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Abstract. Ethylene insertion into the Sm—C bond of
H,>SiCp>,SmCHj3, a model reaction of an olefin polymer-
ization propagation step, has been studied by ab initio
molecular orbital methods. The small electronegativity
of the Sm atom makes the Sm—C bond ionic, the methyl
group being negatively charged by —0.75. The reaction
passes through a loose ethylene complex with a binding
energy of 15 kcal/mol and then a tight four-centered
transition state with an agostic interaction between the
Sm atom and one of the methyl CH bonds. A small
activation energy of 14 kcal/mol is required to pass
through this transition state, indicating that this is an
easy reaction. Compared with the reactions with group 4
cationic silylene-bridged metallocenes the activation
energy is higher and the reaction is less exothermic.
The origin of these differences is discussed. The results of
molecular mechanics calculations on regio- and stereo-
selectivities in the insertion reaction of propylene are
also reported.
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1 Introduction

Lanthanide reagents have become widely used in organic
synthesis in the last decade [1, 2], because they give
characteristic reactions as well as better efficiency
compared with reagents of main-block elements and
d-block transition metals [1, 3]. One of the most
important reagents is Sml,, found by Girard et al. in
1980 [4]. This conducts important reactions in organic
chemistry such as reduction of functional groups and
reductive coupling of halides with = bonds [5]. On the
other hand, organolanthanide complexes act as catalysts
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for polymerization of olefin, diene, alkyne, and so forth
[6-9]. Some of them have shown different characteristics
from the traditional Ziegler-Natta-type [10] and newer
homogeneous Kaminsky-type [11] catalysts. Thus theo-
retical comparison of reaction profiles of lanthanide
complexes with those of d-block transition metal com-
plexes is of interest.

In this paper, we report the results of ab initio mo-
lecular orbital (MO) calculations for the following
model reaction (Eq. 1) of the olefin polymerization
propagation step catalyzed by a Sm complex, and its
potential energy profile is compared with those of the
reactions of group 4 cationic complexes (Eq. 2).
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Yasuda and coworkers [9] have designed alkyl Sm
complexes with silylene-bridged cyclopendadienyl li-
gands which catalyze olefin polymerization. It has been
demonstrated experimentally that the complex shown
below, for instance, conducts ethylene polymerization to
give high molecular weight polymers with narrow

molecular weight distributions. Equation (1) is a model
of such polymerizations.
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a metal-alkyl bond, have been reported by us [13] as well
as others [14]. We have carried out ab initio MO
calculations of the model elementary step (Eq. 2) with
silylene-bridged cationic group 4 metallocenes [13] and
found that activation energies for all the group 4 metals
are low and that the activity decreases in the order
Zr > Hf > Ti [13].

Olefin insertion into a metal-alkyl bond creating a
new CC bond is also one of the most important ele-
mentary reactions in organometallic chemistry. Fukui
and Inagaki [15] have demonstrated that interaction of
an alkyl ligand with olefin is assisted by a d orbital of a
transition metal by considering orbital interaction
among the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbitals (LUMOs)
of three fragments as shown below.

LUMO

Therefore, energy profiles would be favorable for
reactions 1 and 2 to a similar extent, and the difference
would be small. Nevertheless, comparison of energy
profiles between these reactions is expected to give
information on features of the reactions of organ-
olanthanides.

Computational methods used in this study are pre-
sented in Sect. 2. The structure of the methyl complex,
H,SiCp,SmCHj3;, and its Sm—CHj; bond is discussed in
Sect. 3. The computational results for ethylene insertion
are discussed in Sect. 4. Concluding remarks are in
Sect. 5.

2 Computational details

In theoretical calculations of compounds with heavy
metal atoms relativistic effective core potentials (ECPs)
are usually used to replace core electrons in order to save
computer time and to take relativistic effects into
account. Several ECPs have so far been reported for
lanthanide atoms. While the ground state of Sm is [Kr]
4d105s25p64f %6s?, the primary difference among the
ECPs is in choosmg the core orbitals to be replaced by
ECPs. Since 4f orbitals are much smaller than 6s and 5d
orbitals, it can be reasonably assumed that 4f orbitals
are not responsible for chemical bonds. Accordingly,
Dolg et al. [16] develoged the ECP replacing the [Kr]
4d"°4f ¢ or the [Kr] 4d"4 f core. Since the Sm atom is
usually di- or trivalent in organometallic compounds
and there are six 4f electrons for Sm (II) and five for
Sm (III), Dolg et al. prepared the ECPs for both
states separately. With the ECP of Cundari and Stevens
[17] [Kr] 4d"® shells are treated as a fixed core. Ross et al.
[18] have reported the ECP with which the [Kr]
4d"°55%5p° core is replaced. While Dolg et al. [19] have

also reported a small core ECP by treating 4s and 4p
electrons as well as 4f electrons explicitly, in the present
study we mainly used their larger core ECP mentioned
above for Sm (III) together with their valence basis
functions (7s6p5d)/[5s4p3d] [16]. An ECP of this type
replacing 4f orbitals was successfully used in calculations
of the structures of lanthanide metallocenes [20] and of
the olefin hydroboration reaction catalyzed by a Sm
complex [21]. Treating partially filled 4f orbitals explic-
itly, we have to calculate the electronic structure of
open-shell molecules, whereas Sm complexes having
only closed shells by replacing 4f orbitals with the ECP
are computationally much easier. For comparison,
energy calculations were also performed with the ECPs
of Cundari and Stevens and of Ross et al. together with
their basis functions for the Sm atom as well as basis set
I for the ligands shown below (latter called basis sets Ia
and Ib, respectively). The spin state in these calculations
is sextet.

For the representation of ligands and other reactants
three different basis sets, called I, II, and III, were used.
Basis set I, our previous standard small basis set, con-
sists of STO-3G basis functions [22] for the spectator
ligand, H,SiCp,, and 3-21G basis functions [23] for the
active methyl and ethylene fragments. In basis set II we
used the (8s5p1d)/[3s2pld] and (4s)/[2s] basis functions
[24, 25] for the methyl group and ethylene and the 3-21G
functions for H,SiCp,. In basis set IIT we modified basis
set II by replacing the 3-21G basis functions for the
H,SiCp, ligand with (8s5p)/[3s2p] for C, (4s)/[2s] for
H, and (11s8pld)/[4s3pld] for Si. As shown later the
Sm—CH3; bond is ionic. In our previous calculations of
the reaction of a methyl complex with formaldehyde the
effect of anion functions on the methyl carbon is small
[26], and thus in the present calculations anion basis
functions were not used.

The structures of stationary points were determined
by second-order Mpgller-Plesset perturbation theory
(MP2) as well as by the restricted Hartree-Fock (RHF)
method. In the RHF geometry optimizations only basis
set [ was employed, whereas basis sets I and II were used
in the MP2 geometry determinations. In order to obtain
more reliable results, we performed energy calculations
for the MP2/II structures using Mpoller-Plesset pertur-
bation theory up to fourth order without triple excita-
tions (MP4SDQ) with basis set II1I. While there is no
overall symmetry constraint in geometry optimizations,
to save computer time a local Cs, symmetry was as-
sumed for the Cp rings without the constraint of the
Sm—X(Cp centroid) axis being perpendicular to the
Cp plane. In the reactant methyl complex this assump-
tion gave a structure less stable by only 1.4 kcal/mol at
the MP2/I level, compared with the structure determined
without any constraint. Since the H,SiCp, fragment is a
spectator ligand, the difference of about 1 kcal/mol
would result in negligible errors in the activation energy
and the energy of reaction as we found previously in
calculations of ethane oxidative addition to CpRhPH;
[27]. Therefore the assumption mentioned above is rea-
sonable for determining the structures of the present
molecules. All the calculations were carried out using the
Gaussian94 program [28].



3 H,SiCp,SmCHj; and its Sm—CH3 bond

In this section, the calculated structures of the Sm
methyl complex, H,SiCp,SmCHj3;, and its Sm—C bond
are discussed. The structure of H,SiCp,SmCHj; opti-
mized at the MP2 level as well as at the RHF level is
shown in Fig. 1. The MP2 calculations with basis sets I
and II gave an Sm—C distance of 2.525 and 2.497 A,
respectively. The experimental Sm—C distance in Me,Si
(Cp-TMS),Sm—CH (TMS), and Cp*,SmCH; (THF) is
2.50 and 2.48 A [9e, 29], respectively, with which the
MP2/11 distance is in good agreement.

Electron correlation effects shorten the Sm—C bond,
showing a contrast to the behavior of covalent bonds
which generally become longer when taking correlation
effects into consideration. This is presumably due to the
ionic character of the Sm—C bond shown later. The
bonding interaction between closed-shell fragments
would be enhanced by electron correlation effects as in
the case of van der Waals complexes. Electron donation
from the methyl anion to the H,SiCp,Sm cation cer-
tainly makes a contribution to the bond, and such
an interaction would be more properly described with
correlated wave functions.

The Boys localized molecular orbital (LMO) for the
Sm—C bond calculated with the RHF/I wave function is
shown in Fig. 2a. It indicates that the bond is quite ionic
and consists of the C sp® hybrid and the Sm 5d orbital
mixed with the Sm 6s orbital. The natural population
analysis shows that there is a negative charge of —0.75 on
the CH; group and that the Sm atom is positively
charged by +2.12. This large polarization is the result of
the large difference in electronegativity between the C
and Sm atoms. Note that even if anion sp functions are
augmented to the methyl C, the Sm—C bond length
shortens by only 0.005 A.

Furthermore, the LMO calculations were carried out
at the restricted open-shell Hartree-Fock (ROHF) level
with basis sets Ia and Ib with which the 4f orbitals were
taken into account explicitly. In these calculations singly
occupied orbitals were excluded from the localization
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Fig. 1. MP2/II optimized structures of H,SiCp,SmCHj; in A and
degrees. The distances between the Sm atom and the Cp carbons as
well as the structural parameters for the SmCHj fragment are
shown. The numbers in italics and parentheses are those for MP2/1
and RHF/I structures
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procedure. The calculations showed that the 4f orbitals
do not make a significant contribution to the Sm—C
bond as shown in Fig. 2b and c. Consistent with this, the
singly occupied orbitals consist mainly of 4f orbitals.
One can see a longer tail reaching the Sm atom in the
LMO calculated with basis set Ib, suggesting that the
ECP used in basis set Ib is too attractive. This is pre-
sumably due to the approximation that the outermost 5s
and S5p core orbitals are replaced by the ECP. It is well-
known that such orbitals should be treated explicitly
[30], and this holds true for the present case.

4 Ethylene insertion into the Sm—C bond
of HZSiCp2SmCH3

4.1 Optimized structures and potential energy profile

In the study of the reaction of ethylene with
H,SiCp,SmCH;3;, Eq. (1), we followed the widely-

b)

Fig. 2a—c. Boys localized orbitals for the Sm—C bond of
H,SiCp,SmCHj; calculated using a RHF/I, b ROHF/Ia, and ¢
ROHF/Ib molecular orbitals
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accepted Cossee mechanism, [31] i.e., ethylene insertion
into a metal-carbon bond following ethylene coordina-
tion. In this section, first, discussions are made based on
the MP4SDQ/III energies calculated at the MP2/II
structures. Comparisons among ECPs at the HF level
will be made later in this section. The MP2/II optimized
structures of stationary points are shown in Fig. 3, and
the relative energies calculated up to the MP4SDQ/III
level are summarized in Table 1.

In the first step of the reaction ethylene coordinates
to the Sm atom with a binding energy of 15.1 kcal/
mol. Since 54 and 6s orbitals of the Sm atom are
formally vacant, electron donation from the ethylene
7 orbital is responsible for this coordination. Without
back-donation to the ©* orbital, the C=C bond is not
stretched so much; in the present ethylene complex the
C=C length is only 0.007 A longer than that in free
ethylene. The Sm—CH; bond length is also almost
unchanged upon coordination. The Sm—C lengths are
much longer than those in the transition state (TS) and
product, showing the loose structure of this ethylene
complex.

The reaction passes through a four-centered TS with
a small activation energy of 13.9 kcal/mol relative to the
ethylene complex, indicating an easy insertion. Though
contribution of the Sm d orbital to the Sm—C bond is
small as shown in Fig. 2a, the positively charged Sm
atom polarizes the CC = bond to facilitate interaction
between the methyl anion and the positively charged C*
atom as shown below.
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At this TS the length of the Sm—CHj; bond to be
broken is only 0.02 A longer than that of the ethylene
complex, and the newly forming C—C bond length is
still 0.63 A longer than that in the product. Though
these structural features suggest the TS is located early
on the potential energy surface, formation of the newly
forming Sm—C bond is almost complete, judging from
its length. This asynchronousity of bond exchange has

usually been observed in TSs of insertion reactions [32].
Also, these structural features indicate that the TS is
tight as well. At the TS one of the CH bonds of the

HQSICPQSmCHg

HgSiszsmC3H7

Fig. 3. MP2/II optimized structures, in A, of stationary points in
the reaction of ethylene insertion into the Sm—C bond of
stlcpzsmCHg

Table 1. Energies (in kcal/mol)

of stationary points for ethylene Method Reactants Ethylene complex Transition state Product
insertion into the Sm—C bond
of H,SiCp,SmCHj relative to ggllfl/]y/IR/l/{IfI{IlF/I 88 _23 %gi _%8§
H,SiCp,SmCH; + C,H a : - : -
231PoSmEA T A2t ROHE/Ib//RHF/I 0.0 _14.4 _14.4
UHF/Ib//RHF/I 0.0 -15.2 -145
MP2/III//RHF/I 0.0 -17.5 -8.8 -30.0
MP2/1//MP2/1 0.0 -20.2 -11.2 -30.3
MP2/11//MP2/11 0.0 -17.3 -8.9 -30.5
RHF/I11//MP2/11 0.0 -53 19.1 -15.5
MP2/111//MP2/11 0.0 -17.9 -8.8 -30.2
MP3/111//MP2/11 0.0 -15.1 -0.7 -26.5
MP4SDQ/I11//MP2/11 0.0 -15.1 -1.2 -26.5




methyl group is 1.125 A long, 0.03 A longer than the
other CH bonds of the same methyl group. The dis-
tance of the H atom from the central metal is 2.467 A,
only 1.15 times longer than the Sm—H bond length
in H,SiCp,SmH, which is 2.151 A at the same level
of calculation. These structural features indicate that
interaction of the CH bond with the central Sm atom,
called agostic interaction, takes place [33].

This interaction remains in the product of a propyl
complex as an agostic interaction between the y CH
bond and the Sm atom, called y CH agostic interaction.
The length of the interacting CH bond is 1.114 A. This is
only 0.01 A longer than the standard distance, and
therefore this interaction is not so strong as that in the
TS. The product is 11.4 kcal/mol more stable than the
ethylene complex, and the overall energy of reaction is
—-26.5 kcal/mol.

The relative energies calculated at several levels given
in Table 1 show that the MP3 and MP4SDQ energy
profiles are almost parallel, the perturbation series
converging quickly, and that even the MP2 energy
profile is not very different from the MP4SDQ one.
These results are similar to those for reaction 2 with
M = Zr" and Hf", in which we found that the MP3
and MP4SDQ results are quite similar to the QCISD
energetics [13b]. The structures of the TS and product
for M = Sm determined at the RHF/I level are pre-
sented in Fig. 4, and are qualitatively the same as those
at the MP2 level. Also, the MP2/III energy calculations
at the RHF/I structures gave similar energy profiles to
those for the MP2/II structures, indicating that single-
reference methods are qualitatively reliable, although

Fig. 4. Structures of the tran-
sition state (7'S) and product
for ethylene insertion into the
M—C bond of H,SiCp,MCHj3
forM = Smand M = Zr" at
the MP2/I level. Numbers in
parentheses are distances at the
RHF/I level
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the MP2 calculations slightly underestimate the activa-
tion barrier.

In order to evaluate the approximation of replacing
partially occupied 4f orbitals by the ECP, we performed
the energy calculations for the RHF/I structures at the
ROHF or unrestricted HF (UHF) levels as shown in
Table 1. With basis set Ia in which 4f orbitals as well as
Ss and Sp orbitals are treated explicitly we obtained a
similar energy profile to that at the RHF/I level, indi-
cating that in theoretical calculations of such organo-
metallic reactions of Sm complexes 4f orbitals can be
replaced by the ECP, as long as oxidation or reduction
processes in which an electron is removed from or added
to one of 4f orbitals are not included. On the other hand,
using basis set Ib in which the 5s and 5p electrons are
replaced by the ECP, and 4f orbitals are in the valence
space, the calculations gave a small activation energy
of 0.0 and 0.7 kcal/mol at the ROHF and UHF levels,
respectively. Such outermost core orbitals should be
treated explicitly as discussed in Sect. 3.

4.2 Comparison of the potential energy profile
with those for group 4 cationic metallocene catalysts

Ethylene insertion is a model reaction of the propaga-
tion step in olefin polymerization. Previously, we have
studied theoretically the model reaction of the propaga-
tion step catalyzed by silﬂylene-bridged metallocenes of
group 4 cations (Ti", Zr™, and Hf ") [13]. The present
potential energy profile can be compared with those as
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Fig. 5. Potential energy profiles for ethylene insertion into the
M—C bond of H,SiCp,MCH;. MP4SDQ profiles for M = Sm,
Zr™, and Hf ™ and PUMP3 profile for Ti* are shown. The results
for group 4 metal cations were taken from Ref. [13c]

shown in Fig. 5. Though the structural features such as a
weak ethylene complex, a four-centered TS with an
agostic interaction, and a product with a y agostic
interaction are similar, there are significant differences in
the potential energy profiles as discussed below.

The Sm ethylene complex is less stable compared
with those of group 4 cations, i.e., the ethylene binding
energy is smaller. In all the ethylene complexes discus-
sed here electron donation from ethylene is responsible
for the metal-ethylene bonds. The Sm atom is absolu-
tely less electron-withdrawing than the group 4 metal
cations, resulting in a less stable ethylene complex. On
the other hand, the TSs for group 4 metal cations are
much more stable than that for M = Sm, and conse-
quently the activation energies are smaller. This is be-
cause of the stronger interaction of the group 4 cations
with organic fragments. This can be seen in the differ-
ence in the bond length of the methyl agostic CH bond
(Fig. 4); at the TS for M = Zr" determined by the
MP2/I method the bond length of the agostic CH_bond
is 1.146 A, whereas that for M = Sm is 1.124 A. We
clarified that the agostic interaction at the TS actually
lowers the activation energy in the ethylene insertion
into the Zr—CHj; bond [34].

This reaction is formally a conversion of an M—CH;
bond and a C=C bond into an M—C;H; bond and two
C—C bonds. The energy of reaction is formally expres-
sed in terms of bond energies as

AE(M) =— [D(M—C3H7) + D(MCH2CH2—CH3)
+ D(MCH,—CH,CH3)]
+ [D(M—CH3) + D(C=C)] .

Using this equation the difference in the energy of
reaction between Sm and Zr is

AE(Sm) — AE(Zr) = [D(Zr—C3H;)
— D(Sm—C3Hy)]
— [D(Zr—CHj3)
— D(Sm—CH3)] .

Accordingly, it is expected that the overall energy of
reaction for M = Sm is similar to those for group 4
cations. However, the reaction for M = Sm is less
exothermic. This suggests that the Zr—C3;H; bond is
stronger compared with the Sm—Cs;H,; bond and in
addition the difference in the bond energy is larger than
that between the M—CHj; bonds. This characteristic of
the Zr—C3;H; bond is induced by the interaction of the
Zr cation with the CC and CH bonds of the propyl
group due to electron donation from ligand ¢ orbitals to
metal vacant orbitals which stretches the ¢ bonds. As
shown in Fig. 4 the CC bond lengths of the propyl group
for M = Zr " are 1.59 A at the MP2/1 level, whereas the
lengths for M = Sm are 1.57 A. The agostic y CH bond
is also longer in the Zr propyl complex. Such interac-
tions are similar to what we found previously; cationic
group 4 metals can induce bonding interaction with
ligand ¢ bonds such as CC and CSi bonds [35].

Positive charges on the group 4 cations induce the
stronger bonding interaction at the TSs to lower the
activation energies and make the reactions more exo-
thermic as just discussed. This is furthermore supported
by calculations of ethylene insertion into the Sc—C
bond of neutral H,SiCp,ScCHj3 [36]. The Sc atom, a
group 3 d-block transition metal is classified into the
rare-earth elements as are lanthanides. The profile of
the insertion reaction is similar to that of the Sm
complex; at the MP4SDQ level the TS for M = Sc is
only 4.0 kcal/mol more stable than the reactants, and
the activation energy relative to the ethylene complex is
11.7 kcal/mol.

4.3 Molecular mechanics calculations of regio-
and stereoselectivities of propylene polymerization

Tacticity control is an important property of metal-
locene catalysts. It was found in 1985 that substituted
zirconocene catalysts can yield highly isotactic propyl-
ene. Since then, great attention has been given to
ligand effects on stereoregulation for isotacticity as
well as syndiotacticity in homogeneous propylene
polymerizations, and substantial advances in the
design of group 4 metallocenes have been made [37—
40]. Employing molecular mechanics (MM) calcula-
tions for the TSs with the substituted catalysts
(M = Zr" and Hf"), we have found that an indirect
control mechanism is operative [13b, d]. As shown in
Scheme 1, in the primary insertion the substituents
on the Cp rings determine the conformation of the
polymer end, which in turn controls the sense of
approach of the propylene monomer. On the other
hand, steric interaction with the Cp rings makes
methyl substitution on the o C, which would lead to
secondary insertion, unfavorable.
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At the TS for M = Sm, however, the situation would
be different. Because of the larger size of the Sm atom
the polymer end as well as the propylene methyl group
would be too far from the Cp rings. Thus, we performed
MM calculations using the same procedure as previously
to investigate the possibility of regulation for isotacticity
with Sm catalysts. Preliminary results are presented in
Table 2 in which the steric energies of the four regio- and
stereoisomeric TSs are listed with those for one of the
zirconocene catalysts we have investigated [13b]. In the
MM calculations the following four H atoms of the MP2
optimized geometry of the TS were replaced by methyl
groups: the two H atoms at 3,4” positions of the Cp
rings, one of the ethylene H atoms, and one of the H
atoms of the methyl group of an model polymer end.
The coordinates of the substituents were optimized in
the MM calculations, whereas the remaining part of the
MP2-optimized structures were frozen. We used the
MM2 force field and program [41]. While the sp® and sp?
C parameters were used for methyl and ethylene Cs of
the reaction center, the central metal was treated as a
dummy atom. For all other atoms, standard parameters
were used.

While the primary insertion with R' = Me is the
most favourable in the reaction of M = Zr ", the steric
energy of the secondary insertion with R® = Me is
smallest in the reaction of M = Sm. The large Sm atom
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makes the Sm—Cp distance so long that R? is in the least
crowded space. For instance, the distance between the C
atom at the 4’ position of the Cp ring and the olefin o C
atom is 3.14 A in the Zr TS, whereas that in the Sm TS is
3.66 A. These results show that in contrast to polymer-
ization with group 4 metallocenes, secondary insertion
would take place and more importantly the different
mechanism could control tacticity in propylene poly-
merization catalyzed by Sm complexes. MM calculations
to confirm this and to investigate the ability of other
ligands to control tacticity are in progress.

5 Concluding remarks

In this paper we have reported the results of ab initio
MO calculations on ethylene insertion into the Sm—C
bond of H,SiCp,SmCHj;, a model propagation step of
olefin polymerization catalyzed by Sm complexes. The
calculations have shown that the reaction takes place
through the loose ethylene complex and the tight four-
centered TS and that an activation energy of 14 kcal/mol
is required to pass through this TS. Comparing the
reactions of ethylene with the group 4 cationic metal-
locene catalysts, the energies of the ethylene complex
and TS relative to the isolated reactants are higher.
These differences originate from the difference in the
ability of the central metal to interact with the ligands.
In the reaction of the Sm complex the central atom has a
small electronegativity and thus the interaction due to
the electron donation from the ligand ¢ bonds to the
vacant metal orbitals is difficult, and consequently the
TS and product are less stable. Also in the preliminary
MM calculations of the sterecoregulation in propylene
polymerization catalyzed by substituted Sm complexes
we have obtained results which are different from those
of group 4 cations, suggesting different control mecha-
nisms could be operational.

Though in the present calculations partially filled 4f
orbitals were replaced by the ECP, single-point SCF
calculations with 4f orbitals treated explicitly gave
qualitatively similar results, suggesting that in such or-
ganometallic reactions without oxidation and/or reduc-

Table 2. Molecular mechanics steric energies (in kcal/mol)
for propylene insertion into the M—C bond of [stl(CpMe)z]
MCH,CHj3 relative to primary insertion with R! = CH

M Primary Secondary

R'=Me R?>=Me R>=Me R*=Me

Zr* 0.0 4.0 4.8 16.3
Sm 0.0 0.3 -6.4 -0.9

2 The results for Zr" were taken from Ref. [13b]

CHaH K
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tion partially filled 4f orbitals could be replaced by the
ECP to obtain qualitative results at less expense.

Acknowledgements. Part of the calculations was carried out at the
Computer Center of the Institute for Molecular Science, Japan.
This study was partly supported by the Grant-in-Aid for Scientific
Research on Priority Area of “New Development of Rare-Earth
Complexes” (No. 06241231) and by that for Scientific Research (C)
(No. 09650901) from the Ministry of Education, Science, Sports,
and Culture of Japan.

References

—

. Molander GA (1992) Chem Rev 92:29

2. Bochkarev MN, Zakharov LN, Kalinina GS (1995) Organode-

10.

11.

12.

13.

rivatives of rare earth elements. Kluwer, Dordrecht

. Kagan HB, Namy JL (1986) Tetrahedron 42:6573
. Girard P, Namy JL, Kagan HB (1980) J Am Chem Soc

102:2693

. Curran DP, Fevig TL, Jasperse CP, Totleben MJ (1992) Synlett

943

. (a) Watson PL, Roe DC (1982) J Am Chem Soc 104:6471; (b)

Watson PL (1982) J Am Chem Soc 104:337

. (a) Jeske G, Lauke H, Mauermann H, Swepston PN, Schumann

H, Marks TJ (1985) J Am Chem Soc 107:8091; (b) Jeske G,
Schock LE, Swepston PN, Schumann H, Marks TJ (1985) J Am
Chem Soc 107:8103

. Ballard DGH, Courties A, Holton J, McMeeking J, Pearce R

(1978) J Chem Soc Chem Commun 994

. (a) Yasuda H, Yamamoto H, Yokota K, Miyake S, Nakamura

A (1992) J Am Chem Soc 114:4908; (b) Yasuda H, Furo M,
Yamamoto H, Nakamura A, Miyake S, Kibino N (1992)
Macromolecules 25:5115; (¢) Yasuda H, Yamamoto H, Yama-
shita M, Yokota K, Nakamura A, Miyake S, Kai Y, Kanehisa
N (1993) Macromolecules 26:7134; (d) Yasuda H, lhara E
(1993) J Synth Org Chem Jpn 51:931; (e) Yasuda H, Thara E,
Morimoto M, Nodono M, Yoshioka S, Furo M (1995)
Macromol Symp 95:203

(a) Keii T (ed) (1972) Kinetics of Ziegler-Natta polymerization.
Kodansya, Tokyo; (b) Boor J (ed) (1979) Ziegler-Natta cata-
lysts and polymerization. Academic Press, New York
Kaminsky W, Kulper K, Brintzinger HH, Wild FRWP (1985)
Angew Chem Int Ed Engl 24:507

(a) Breslow DS, Newberg NR (1959) J Am Chem Soc 81:628;
(b) Long WP, Breslow DS (1960) J] Am Chem Soc 82:1953; (c)
Dyachkovskii FS, Shilova AK, Shilov AV (1967) J Polym Sci
Part C 16:2333; (d) Watson PL, Roe DC (1982) ] Am Chem Soc
107:6471; (e) Eisch JJ, Piotrowski AM, Brownstein Gabe EJ,
Lee FL (1985) J Am Chem Soc 107:7219; (f) Alelyunas YW,
Jordan RF, Echols SF, Borkowsky SL, Bradley PK (1991)
J Am Chem Soc 113:8091

(a) Fujimoto H, Yamasaki T, Mizutani H, Koga N (1985) J Am
Chem Soc 107:8687; (b) Kawamura-Kuribayashi H, Koga N,
Morokuma K (1992) J] Am Chem Soc 114:8687; (c) Yoshida T,
Koga N, Morokuma K (1995) Organometallics 14:746; (d)
Yoshida T, Koga N, Morokuma K (1996) Organometallics
15:766; (e) Koga N, Yoshida T, Morokuma K (1995) In: Fink
G, Miilhaupt R, Brintzinger HH (eds) 40 years Ziegler catalysts.
Springer, Berlin Heidelberg New York, pp 275-289; (e) Koga

N, Yoshida T, Morokuma K (1996) Polym Mater Sci Eng
74:360

. (a) Jolly CA, Marynick DS (1989) J Am Chem Soc 111:7968; (b)

Woo TK, Fan L, Ziegler T (1994) Organometallics 13:432; (c)
Woo TK, Fan L, Ziegler T (1994) Organometallics 13:2252; (d)
Fan L, Harrison D, Woo TK, Ziegler T (1995) Organometallics
14:2018; (e) Lohrenz JCW, Woo TK, Ziegler T (1995) J Am
Chem Soc 117:12793; (f) Woo TK, Margl PM, Lohrenz JCW,
Blochl PE, Ziegler T (1996) J Am Chem Soc 118:13021; (g)
Margl P, Lohrenz JCW, Ziegler T, Bléchl PE (1996) J Am
Chem Soc 118:4434; (h) Weiss H, Ehrig M, Ahlrichs R, J Am
Chem Soc (1994) 116:4919; (i) Meier RJ, van Doremaele GHJ,
Iarlori S, Buda F (1996) J Am Chem Soc 116:7274; (j) larlori S,
Buda F, Meier RJ, van Doremaele GHJ (1996) 87:801; (k) van
Doremaele GHJ, Meier RJ, larlori S, Buda F (1996) J Mol
Struct (THEOCHEM) 363:269

. Fukui K, Inagaki S (1975) J Am Chem Soc 97:4445
. Dolg M, Stoll H, Savin A, Preuss H (1988) Theor Chim Acta

75:173

. Cundari TR, Stevens W (1993) J Chem Phys 98:5555

. Ross RB, Gayen S, Ermler WC (1994) J Chem Phys 100:8145
. Dolg M, Stoll H, Preuss H (1988) J Chem Phys 90:1730

. Kaupp M, Schleyer PVR, Dolg M, Stoll H (1992) ] Am Chem

Soc 114:8202

. Kulkarni SA, Koga N J Mol Struct (THEOCHEM) (in press)
. (a) Hehre WIJ, Stewart RF, Pople JA (1969) J Chem Phys

51:2657; (b) Stewart RF (1970) J Chem Phys 52:431

. (a) Binkley JS, Pople JA, Hehre WJ (1980) J Am Chem Soc

102:939; (b) Godron MS, Binkley JS, Pople JA, Pietro WJ,
Hehre WJ (1982) 104:2797

. Huzinaga S, Andzelm J, Klobukokowski M, Radzio-Andzelm

E, Sakai Y, Tatewaki H (1984) Gaussian basis sets for
molecular calculations. Elsevier, Amsterdam

. Ditchfield R, Hehre WJ, Pople JA (1971) J Chem Phys 54:724
. Koga N (unpublished)

. Koga N, Morokuma K (1990) Organometallics 10:946

. Frisch MMJ, Trucks GW, Schlegel HB, Gill PMW, Johnson

BG, Robb MA, Cheeseman JR, Keith T, Petersson GA,
Montgomery JA, Raghavachari K, Al-Laham MA, Zakrzewski
VG, Ortiz JV, Foresman JB, Peng CY, Ayala PY, Chen W,
Wong MW, Andres JL, Replogle ES, Gomperts R, Martin RL,
Fox DJ, Binkley JS, Defrees DJ, Baker J, Stewart JJP, Head-
Gordon M, Gonzalez C, Pople JA (1995) Gaussian 94, revision
B.3. Gaussian, Pittsburgh, Pa

. Evans WJ, Chamberlain LR, Ulibarri TA, Ziller JW (1988)

J Am Chem Soc 110:6423

. Hay PJ, Wadt WR (1985) J Chem Phys 82:299

. Cosse P (1964) J Catal 3:80

. Koga N, Morokuma K (1991) Chem Rev 91:823

. Brookhart M, Green MLH (1983) J Organomet Chem 250:395
. Endo J, Koga N, Morokuma K (1993) Organometallics 12:2777
. Koga N, Morokuma K (1988) J Am Chem Soc 110:108

. Yoshida T, Koga N (unpublished results)

. Roell W, Brintzinger HH, Rieger B, Zolk R (1990) Angew

Chem Int Ed Engl 29:279

. Ewen JA, Jones RL, Razavi A (1988) J Am Chem Soc 110:6255
. Miya S, Mise T, Yamazaki H (1989) Chem Lett 1853
. Spaleck W, Antberg M, Rohrmann J, Winter A, Bachmann B,

Kiprof P, Behn J, Herrmann WA (1992) Angew Chem Int Ed
Engl 31:1347

. Allinger NL, Yuh Y (1980) QCPE 12:394



