene as well as Ti—~CHj3 bonds elongate and
new Ti—C(ethylene) and Ti—CHj---CH,=CH, bonds
are being formed. The Ti- - -H(CHj) distance in the TS is
2.046 A and the corresponding C—H bond is longer than
other hydrogens in that CH; implying stabilization of
TS due to agostic interaction [4,6]. The geometrical
parameters reported herein are similar to those by
Bernardi et al. using B3LYP/MIDI4 level of theory [6].
The barrier for ethylene insertion reaction is about 8.06
kcal mol ~ !, which is similar to values reported earlier
[7]. For propylene, the complex exhibits two structures:
one having methyl group of propylene syn to Ti—CHj
bond and the other anti to Ti—CH; bond with stabiliza-
tion of 40.99 and 48.28 kcal mol !, respectively. The
propylene carbons are at distances of 2.336 and 2.732 A
from Ti in the syn complex whereas they are 2.234 and
2929 A in the anti complex. The TS also has two
possibilities with syn TS being more stabilized than the
anti TS (activation barrier of 7.15 kcal mol ~ ! as against
17.87 kcal mol ', respectively). The relative energy
profile for ethylene and propylene insertion in
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Table 1
Zero-point energy (ZPE) corrected relative energies (kcal mol ~!) of stationary points on the PES of ethylene and propylene polymerization using
different catalysts at BALYP/LANL2DZ level

Active catalyst Olefin E (complex) E (TS) Eu® E (product)
[TiCLCH;] ™ CH, —37.98 —29.92 8.06 —42.49
C3Hg (syn) —40.99 —33.84 7.15 —42.05
C3Hg (anti) —48.28 —30.41 17.87 —43.66
[TiCl(OMe)CH;]* C,H, —30.97 —22.57 8.40 —35.94
C3Hg (syn, Cl) —39.04 —25.09 13.95 —34.39
C3Hg (anti, Cl) —38.99 —21.73 17.26 —34.87
C3Hg (anti, OMe) —39.00 —21.92 17.07 —35.77
[Ti(OMe),CH3] " C,H, —26.00 —16.85 9.15 —30.50
C3Hg (syn) —32.03 —18.25 13.78 —28.76
C3Hg (anti) —31.85 —14.68 17.17 —28.67
[Ti(O-'Bu),CH;] * C,H, —24.25 —15.12 9.13 —28.91
C3Hg (syn) —29.56 —15.77 13.79 —26.77
C3Hg (anti) —29.24 —12.15 17.09 —26.48

Total ZPE corrected energies (electronic+ZPE in au) of active catalysts and olefins are: [TiCl,CH;] " = —127.647569; [TiCI(OMe)CH;]+ =
—227.822619; [Ti(OMe),CH;]* = —327.983798; [Ti(O—'Bu),CH3]" = —563.699384; C,H, = —78.526874; C3Hg = —117.811103
3 F,.e is insertion barrier in kcal mol ~ .

C2H4 C3H6

Fig. 1. Geometrical parameters and Mulliken charges for active catalysts and olefins at BSLYP/LANL2DZ level. Bond lengths are in A. All the
structures have been visualized by using MSE_Pro molecular modeling software [19].
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[TiCl,CH;] ™" is displayed in Fig. 2. Thus, both ethylene
and propylene can be polymerized using this simple
catalyst as they have similar activation barriers for
olefin insertion.

We studied alkene insertion reaction with a model
active catalyst [TiCI(OCH;3)CH3]" (1a) wherein one of
the chloride ligands of [TiCl,CH;] " has been replaced
by methoxy group. This replacement gets reflected in (a)
elongation of Ti—CHj3; bond by 0.022 A. (b) Enhance-
ment of positive Mulliken charge on Ti (1.13 compared
to 0.95 as shown in Fig. 1). The active catalyst has
almost linear Ti-O—CHj bond with angle of 169.7° as
shown in Fig. 1 which is similar to the X-ray structure
for Til(O—Ar); complex as well as [TiCl;OEt], [12]. All
stationary points on the PES of ethylene and propylene
polymerization pathways via [TiCI(OCH;)CH3] " cata-
lyst are shown in Fig. 3. The ethylene complex (1b) is
seen to be stabilized by 30.97 kcal mol ! compared to
reactants, and the ethylene insertion barrier is found to
be 8.40 kcal mol ~ ! (cf. Table 1 and Fig. 4). Ti—ethylene
distances in the ethylene complex (1b) are longer (2.379
and 2.840 A) than those in the ethylene complex of
[TiCl,CH3]™". For propylene, four possibilities for the
olefin complex exist: (a) Methyl group of propylene is
syn to Ti—-CHj3 bond and towards CI group denoted as
(syn, Cl); (b) methyl group of propylene is syn to Ti—
CHj; bond and towards OMe group denoted as (syn,
OMe); (¢) methyl group of propylene is anti to Ti—CHj
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\ — ethylene insertion
propylene insertion
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Fig. 2. Relative energy profile for ethylene and propylene insertion
into [TiCLCH3]™ at BALYP/LANL2DZ level after inclusion of zero-
point energy correction.

bond and towards CI group (anti, Cl); and (d) methyl
group of propylene is anti to Ti—CHj; bond and towards
OMe group denoted as (anti, OMe). The complex a) is
stabilized by 39.04 kcal mol ~' whereas complex b) was
not found on the PES of reaction. The (syn, CI) (1e)
complex has propylene almost perpendicular to Ti—CHj
bond with shortest Ti—C3Hjg distance of 2.301 A (cf. Fig.
3). Complexes c¢) 1h and d) 1k are stabilized by 38.99 and
39.00 kcal mol ™!, respectively. The corresponding
barriers for propylene insertion through complexes le,
1h and 1k are found to be 13.95 and 17.26 and 17.07
kcal mol ~ !, respectively as shown in the relative energy
profile diagram in Fig. 4. Thus, by replacing one of the
chloride by methoxy group, a significant increase in the
activation barrier is observed for propylene insertion
compared to ethylene insertion. Further, the Ti—C3;Hg
bond is shorter in the TS of (syn, Cl) complex compared
to other two possibilities (cf. 1f, 1i and 11 in Fig. 3).

A similar study was taken up on the system having
[Ti(OCH;),CH;] " as an active catalyst (cf. 2a in Fig. 1).
Both Ti—-CHj3; and Ti—O bonds become longer than in
the [TiCI(OCH;)CH;] " catalyst. The Mulliken charge
on Ti becomes further positive (1.32) after replacement
of second chloride by OCHj (cf. Fig. 1). The optimized
geometries for complexes, TSs and products for ethylene
and propylene insertion into Ti—CHj3 bond are shown in
Fig. 5 and corresponding relative energy profile is
displayed in Fig. 6. The ethylene complex 2b has
ethylene almost perpendicular to Ti—CHj; bond similar
to the ethylene complex 1b. In the corresponding TS, the
short Ti- - -H(CHj) distance (2.075 A) and one long C—
H bond of CHj5 (1.136 against 1.094 A for the other C—
H bonds) is indicative of agostic interaction [4,6]. The
ethylene complex 2b is stabilized by 26.00 kcal mol !
and the barrier to ethylene insertion is 9.15 kcal mol .
The propylene complexes are formed with three differ-
ent geometries, viz. methyl group of propylene is syn to
Ti—CHj; bond 2e, methyl group of propylene is anti to
Ti—-CH; bond 2h and the third where propylene is
almost perpendicular to Ti—CHj3; bond (not shown in
Fig. 5). The syn complex 2e gets stabilized by 32.03 kcal
mol ~!' compared to reactants and has an insertion
barrier of 13.78 kcal mol™!. On the other hand, the
anti complex 2h is stabilized by 31.85 kcal mol ! with
an insertion barrier of 17.17 kcal mol ! (cf. Fig. 6).
Thus, when the alkoxy ligand is used instead of chloride,
the barrier for propylene insertion is about 4-5 kcal

mol ~' higher than that for ethylene. This would have
significant effect on the turnover frequency for poly-
propylene production. From Figs. 3 and 5 it should be
noted that all product structures have short Ti---CHj
distance of the bond which gets broken in the insertion
reaction implying that stabilization to the structure is
gained through this interaction. Further, all product
structures have two C—H bonds of methyl group having
a-agostic interaction as indicated by short Ti- - -H(CHj3)
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[TiCI(OMe)CHs...C3Hg] (syn, Cl)
Complex (1e)

[TiCI(OMe)CHs...C3Hg] (syn, C1) TS (1f)

[TiCI(OMe)C4Ho]" (syn, Cl) Product
(1g)

Fig. 3. Optimized geometries of stationary points observed for ethylene and propylene insertion in [TiCI(OMe)CH;]* active catalyst at B3LYP/

LANL2DZ level. Bond lengths are in A.

distances as well as corresponding longer C—H bonds
having such interactions. Similar observations for pro-
duct structures have been reported earlier in case of
ethylene polymerization [4,6].

We also studied effect of using bulkier ligand like
tertiary butoxy instead of methoxy (the optimized
geometries are reported as supplementary information).
The Mulliken charge on Ti in the active catalyst,
[Ti(O—'Bu)>,CH;]" does not change significantly com-
pared to that in [Ti(OCH3),CH;]*. The ethylene com-
plex is stabilized by 24.25 kcal mol~' whereas two

propylene complexes, viz. syn and anti are respectively
stabilized by 29.56 and 29.24 kcal mol ~'. The activation
barrier for ethylene insertion is 9.13 kcal mol~' and
barriers for propylene insertion are found to be 13.79
and 17.09 kcal mol ! for the syn and anti complexes,
respectively (cf. Fig. 7). These barriers are similar to that
for methoxy ligands, implying that bulk of ligands does
not impart significant effect on the alkene insertion in
Ti—CH; bond. The electronic effects introduced by
replacement of chloride ligand by alkoxy ligand are
significant and govern the reaction profiles.
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[TiCl(OMe)CHs...C5Hg]™ (Anti, Cl) Complex

[TiCI(OMe)C4Hs]" (Anti, Cl) Product (1)

[TiCl(OMe)CHs...C5He]* (Anti, Cl) TS
(1i)

[TiCl(OMe)CHs...C3Hg]* (Anti, OMe)
Complex (1k)

[TiCI(OMe)CHs...C5Hg] (Anti, OMe) TS (11)

[TiCI(OMe)C4Ho]" (Anti, OMe)
Product (1m)

Fig. 3 (Continued)

Comparison of insertion barriers of ZN catalysts
having chloride ligands with methoxy and tertiary
butoxy ligands clearly reveal that the latter have
significantly higher barriers for propylene insertion
than for ethylene insertion (cf. Figs. 2, 6 and 7, and
Table 1). This result is in accordance with the experi-
mental observation that ZN catalysts with alkoxy
ligands are not suitable for propylene polymerization
[8]. Simple calculations for reaction rates based on
activation barriers shows that the ZN catalysts with

alkoxy ligands have the ethylene insertion rates faster by
order of 10°~10* than propylene (assuming constant
pre-factor).

A careful analysis of Table 1 reveals that the ethylene
insertion reaction considered from catalyst---C,Hy —
product is exothermic by about 5 kcal mol ~! irrespec-
tive of the catalyst used. On the other hand, the product
formation is exothermic by about 1.06 kcal mol~! only
in the case of propylene insertion into [TiCl,CH;]™"
catalyst in syn fashion whereas the propylene insertion
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Fig. 4. Relative energy profile for ethylene and propylene insertion
into [TiCI(OCH3)CH3] " at B3LYP/LANL2DZ level after inclusion of
zero-point energy correction.

in anti fashion is endothermic. For all other catalysts,
the propylene insertion is endothermic. This is a clear
differentiating factor between conventional ZN catalysts
and those having alkoxy ligands and could be a
governing factor for the activity of olefin polymeriza-
tion. Thus, exothermicity of reactions for different
catalysts seems to have a direct bearing on the activation
barrier, which is clearly reflected in higher insertion
barriers for propylene than for ethylene in case of
alkoxy ligands.

4. Electron density analysis

In order to understand bonding features of all the
stationary points and electronic contributions of differ-
ent ligands in alkene insertion into Ti—CHj3; bond, we
have carried out topological analysis of electron density
(ED). The topological analysis involves location and
characterization of critical points (CP) in ED distribu-
tion and their interpretation [13]. The ED, Laplacian of
ED and bond ellipticity are the parameters we have
found to be useful for such analysis [14]. The negative
Laplacian is an indicator of a covalent bond, whereas
positive Laplacian indicates non-bonding or closed shell
interaction between the two atoms [15]. The bond
ellipticity defined from eigenvalues /4; of the Hessian
matrix of ED as e¢=(4;/4,—1) where 4; and 4, are
magnitudes of negative eigenvalues with 1; > 4,, is an
indicator of the extent of double bond character. In
addition, the bond ellipticity provides a measure of
structural stability, the bonds with large ¢ values are
prone to rupture [16]. A detailed topological analysis of

ED involving location and characterization of all bond
critical points (BCP) in ED distribution have been
carried out for all the structures, however, only some
of the representative parameters of some important
stationary points are shown in Table 2. We have not
reported ED analysis of stationary points of ethylene
and propylene insertion for [Ti(O—'Bu),CH;] ™" catalyst.

The ED analysis of all stationary structures on the
reaction pathways for all the catalysts show expected
features such as: BCP of all bonds with Ti show positive
laplacian of ED. Ethylene/propylene complex shows a
BCP between Ti and one of the carbons in double bond.
This bond strengthens in the TS whereas Ti—~CH; bond
weakens and new bond formation (Ti)CHjs- - -C (olefin)
is clearly evident from emergence of new BCP. The
product shows a complete formation of Ti—olefin bond
and reduction in double bond character of olefinic bond
as shown by the change in corresponding ellipticity (cf.
Table 2) compared to ethylene complex and TS. The
product also exhibits a weak bond between Ti and
methyl carbon in which olefin insertion takes place.

Some general trends are noteworthy from reactions
using different catalysts. The ED analysis of active
catalysts reveals that Ti—CHjz bond becomes weaker
when OMe replaces every chloride. Similar trend is
observed for Ti—CHj3; bond in case of ethylene com-
plexes. The ethylene complex with [TiCl,CH;]" has
higher ED in the Ti---C,H; bond (0.052 au) as
compared to ethylene complexes of [TiCl(OMe)CH;]™
having ED of 0.043 and of [Ti(OMe),CH3]" with ED of
0.037 au. The double bond character of C=C gets
reduced in the ethylene complexes of all the catalysts
as seen from their corresponding ED and ellipticity
values at the BCP compared to those of ethylene (for
ethylene C=C, ED =0.312 au; ¢=0.245 and cf. Table
2). This may be indicative of the fact that forward
donation from ethylene to Ti is more effective in
[TiCl,CH;]" compared to other catalysts.

As seen earlier [4,6], the short Ti - - -H(CH3) distance
and longer C—H of CHj attached to Ti are indicative of
agostic interaction in olefin insertion TS and products.
These observations are further supported by variation in
electron density values at the BCP of C-H bonds
involved. The ED values at BCP of such C—H bonds
are lower than other C—H bonds of this methyl group.
For example in the TS of ethylene insertion to
[Ti(OMe),CH3]™ the ED value for C-H bond involved
in agostic interaction is 0.223 au as against other C—H
bonds having ED of 0.26 au (cf. Table 2). This is an
indication of donation of ED from C—-H bond to Ti.
However, no bond is found between Ti- - -. H(CH3) in the
TS and products, instead it is found to have BCP for
Ti---CH;3 bond (cf. Table 2). Thus, agostic interaction
does not get reflected in the topology of electron density
as in the case of conventional hydrogen bonds. Popelier
and Logothetis [17] while characterizing the agostic
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[Ti(OMe),CHs...C5He]" Syn TS (2f)

[Ti(OMe),C4Hs]" Syn Product (2g)

Fig. 5. Optimized geometries of stationary points observed for ethylene and propylene insertion in [Ti(OMe),CHs]" active catalyst at B3LYP/

LANL2DZ level. Bond lengths are in A.

bond on the basis of electron density drew similar
conclusions.

Several experimental reports have attributed the
better activity of TiCly catalyst over Ti(OR)4 due to
electronegativity of chlorine leading to a more positive
metal center [18]. However, we have found that the
Mulliken charges on Ti of all the active catalysts (cf. Fig.
1) show opposite trend. This may be attributed to the
more ionic nature of Ti—O bond as compared to Ti—Cl

bond as is revealed by the more positive Laplacian of
ED at the corresponding BCPs (cf. Table 2).

In an attempt to understand the differences between
the ethylene and propylene insertion in Ti—CHj3 bond of
different catalysts, a comparison of their abilities in
bond formation with olefins is noteworthy. A compar-
ison of ED at the Ti---olefin BCP for ethylene and
propylene complexes shows that Ti---C3Hg bond is
weaker than Ti---C,H, bond in [TiCl,CHj- - -Olefin] *
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[Ti(OMe),C4Ho]" Anti Product (2j)

[Ti(OMe),CHjs...C3Hg] " Anti TS (2i)

Fig. 5 (Continued)

whereas Ti---C3Hg bond is stronger than Ti---C,Hy
bond in complexes of all other catalysts (cf. Table 2).
This observation is reflected in the relative stabilization
of propylene complexes as compared to ethylene com-
plexes (cf. Table 1 for relative energies of most favorable
energy profiles using different catalysts). The propylene

Energy
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o0 active catalyst (2a) + ethylene/propylene

|

-10.0[~

== gthylene insertion
propylene insertion
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Transition States

-200—
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Olefin Complexes Insertion Products

_
Reaction coordinate

-400—

Fig. 6. Relative energy profile for ethylene and propylene insertion
into [Ti(OCH3),CH3] " at BALYP/LANL2DZ level after inclusion of
zero-point energy correction.

complexes are typically more stabilized by about 5-7
kcal mol ™' than the ethylene complexes for all the
catalysts having one or more alkoxy ligand. However
this stabilization is less in the case of [TiCl,CH3]". This
is another differentiating factor that may be responsible
for variation of activity towards propylene compared to
ethylene.

5. Concluding remarks

An attempt has been made to understand the varia-
tion in the activity of Ziegler—Natta catalysts having
chloride and alkoxy ligands for ethylene and propylene
polymerization. Density functional calculations at
B3LYP/LANL2DZ level reveal several important fac-
tors that may govern the variation in the ethylene Vs
propylene polymerization activity for these catalysts.
The barriers for olefin insertion into [TiCl,CH;]" for
ethylene and propylene are comparable indicating that
both reactions are feasible as per experimental observa-
tions. However for catalysts with alkoxy ligands, the
insertion barriers for propylene are about 5 kcal mol !
higher than the corresponding ethylene insertion bar-
riers. This trend is seen in the catalysts with different
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Table 2
Electron density and Laplacian of Electron density and bond ellipticities at some bond critical points (BCP) of [TiL;L,CH;3]* catalysts having
different ligands at the B3LYP/LANL2DZ level geometry (L;, L, being Cl or OMe)

Molecule Location of CP in the specified bond p(r) V2p (1) &
[TiCl,CH3] ™" Ti—Cl 0.096 0.281 0.075
Ti—CH3 0.137 0.009 0.016
[TiCl,CHj3- - -CoHyl * Ti—CH; 0.135 0.022 0.020
Complex Ti---CoHy 0.052 0.092 0.011
c=C 0.300 —0.825 0.141
[TiCLL,CHj3- - -CoHy] * Ti—CH3 0.103 0.120 0.030
TS Ti---C,Hy 0.091 0.063 0.039
C=C 0.275 —0.686 0.097
C,Hy---CH; 0.051 0.061 0.25
[TiClL,CsH4] Ti—CH3 0.055 0.172 0.042
Product Ti---CoHy 0.135 0.042 0.001
Cc=C 0.201 —0.318 0.025
c-C 0.186 —0.258 0.013
[TiCl,CHj3- - -C3Hg] * Ti—CHj 0.133 0.021 0.014
Syn complex Ti---C3H,; 0.049 0.085 0.171
Cc=C 0.302 —0.829 0.149
[TiCl,CHj;- - -C3Hg] * Ti—-CH3; 0.134 0.025 0.014
Anti complex Ti---C3H5 0.064 0.096 0.026
Cc=C 0.293 —0.779 0.139
[TiCLL,CHj3- - -C3Hg] * Ti—CHj 0.097 0.139 0.062
Syn TS Ti---C3H, 0.105 0.055 0.051
Cc=C 0.262 —0.616 0.080
C3;H;---CH; 0.060 0.059 0.218
[TiCLL,CHj5- - -C3Hg] * Ti—CHj 0.101 0.126 0.022
Anti TS Ti---C3H, 0.094 0.051 0.049
Cc=C 0.271 —0.667 0.096
C3;H;---CH;, 0.059 0.062 0.198
[TiCl,C4Ho] * Ti—CHj; 0.056 0.174 0.037
Syn product Ti---C3H, 0.136 0.045 0.006
Cc=C 0.200 —0.312 0.037
C3;H;---CH;, 0.185 —0.249 0.029
[TiCl,C4Ho] * Ti—Cl 0.091 0.280 0.095
Anti product Ti—CHj; 0.052 0.169 0.166
C=C 0.196 —0.288 0.048
C3;H;---CH;, 0.193 —0.290 0.025
[TiCl(OMe)CH;3]* (1a) Ti—Cl 0.089 0.266 0.059
Ti-O 0.172 1.079 0.057
O-CH3; 0.189 —0.029 0.001
[TiCI(OMe)CH35- - -C,Hy) ™+ Ti—CH3 0.129 0.038 0.033
Complex (1b) Ti---C,Hy 0.043 0.087 0.195
C=C 0.302 —0.829 0.154
[TiCl(OMe)CH3- - -CoHy4] ™ Ti—CH; 0.096 0.125 0.035
TS (1¢) Ti---CoHy 0.087 0.071 0.054
(Ti)CHjs- - -C,Hy 0.053 0.059 0.189
C=C 0.274 —0.683 0.109
[TiCl(OMe)Cs;H4] Ti—CH; 0.048 0.157 0.053
Product (1d) Ti---CoHy 0.130 0.056 0.027
(Ti)CHjs- - -C,Hy 0.202 —-0.325 0.038
C=C 0.191 —0.280 0.018
[TiCl(OMe)CH3- - -C3Hg] ™ Ti—CH; 0.127 0.039 0.030
(syn, Cl) Complex (1e) Ti---C3Hg 0.053 0.096 0.104
Cc=C 0.297 —0.800 0.159
[TiCl(OMe)CH3- - -C3Hg] * Ti—CH3 0.090 0.136 0.048
(syn, Cl) TS (1f) Ti---C3Hg 0.099 0.065 0.070
(Ti)CHs;- - -C3Hg 0.061 0.057 0.185
c=C 0.263 —0.619 0.094
[TiCl(OMe)C4Ho] ™ Ti---C3Hg 0.131 0.053 0.027
(syn, Cl) Product (1g) Cc=C 0.203 —0.328 0.031
Ti—CHj 0.048 0.157 0.082
(Ti)CHj;- - -C3Hg 0.191 —0.279 0.012
[TiCl(OMe)CH35- - -C3Hg] * Ti—CH3 0.128 0.039 0.030
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Table 2 (Continued)

Molecule Location of CP in the specified bond p (1) V() e
(anti, Cl) Complex (1h) Ti---C5Hg 0.055 0.098 0.040
Cc=C 0.298 —0.802 0.159
[TiCI(OMe)CHj;- - -C5He] Ti—-CH3 0.128 0.039 0.031
(anti, OMe) Complex (1k) Ti---C3Hg 0.054 0.095 0.049
c=C 0.296 —0.795 0.158
[Ti(OMe),CH3] ™" (2a) Ti-O 0.161 1.015 0.044
Ti—CHj; 0.124 0.045 0.017
O-CH; 0.198 —0.092 0.008
[Ti(OMe),CHj- - -CoHy] " Ti—-CH, 0.122 0.052 0.031
Complex (2b) Ti---CyHy 0.037 0.083 0.063
C=C 0.305 —0.846 0.166
[Ti(OMe),CHj-: - -CoHy) ™" Ti—CH; 0.091 0.129 0.029
TS (2¢) Ti---C,Hy 0.081 0.076 0.032
c=C 0.275 —0.684 0.121
(Ti)CH3- - -C,Hy 0.053 0.059 0.159
[Ti(OMe),C3H7]* Ti—CH; 0.044 0.148 0.059
Product (2d) Ti---C,Hy 0.123 0.062 0.020
c=C 0.203 —0.329 0.032
(Ti)CH3-C,H,4 0.191 —0.280 0.076
[Ti(OMe),CHj- - -C3Hg] " Ti—CH; 0.121 0.056 0.030
Syn complex (2e) Ti---C3H;, 0.043 0.091 0.022
c=C 0.301 —0.818 0.174
[Ti(OMe),CHj- - -C5Hg] Ti-CH, 0.086 0.141 0.042
Syn TS (2f) Ti---C5H, 0.093 0.076 0.058
Cc=C 0.265 —0.626 0.112
(Ti)CHj;- - -C3Hy 0.060 0.057 0.169
[Ti(OMe),C,Ho] * Ti-CH, 0.044 0.149 0.058
Syn product (2g) Ti---C3H, 0.124 0.063 0.015
Cc=C 0.203 —0.325 0.044

(Ti)CHj- - -C5H,

0.191 —0.280 0.027

alkoxy ligands and is independent of bulk of ligands.
This clearly supports the experimental observation that
the propylene polymerization with ZN catalyst having
alkoxy ligands has very low catalytic activity as com-

Energy
kcal/mol
o0 active catalyst (3a) + ethylene/propylene
\ = ethylene insertion
propylene insertion
— syn

Transition States ---- anti

-10.0["

-200

-30.0— syn

Olefin Complexes Insertion Products
-400— -

Reaction coordinate

Fig. 7. Relative energy profile for ethylene and propylene insertion
into [Ti(O—'Bu),CHs] " at BALYP/LANL2DZ level after inclusion of
zero-point energy correction.

pared to ethylene polymerization. The difference in the
activation barrier for olefin insertion between ethylene
and propylene is observed to be significant by replace-
ment of one of the chlorides in [TiCl,CH3] " by alkoxy
ligand. Further progressive replacement of chloride by
alkoxy does not exhibit any major change in the
insertion barriers. The use of bulkier ligands like O—'Bu
instead of O—Me does not show much change in the
reaction profile (cf. Figs. 6 and 7). Thus, the electronic
factors of ligands are dominant over the steric factors in
olefin polymerization using such catalysts.

Further, the energies of olefin insertion reactions:
catalyst- - -olefin complex —alkyl product show that
ethylene insertion is exothermic irrespective of catalysts
used. On the other hand, propylene insertion for similar
reaction is exothermic only in case of [TiCl,CH5] " . This
observation may be a governing factor for activity
variation of ethylene and propylene polymerization
using Ti-based catalysts. The topological analysis of
ED allows us to further understand the ED reorganiza-
tion in various stationary structures of reaction profiles
and suggests the relationship of ED with the activity
variation.
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