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Theoretical study of ethylene polymerization on
Ziegler–Natta catalysts and on metallocene catalysts
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Abstract

1 Ž . 0Ethylene insertion on O -d CH Ti chloride clustersrC H model systems of Ziegler–Natta catalysts and T -d ,-h 3 n 2 4 d
1 Ž . Ž .d CH TiCp rC H model systems of metallocene catalysts were studied by using paired interacting orbitals PIO3 2 2 4

analysis and LFO calculation. Electron delocalization from catalytic site to ethylene and that from ethylene to catalytic site
played a crucial role in ethylene insertion. The former depends on the nucleophilicity of the active site and the latter on the
electrophilicity of the active site. They were quantitatively estimated by LFO calculation. In the case of O systems, theh

electrophilicity of the catalyst decreased because of the Cl anion located trans to the ethylene in the reaction plane. In the
case of Td systems, since the electrophilicity was not weakened because of the absence of the trans ligand to the ethylene,
the nucleophilicity and electrophilicity were well balanced. The O -d1Ti cluster could be a suitable model of the active siteh 4

on the TiCl crystalline surface. q 1999 Elsevier Science B.V. All rights reserved.3
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1. Introduction

Highly active Ziegler–Natta catalysts have
modernized the manufacturing process of poly-
olefin. Since the discovery of highly active met-
allocene catalysts by Kaminsky et al., much
interest has been directed to homogeneous cata-
lysts because of their possibilities of producing
versatile polymers: syndiotactic polypropylene,
syndiotactic polystyrene, ethylenera-olefin
copolymer with very sharp molecular weight
distribution, etc. The needs of catalysts which
enable to control molecular weight and its dis-
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tribution, copolymerization ratio, regio- and
stereoselectivities, and so on, are increasing
more to produce polymers with desirable chemi-
cal and physical properties. It may be especially
useful to know the difference between the poly-
merization mechanism on heterogeneous cata-
lysts and that on homogeneous catalysts in order
to develop such sophisticated catalysts. Theoret-
ical study of polymerization mechanism is in-
dispensable. As the recent progress in ab initio
MO and ab initio MD computational calcula-
tions by using not only HF methods but also DF
methods, many theoretical studies on poly-

wmerization mechanism have been reported 1–
x14 .
From a practical point of view, ab initio

calculations are not easy to apply to the large
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catalytic systems used in industry. In addition,
MOs spread over the whole molecular system
and, therefore, it is not easy to understand the
catalytic interactions between the active site and
the olefin molecule. The requirement of a not
time-consuming method for analysing the calcu-
lated results and predicting the catalytic activi-
ties will increase as the catalytic systems be-

w xcome larger in size. Fujimoto et al. 15–18
proposed a method of determining unequivo-
cally the orbitals which should play dominant
roles in chemical interactions between two sys-
tems. Interactions were represented compactly
in terms of a few pairs of localized orbitals. In
each orbital pair, one orbital belongs to one
fragment species, that is a catalyst, and the other
orbitals to the other fragment species, that is a
reactant. They called those orbitals ‘‘paired in-

Ž .teracting orbitals’’ PIO . Although this analysis
was proposed originally for ab initio calcula-
tions, we reported that this approach was also
useful in analysing the results of extended

w xHuckel calculations 19–22 . Fujimoto et al.¨
w x w x23,24 and Omoto et al. 25 also proposed the
way of estimating the electrophilicity and nucle-
ophilicity of active sites based on electron delo-
calization. By using this method, we predicted
the reactivities of ethylene insertion into the
Ti-methyl bond in d0-methyltitanium complexes
w x26 .

Most of the theoretical studies have been
done assuming the model of homogeneous cata-
lysts in which an active site has a tetrahedral
Ž .T structure. In the case of heterogeneousd

Ž .catalysts, an active site has an octahedral Oh

structure. In this paper, we study ethylene inser-
tion on O -d1CH Ti chloride clusterrC Hh 3 n 2 4

systems, as models of Ziegler–Natta catalysts,
and on T -d0,-d1CH TiCp rC H systems, asd 3 2 2 4

models of metallocene catalysts, by using PIO
analysis and LFO calculation.

2. Methods

2.1. Models

Many kinetic, morphological and crystallo-
graphic studies of Ziegler–Natta catalysts have
revealed that the precursor of an active site is
located on the edge of the basal face of violet

w xTiCl crystalline surfaces 27–36 . Fig. 1 shows3

the structure of a CH Ti Cl cluster which3 16 47

has been removed from the edge of the basal
face of the violet TiCl crystalline. We em-3

1w xployed four numbers of O -d CH Ti Cl :h 3 n 3ny1
Ž .ns4, 6, 8 neutral clusters, as the active site
model of heterogeneous catalysts, and T -d0,-d

1w xm Ž .d CH TiCp : ms1, 0 , as the active site3 2

model of homogeneous catalysts. They are
shown in Fig. 2.

Fig. 1. A schematic illustration of a CH Ti Cl cluster cut-off from the edge of the basal face of TiCl crystalline.3 16 47 3
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Fig. 2. A schematic illustration of models.
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2.2. PIO analysis

We have examined an ethylene coordinated
state based on the Cossee insertion mechanism.
The geometry optimization technique was not
adopted for determining the structures of the
ethylene coordinated state of the models. The
details of the models are given in Appendix A.
We then divided an ethylene coordinated state

Ž .of model complex combined system C into a
Ž .methyltitanium chloride portion fragment A

Ž .and an ethylene molecule fragment B . The
w x w xgeometries of A and B were the same as

Žw xw x.those in the original complex AyB C .
w x w x w xThe MOs of A , B and C were calculated

by the extended Huckel method. The extended¨
Huckel parameters are given in Appendix A.¨
PIOs were obtained by applying the procedure

w xthat was proposed by Fujimoto et al. 15–18 . It
Ž .is summarized as follows: 1 we expand the

MOs of a complex in terms of the MOs of two
fragment species, to determine the expansion
coefficients c , c and d ,d in Eq.i, f mqj, f k , f nql, f
Ž .1

m Mym

F s c f q c fÝ Ýf i , f i mqj , f mqj
ls1 js1

n Nyn

q d c q d c ,Ý Ýk , f k nql , f nql
ks1 ls1

fs1,2, . . . ,mqn , 1Ž .

w xwhere F is a MO of the complex C , f and c

w xare the MOs of the fragment A and fragment
w xB , respectively, m and n indicate the number
of the occupied MOs of A and B, respectively,
and M and N represent the number of the MOs

Ž .of A and B, respectively; 2 we construct an
interaction matrix P which represents the inter-

w xaction between the MOs of the fragment A and
w xthe MOs of the fragment B

p pi ,k i ,nqlPs 2Ž .p pž /mqj ,k mqj ,nql

in which
mqn

p sn c dÝi ,k t ,u i , f k , f
fs1

is l;m ,ks l;n
mqn

p sn c dÝi ,nql t ,u i , f nql , f
fs1

is1;m ,ls1;Nyn
mqn

p sn c dÝmqj ,k t ,u mqj , f k , f
fs1

js1;Mym ,ks1;n
mqn

p sn c dÝmqj ,nql t ,u mqj , f nql , f
fs1

js1;Mym ,ls1;Nyn;

Ž . A Ž .3 we get transformation matrix U for A and
B Ž .U for B by

˜ A APPU sU G 3Ž .
N

y1r2B AU s g p U Õs1,2, . . . , NŽ . Ýs,Õ Õ r , s r ,Õ
r

4Ž .

Ž . Ž .and, finally, 4 we obtain the PIOs by Eqs. 5
Ž .and 6

N
X Af s U f for A 5Ž . Ž .ÝÕ r ,Õ r

r

N
X Bc s U c for B 6Ž . Ž .ÝÕ s ,Õ s

s

Ž .The N=M NFM orbital interactions in
the complex C can thus be reduced to the
interactions of N PIOs, N indicating the smaller
of the numbers of MOs of the two fragments, A
and B.

2.3. LFO calculation

LFO energies were calculated according to
the procedure proposed by Fujimoto et al.
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w x w x23,24 and Omoto et al. 25 . The reference
orbital, which is determined by PIO analysis,
denoted here by d can be expanded in terms ofr

the occupied MOs f and the unoccupied MOsi
Ž .f of a methyltitanium complex Aj

occ unocc

d s d f q d f 7Ž .Ý Ýr i ,r i j ,r j
i i

Then, the occupied and unoccupied orbital that
are the closest to d are respectively defined byr

1r2occ occ
2f d s d f d 8Ž . Ž .Ý Ýocc r i ,r i i ,rž / ž /

i i

1r2unocc unocc
2f d s d f d 9Ž . Ž .Ý Ýunocc r j ,r j j ,rž / ž /

j j

These orbitals are given by a linear combina-
tion of the occupied and unoccupied canonical
MOs, respectively, and, therefore, the electron-
donating and -accepting strength is evaluated by

occ occ
2 2l d s d ´ d 10Ž . Ž .Ý Ýocc r i ,r i i ,rž / ž /

i i

unocc unocc
2 2l d s d ´ d 11Ž . Ž .Ý Ýunocc r j ,r j j ,rž / ž /

j j

where ´ and ´ are the orbital energies of thei j

component MOs f and f . With the samei j

procedure as described above, we can obtain the
electron-donating and -accepting strength of the

Ž .ethylene molecule B .

Ž .Then, a reactivity index RI is defined by
Ž .Eq. 12 .

RIs1r l yl q1r l ylŽ . Ž .A B B Aunocc occ unocc occ

12Ž .
The first term on the right-hand side estimates
the magnitude of electron delocalization from

Ž .the ethylene molecule B to the methyltitanium
Ž .complex A and the second term estimates that

from A to B.
PIO and LFO calculations were carried out

w xon LUMMOX system 37 .

3. Results and discussion

3.1. PIO analysis

Eigenvalues of PIOs in the models, the AO
components of PIO-1 and PIO-2 are summa-
rized in Tables 1 and 2, respectively. Contour
maps of PIO-1 and PIO-2 of the models are
shown in Fig. 3.

We obtained 12 PIOs, PIO-1 to PIO-12. The
eigenvalues tell us that PIO-1 and PIO-2 have
much larger contribution to the interaction rela-
tive to 10 other orbital pairs. This is reasonable,
because two bonds are formed in the insertion
process. We examine PIO-1 and PIO-2 pre-
cisely.

3.2. O -d1methyltitanium chloride cluster rh

ethylene systems

Table 2 tells us that the main component of
the ethylene part of PIO-1 is the p

U orbital in

Table 1
Eigenvalues of PIOs of the ethylene coordinated state of the model systems

Model system PIO-1 PIO-2 PIO-3 PIO-4 PIO-5 PIO-6 . . . PIO-12
1Ž .O -d 1 rC H 0.469 0.159 0.067 0.050 0.037 0.017 . . . 0.000h 2 4
1Ž .O -d 2 rC H 0.523 0.155 0.066 0.049 0.039 0.017 . . . 0.000h 2 4
1Ž .O -d 3 rC H 0.599 0.155 0.066 0.051 0.039 0.017 . . . 0.000h 2 4
1Ž .O -d 4 rC H 0.635 0.157 0.066 0.051 0.041 0.017 . . . 0.000h 2 4

0Ž .T -d 5 rC H 0.194 0.130 0.051 0.031 0.018 0.013 . . . 0.000d 2 4
1Ž .T -d 5 rC H ; a spin 0.172 0.046 0.013 0.011 0.006 0.004 . . . 0.000d 2 4
1Ž .T -d 5 rC H ; b spin 0.049 0.033 0.013 0.008 0.005 0.003 . . . 0.000d 2 4
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Table 2
LCAO representation of PIO-1 and PIO-2 of the ethylene coordinated state of the model systemsa

PIO-1
X 5 5 10 10 14 171Ž .O -d 1 rC H ; catalyst part f sy0.21 Tid q0.58 Tid q0.24 Tid y0.40 Tid y0.41 Tid y0.28 Tid q . . . ,h 2 4 1 x y x z x y x z y z x z
XC H part c s0.81C p y0.80C p q . . . ,2 4 1 a x b x
X 5 10 101Ž .O -d 2 rC H ; catalyst part f s0.61 Tid q0.24 Tid y0.48 Tid q . . . ,h 2 4 1 x z x y x z
XC H part c s0.81C p y0.80C p q . . . ,2 4 1 a x b x
X 5 5 10 10 21 281Ž .O -d 3 rC H ; catalyst part f sy0.21 Tid q0.66 Tid q0.24 Tid y0.41 Tid y0.24 Tid y0.20 Tid q . . . ,h 2 4 1 x y x z x y x z x z x y
XC H part c s0.81C p y0.81C p q . . . ,2 4 1 a x b x
X 5 10 10 141Ž .O -d 4 rC H ; catalyst part f s0.71 Tid q0.28 Tid y0.35 Tid y0.24 Tid q . . . ,h 2 4 1 x z x y x z y z
XC H part c s0.82C p y0.81C p q . . . ,2 4 1 a x b x
X 5 5 5 7 16 180Ž . 2 2 2T -d 5 rC H ; catalyst part f sy0.74 Tid q0.38 Tid q0.22 Tid q0.21 Cp q0.21 Cp y0.29 Cp q . . . ,d 2 4 1 x – y z x z x y y
XC H part c s0.78C p q0.44C p q . . . ,2 4 1 a x b x
X 1 5 5 61Ž . 2T -d 5 rC H ; a spin, catalyst part f sy0.22 Cp y0.21 Tid q0.88 Tid q0.23 Cp q . . . ,d 2 4 1 x z x z y
XC H part c s0.80C p y0.82C p q . . . ,2 4 1 a x b x

0Ž .b spin, almost the same values as those of the T -d 5 model systemd

PIO-2
X 5 5 6 6 8 91Ž . 2 2 2O -d 1 rC H ; catalyst part f sy0.47 Tid q0.35 Tid q0.29 Clsq0.54 Clp q0.23 Clp q0.34 Clp q . . . ,h 2 4 2 x – y z x x x
X 10C H part c sy0.20Casq0.50Ca p q0.52Cbp y0.20 Hsq . . . ,2 4 2 x x
X 5 5 6 6 8 91Ž . 2 2 2O -d 2 rC H ; catalyst part f sy0.45 Tid q0.34 Tid q0.31 Clsq0.53 Clp q0.22 Clp q0.36 Clp q . . . ,h 2 4 2 x – y z x x x
X 10C H part c sy0.21Casq0.48Ca p q0.51Cbp y0.21 Hsq . . . ,2 4 2 x x
X 5 5 6 6 8 91Ž . 2 2 2O -d 3 rC H ; catalyst part f sy0.45 Tid q0.34 Tid q0.31 Clsq0.54 Clp q0.23 Clp q0.35 Clp q . . . ,h 2 4 2 x – y z x x x
X 10C H part c sy0.21Casq0.49Ca p q0.50Cbp y0.20 Hsq . . . ,2 4 2 x x
X 5 5 6 6 8 91Ž . 2 2 2O -d 4 rC H ; catalyst part f sy0.44 Tid q0.34 Tid q0.31 Clsq0.53 Clp q0.23 Clp q0.35 Clp q . . . ,h 2 4 2 x – y z x x x
X 10C H part c sy0.21Casq0.49Ca p q0.50Cbp q0.20 Hsq . . . ,2 4 2 x x
X 1 1 2 50Ž . 2 2T -d 5 rC H ; catalyst part f s0.56 Cp y0.48 Cp y0.22 Hsq0.27 Tid q . . . ,d 2 4 2 x z x – y
X 11 12C H part c s0.49Ca p y0.78Cbp y0.27 Hsy0.27 Hsq . . . ,2 4 2 x x
X 5 5 7 9 11 181Ž . 2 2 2T -d 5 rC H ; a spin, catalyst part f sy0.74 Tid q0.44 Tid q0.25 Cp q0.20 Cp q0.24 Cp y0.26 Cp q . . . ,d 2 4 2 x – y z y y y y

C H part c
X s0.63C p q0.62C p q . . . ,2 4 2 a x b x

0Ž .b spin, almost the same values as those of T -d 5 model systemd

aA suffix number at the left shoulder of the atomic formula indicates the number of the atomic formula in the models shown in Fig. 2.

all the O -d1 model systems. This signifies thath

PIO-1 represents electron delocalization from
the occupied orbitals of the catalyst part which

Ž .are mainly composed of the Ti d t orbitals2g
Ž . Usee Table 2 , to the ethylene p orbital: that is
back-donation. On the other, the main compo-
nents of the ethylene part of PIO-2 are the p

orbital and some few other occupied orbitals,
and the main components of the catalyst part of
PIO-2 are the mixtures of some unoccupied
orbitals and some occupied orbitals in all the
O -d1 model systems. This indicates that PIO-2h

represents electron delocalization from the ethy-
lene p orbital to the unoccupied orbitals of the

Ž .catalyst part which are composed of Ti d eg

orbitals: that is donation, but a repulsive interac-
tion intervenes between the occupied C 2s and

H1s orbitals of ethylene and the occupied Cl 3p
orbitals of the catalyst.

These results are compactly shown with the
contour maps of PIO-1 and PIO-2 of the model

Ž .systems. One example is shown in Fig. 3 a .

0[ ]q13.3. T -d CH TiCp rC H systemd 3 2 2 4

The main component of the ethylene part of
0Ž .PIO-1 of the T -d 5 rC H system is the pd 2 4

orbital and the main components of the catalyst
part of PIO-1 are the unoccupied orbitals which

Ž .are mainly composed of the Ti d e orbitals. Ing

contrast, the main components of the ethylene
part of PIO-2 of this system are the p

U orbital
and some few other occupied orbitals and the
main components of the catalyst part of PIO-2
are the occupied orbitals which mainly com-
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Ž . 1Ž . Ž . 0Ž . Ž . 1Ž .Fig. 3. Contour maps of PIO-1 and PIO-2 of model systems; a O -d 1 rC H , b T -d 5 rC H , c T -d 5 rC H a spin.h 2 4 d 2 4 d 2 4

Ž .posed of the methyl Cp orbitals and Ti d eg
0Ž .orbitals. In the case of T -d 5 rC H system,d 2 4

main interaction is electron delocalization from
the ethylene to the catalyst: that is donation, and
subsidiary one is electron delocalization from
the catalyst to the ethylene: that is back-dona-
tion.

Contour maps of PIO-1 and PIO-2 of T -d
0Ž . Ž .d 5 rC H system are shown in Fig. 3 b .2 4

1[ ]3.4. T -d CH TiCp rC H systemd 3 2 2 4

3.4.1. a spin system
The main component of the ethylene part of

1Ž . UPIO-1 of the T -d 5 rC H system is the pd 2 4

orbital and the main components of the catalyst
part are the occupied orbitals which are com-
posed of the mixture of the Cp orbitals of the
methyl group, the Tid orbitals and the Cp or-
bitals of the Cp group. The PIO-1 of this model

system represents electron delocalization from
the catalyst to the ethylene molecule: this is also
back-donation. The main component of the eth-
ylene part of PIO-2 of this model system is p

U

orbital and the main components of the catalyst
Ž .part are the unoccupied Tid e orbitals. Theg

PIO-2 indicates electron delocalization from the
ethylene molecule to the catalyst: this is dona-
tion. Contour maps of PIO-1 and PIO-2 of

1Ž . Ž .Td-d 5 rC H system; a spin , are shown in2 4
Ž .Fig. 3 c .

3.4.2. b spin system
The PIOs of the b spin system of T -d

1Ž .d 5 rC H system are almost the same PIOs2 4
0Ž .as those of T -d 5 rC H system.d 2 4

From the discussions described above, we
can conclude that electron delocalization from
the catalyst to the ethylene molecule and that
from the ethylene molecule to the catalyst play
crucial roles in ethylene insertion. The former
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Table 3
LFO energies, nucleo- and electrophilicity of the methyltitaniums and the RI of ethylene insertion of methyltitaniumsrC H systems2 4

l l l l Nucleophilicity Electrophilicity RIA A B Bocc unocc occ unocc
Ž . Ž . Ž . Ž . w Ž .x w Ž .xeV eV eV eV 1r l yl 1r l ylB A A Bunocc occ unocc occ

1Ž .O -d 1 rC H y10.43 y1.07 y17.54 y8.29 0.472 0.061 1.07h 2 4
1Ž .O -d 2 rC H y10.41 0.07 y18.03 y8.30 0.474 0.055 1.06h 2 4
1Ž .O -d 3 rC H y10.69 0.46 y18.02 y8.30 0.418 0.054 0.94h 2 4
1Ž .O -d 4 rC H y10.34 0.36 y18.02 y8.30 0.490 0.054 1.09h 2 4

0Ž .T -d 5 rC H y13.32 y8.47 y13.20 y6.65 0.150 0.211 0.72d 2 4
1Ž .T -d 5 rC H ; a spin y10.44 y8.23 y13.20 y8.25 0.457 0.201 0.66d 2 4
1Ž .T -d 5 rC H ; b spin y13.32 y8.47 y13.20 y6.65 0.150 0.211 0.36d 2 4

1.02

Ždepends on the nucleophilicity electron don-
.ability of the catalytic site and the latter de-

Žpends on the electrophilicity electron accept-
.ability of the catalytic site. The next thing to do

is to estimate the strength of the nucleo- and
electrophilicity of the catalyst quantitatively by
using the LFO scheme.

3.5. RI of the model systems

According to the results of the PIO analysis
on the model systems described above, we de-
termined a reference orbital d . We show refer-r

1Ž .ence orbitals of the O -d 1 rC H system forh 2 4

an example. Four reference orbitals are deter-
mined as follows:for the occupied orbital space
of the catalyst;

d sy0.161C p y0.215Ti dŽ .Ar z x yocc

q0.585Ti d q0.145Ti dx z yz

y0.119Cl p q0.2410Ti dz x y

y0.4010Ti d y0.1511Cl px z x

q0.1111Cl p y0.1213Cl pz z

y0.1214Ti d y0.1314Ti dx y x z

y0.4114Ti d q0.1515Cl pyz y

y0.2817Ti d q0.1517Ti d ,x z yz

1for the unoccupied orbital space;

d s0.181C p y0.115Ti sq0.125Ti pŽ .Ar x xunocc

y0.475Ti d 2 q0.296Cl sz

q0.546Cl p y0.166Cl px y

q0.117Cl p q0.167Cl px y

q0.238Cl p q0.119Cl sx

q0.349Cl p q0.1310Ti px y

q0.1110Ti p q0.1614Ti sz

y0.1414Ti p y0.1614Ti d 2 2y x – y

y0.1414Ti d ,x y

for the occupied orbital space of the ethylene;

d sy0.20C sq0.50C pŽ .Br a a xocc

y0.15C sq0.52C pb b x

y0.179H sy0.2010H s

y0.1411H sy0.1312 H s,
Ž .for the unoccupied orbital space; d sr Bunocc

0.81C p y0.80C p q0.109H sy0.1112H s.a x b x

LFO energies, nucleo- and electrophilicity of
the methyltitaniums and the RI for the ethylene
insertion are summarized in Table 3. The differ-
ences of these values are not large in the O -h

1Ž . Ž .d 1 – 4 rC H systems. It can be sufficient to2 4

1 A suffix number at the left shoulder of the atomic formula
indicates the number of the atomic formula in the models shown
in Fig. 2.
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Table 4
˚Ž . Ž .Bond lengths A and bond angles 8 of models

˚Ž . Ž .Bond length A Bond angle 8

1 a 1Ti– C 2.030 C–Ti–Cl 90.0
c bTi– Cp Cl–Ti–Cl 90.0

1Ti–Cl 2.220 C–Ti–C 105.64a
1 cTi–C , C 2.510 C–Ti– Cp 105.64a b
c cCp–Ti– Cp 123.60

C –C 1.350 Ti–C –C 74.36a b a b
1 2C–C 1.540 Ti– C– H 74.70

U2 cŽ .C– H 1.190 1 –C –C 173.40a b
U cŽ .C–H 1.080 2 –C –C 173.40a b

H–C–H 109.50
Ž .H–C–C in Cp 108.00

H–C , C –H 120.00a b

aA suffix number at the left shoulder of the atomic fomula
indicates the number of the atomic fomula in the models shown in
Fig. 2.
bCp means a center of Cp ring.
cU Ž . U Ž .1 or 2 means a middle point of the two hydrogen atoms of
the methylene group of the ethylene molecule.

1 Ž .employ O -d methyltitanium chloride cluster 1h

as a model of the active site of the TiCl3

catalyst. It is also observed in the case of O -h

d1methyltianium complexes that the nucle-
ophilicity is markedly large in comparison with
the electrophilicity. The decrease of the
electrophilicity is caused by the Cl anion lo-
cated trans to the coordinated ethylene
molecule. This is a characteristic feature of the
O structure of the model systems. In the caseh

Ž .of T systems metallocene type catalysts , sinced

the electrophilicity of the catalyst is not weak-
ened because of the absence of the Cl anion
located trans to the ethylene molecule the nu-
cleophilicity and the electrophilicity of the cata-
lyst are well balanced. RI of the T -d1 system isd

large in comparison with that of the T -d0 sys-d

tem owing to the contribution of the nucle-
ophilicity of the spin part of the T -d1 system.d

The RI of the T -d1 system and those of thed

O -d1 systems are almost the same, howeverh

further investigation is needed as for the com-
parison between the real catalytic activities of
them because the balance of the nucleophilicity
and the electrophilicity of both systems is rather
different.

4. Conclusion

The difference between the structure of the
O and T model systems is that in the formerh d

Ž .system there are two ligands two Cl anions in
the ethylene insertion plane, which is composed
of the Ti atom, the carbon atom of the methyl
group and two carbon atoms of the ethylene,
whereas in the latter, none of the ligands is
located in the plane. Since a ligand located
trans to the ethylene in the insertion plane
decreases the electrophilicity of the catalyst, the
driving force of the ethylene insertion mainly
depends on the Ti3d electron delocalization to
the ethylene in the O model systems. On theh

other hand, disappearing such a limitation, mu-
tual electron delocalizations are well balanced
in the T model systems. By using LFO calcula-d

tions based on PIO analysis we can estimate the
electrophilicity and the nucleophilicity of the
catalyst and can predict the RI of the ethylene
insertion.

Finally, we mention stereospecificity of the
catalyst. The origin of the stereospecificity of
the T model systems comes from c symmetryd 2

structure of the models. On the other, the Oh

model systems belong to c symmetry structure.1

In addition, both of a position for the ethylene
coordination and a route of the ethylene to the
position are restricted to only one in the Oh

systems. The O systems are favorable to giveh

isotactic polymers.

Table 5
Extended Huckel parameters¨

Ž .Orbital Hii eV z 1 z 2 C1 C2

H 1s y13.60 1.30
C 2s y21.40 1.625
C 2p y11.40 1.625
Cl3s y30.00 2.033
Cl3p y15.00 2.033
Ti 4s y8.97 1.075
Ti 4p y5.44 0.675
Ti 3d y10.81 4.533 1.40 0.4206 0.7389
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Appendix A

Geometrical parameters of models are given
in Table 4. Coulomb integrals and orbital expo-
nents are listed in Table 5.
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