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ABSTRACT: 1-Hexene polymerization catalyzed by dicationic rare earth metal alkyl species [Ln(iPr-
trisox)(CH2SiMe3)]

2+ (Ln = Sc and Y; trisox = trisoxazoline) has been computationally studied by using
QM/MM approach. It has been found that the initiation of 1-hexene polymerization kinetically prefers
1,2-insertion (free energy barrier of 17.23 kcal/mol) to 2,1-insertion (free energy barrier of 20.05 kcal/mol).
Such a preference of 1,2-insertion has been also found for chain propagation stage. The isotactic
polymerization was computed to be more kinetically preferable in comparison with syndiotactic manner,
and the dicationic system resulted in lower insertion free energy barrier and more stable insertion
product in comparison with the monocationic system. The stereoselectivity was found to follow chain-
end mechanism, and the isospecific insertion of 1-hexene is mainly controlled by kinetics. In addition,
the current computational results, for the first time, indicate that the higher activity of Sc species toward
1-hexene polymerization in comparison with the Y analogue could be ascribed to lower insertion barrier, easier generation of the
active species, and its larger chemical hardness.

■ INTRODUCTION
Poly(1-hexene) as an important long-chain poly(α-olefin) is a
pectinate polymer with special properties. It can be used as oil
additive, which is suitable for lowering setting point, lowering
dynamic viscosity, and limiting shear tension of paraffin oils
under transportation and storage conditions. Generally, the
microstructure of synthetic polymer has significant influences
on its physical and chemical properties, and hence for certain
usage. Therefore, the synthesis of poly(1-hexene) with certain
microstructure has attracted more and more interests. In this
context, group 4 and late transition metal complexes have been
widely used as precatalysts.1,2 For example, ansa-zirconium
catalysts,2a zirconium and rhodium heterobimetallic complex-
es,2b and chiral [N,N,N]-ligated titanium/zirconium catalysts2g

have been reported for 1-hexene polymerization. These cat-
alysts have C1 or C2 symmetric feature and show excellent
isospecific control in 1-hexene polymerization. However,
catalyst systems showing both high activity and stereoselectivity
for 1-hexene polymerization remained rare.2b,j The zirconium
amine bis(phenoxide) complexes have been reported to be
highly active precatalysts for 1-hexene polymerization, whereas
the polymers obtained were atactic in spite of the C1 symmetric
feature of the ancillary ligand.2d Kol and his co-workers
reported a Ti diamine bis(phenolate) catalyst showing high
activity toward 1-hexene polymerization, but the polymer
obtained had low-to-medium degree of isospecificity.2e There-
fore, studies on the search for highly active and stereoselective

catalysts for 1-hexene polymerization are of much interest and
importance.
Recently, cationic rare earth alkyl complexes have been

reported to act as a new family of polymerization catalysts.3 For
example, the cationic half-sandwich scandium alkyl species,
such as [(C5Me4SiMe3)Sc(CH2SiMe3)]

+, showed excellent
activity and selectivity for the polymerization and copoly-
merization of a wide range of olefins, such as syndiospecific
polymerization and copolymerization of styrene with ethylene,
dienes and other olefins.4 However, this catalyst showed no
stereoselectivity for the polymerization of 1-hexene, yielding
poly(1-hexene) in both 1,2- and 2,1-fashions.5 The cationic
scandium alkyl species bearing a neutral 1,4,7-trithiacyclono-
nane ligand, [Sc([9]aneS3)(CH2SiMe3)2]

+, was also reported to
polymerize 1-hexene but without showing stereoselectivity.6

Gade et al. reported that a series of cationic rare-earth metal
alkyl species, such as those of 2Sc (2Y) and 3Sc (3Y) shown in
Scheme 1, bearing a C3-chiral trisoxazoline (trisox) ancillary
ligand could be generated by the reaction of a trialkyl complex
Ln(iPr-trisox)(CH2SiMe3)3, such as 1Sc (1Y), with 1 and 2
equiv of a borate compound [Ph3C][B(C6F5)4] as an activator,
respectively (Scheme 1).7 Among these species, the dicationic
Sc alkyl species showed extremely high activity (36200 kg mol−1

h−1) and isoselectivity toward the polymerization of 1-hexene.
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However, other dicationic rare-earth metal alkyl species showed
rather low or no activity,7c and all of the monocationic species
showed lower activity in comparison with their corresponding
dicationic analogues. However, the related mechanism and factors
governing the activity and regio- and stereoselectivity remain unclear.
Numerous computational studies8−11 have been widely and

successfully conducted to investigate the mechanism of various
olefin polymerizations catalyzed by group 4 and late transition
metal complexes. In this context, studies on α-alkenes have
almost been limited to propylene possibly due to the bulky
substituent of higher alkenes. A palladium-catalyzed polymer-
ization of propylene has been computationally explored.10a

It was found that 2,1-insertion is more favorable than 1,2-
insertion in the palladium catalyst system, and the insertion
barrier of propylene was higher than that of ethylene. However,
the polymerization of propylene catalyzed by a series of Ti
complexes featuring fluorine-containing phenoxy-imine chelate
ligands was computationally found to occur exclusively via 1,2-
insertion at the initial stage and 2,1-insertion as the principal
mode in the chain propogation.10h Caporaso et al. reported a
more general picture of the enantioselectivity in the process of
chain transfer to monomer during propylene polymerization.10l

In comparison with computational studies on the polymer-
ization of propylene and other olefins, the polymerization
1-hexene has received much less attention.8 Carpentier et al.
optimized a variety of possible cationic zirconium species, which
was used in the stereospecific polymerization of 1-hexene.11a The
first determination of empirical and computed 12C/13C kinetic
isotope effects for metallocene-catalyzed polymerization of
propylene as a model of the 1-hexene was also reported.11b

Thomson and co-workers studied the quantitative effects of ion
pair and sterics on chain propagation kinetics in 1-hexene poly-
merization catalyzed by mixed Cp′/ArO ligated complexes.11d

They found that the Ti-based catalyst exhibiting unusually high
reactivity has lower ion-pair separation energy in toluene in
comparison with the Zr analogue. Extensive theoretical studies
on the mechanism of olefin polymerization by late and group 4
transition metal complexes effectively promoted the design and
development of homogeneous transition metal catalyst.
In contrast, computational studies on the mechanism of olefin

polymerization catalyzed by rare-earth metal catalysts have been
much less explored despite recent progress.12,13 Recently, Maron

et al. conducted a series of computational studies on the syndio-
specific polymerization of styrene by single-component ansa-
lanthanidocenes,12l,n the polymerization of conjugated dienes by
cationic species [Cp*ScR]+, and the copolymerization of conju-
gated dienes with olefins (including 1-hexene) by a hemilan-
thanidocene [(Cp*)(BH4)LnR].

12k,m A computational study on
styrene polymerization catalyzed by ansa-bis(indenyl) allyl rare
earth complexes was reported by Carpentier and co-workers.
The results suggested a favorable secondary insertion of styrene
during both chain initiation and propagation stages.12o

Mountford et al. performed a DFT study on the ligand binding
ability in Ln(L)(CH2SiMe3)3 (Ln = Sc or Y; R = Me or
CH2SiMe3; L = Me3[9]aneN3 or [9]aneS3) complexes. They
found that the electron-deficient base-free dialkyl cations
[Ln(L)(CH2SiMe3)2]

+ were usually stabilized by a β-Si−C
agostic interaction.12a During our computational studies on rare
earth metal complexes,13 we have also carried out a series of
theoretical calculations on olefin polymerization catalyzed by
cationic rare earth metal complexes in combination with experi-
mental studies.12b−e We recently found that the mechanism of
styrene−ethylene copolymerization catalyzed by a cationic half-
sandwich scandium alkyl species is different from that involved
in group 4 catalyst systems.12f In spite of these recent achieve-
ments in this field, an in-depth study on 1-hexene polymer-
ization catalyzed by a rare earth metal catalyst has not been
reported previously.
In this paper, we report a QM/MM (quantum mechanics/

molecular mechanics) study on the mechanism of 1-hexene
polymerization catalyzed by the dicationic alkyl complex [Sc-
(iPr-trisox)(CH2SiMe3)]

2+. The catalytic activity of this cationic
species has also been computationally compared with its Y
analogue. There are three purposes in this study. The first is to
clarify whether the 1-hexene insertion preferably adopts a 1,2-
insertion or 2,1-insertion manner in the chain initiation and
propagation stages. The second is to find out the reason why
such kind of catalyst system produced isotactic poly(1-hexene).
The third is to computationally clarify the origins of the higher
activity of dicationic active species in comparison with the
monocationic ones and the higher activity of Sc species com-
pared to Y analogue. We hope that the results reported here
would be helpful for better understanding of the polymerization

Scheme 1. Generation of Cationic Rare Earth Metal Alkyl Species Bearing C3-Chiral Trisoxazoline Ancillary Ligand
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mechanism of 1-hexene and for the development of new rare-
earth metal polymerization catalysts.

■ COMPUTATIONAL DETAILS
The dicationic scandium alkyl species [Sc( iPr-tr isox)-
(CH2SiH3)]

2+(3Sc′) (Figure 1) was used for modeling the initial

catalytic species in the computations. The QM/MM calculations were
carried out with ONIOM(B3LYP:UFF) approach,14 as implanted in
Gaussian 09 program.15 In the ONIOM(B3LYP:UFF) calculations,
one methyl and three isopropyl groups of the ancillary ligand are
placed in the outside layer treated by the universe force field (UFF)16

for saving computational time and consideration of steric effects. The
other atoms, including those in the monomer molecules, constitute the
inner layer. During the calculations on the generation of ion pair and
its separation, the species [Ln(iPr-trisox)(CH2SiMe3)]

2+ (Ln = Sc
and Y) and counterion [B(C6F5)4]̄ were adopted. The ONIOM-
(B3LYP:UFF) method was used for geometry optimization and
subsequent analytic frequency calculation. The treatment of [Ln(iPr-
trisox)(CH2SiMe3)]

2+ species for the ONIOM calculation is same as
that described above. As to the part of [B(C6F5)4]̄ anion, the B atom
and the −C6F5 group interacting directly with the metal atom are
included in the inner layer. While the remained three −C6F5 groups
are placed in the outside layer. The ONIOM energy of the whole
system is calculated as

= ‐ + ‐

− ‐

E E E

E

(ONIOM) (high level, inner layer) (low level, real)

(low level, inner layer)

where the E(high-level, inner layer) is the energy of the inner layer
calculated with the high-level method (B3LYP), E(low-level, real) is
the energy of the whole system calculated with the low-level method
(UFF force field), and E(low-level, inner layer) is the energy of the
inner layer calculated with the low-level method. For the B3LYP
calculation, the 6-31G* basis set was used for C, H, N, O, B, and F
atoms, and the Sc, Y and Si atoms were treated by the Stuttgart/
Dresden effective core potential (ECP) and the associated basis sets.17

In the Stuttgart/Dresden ECP used in this study, the most inner 10
electrons of Si and Sc and the most inner 28 electrons of Y are
included in the core, respectively. The 4 valence electrons of Si atom
and 11 valence electrons of Sc and Y atoms were treated by the
optimized basis sets, viz. (4s4p)/ [2s2p] for Si, (8s7p6d1f)/
[6s5p3d1f] for Sc, and (8s7p6d)/[6s5p3d] for Y, respectively. The
basis set for Sc atom contains one f-polarization function with
exponent of 0.27. One f-polarization function (exponent of 0.84) and
one d-polarization function (exponent of 0.45) were augmented for Y
and Si, respectively. Normal-coordinate analyses were performed to

verify the geometrically optimized stationary points and to obtain the
thermodynamic data. In the present study, the complexation energy
was defined as the energy difference in free energy between a π-complex
and separated species. The more negative the complexation energy,
the more favorable the formation of a π-complex. Insertion barriers
were calculated as the difference between the transition state and the
most stable structures (separated species or π-complex). Reaction
energies were calculated as the energy difference between the insertion
product and the energy sum of isolated monomer and active species.
All optimizations were carried out in the gas phase without any symmetry
constraint. Energy profiles were described by relative free-energies
obtained from gas-phase ONIOM calculations (ΔG, kcal/mol).

The basis set superposition error (BSSE) correction was included in
the calculation of interaction energy between the active species and 1-
hexene motif. For estimation of BSSE, single point calculations were
performed for the ONIOM-optimized geometries. To estimate the
changes in enthalpy during the formation of ion pair and their separa-
tion via the coordination of olefin, single-point energy calculations
were also performed on optimized ONIOM geometries. In such
single-point calculations, the larger basis set 6-31+G** was used for
nonmetal atoms, and the basis sets for metal atoms are same as those
in geometry optimizations. The enthalpy correction obtained from
analytic frequency calculation was added to the single-point energy to
estimate enthalpy change. Such single-point calculations were also
performed for some structures to obtain chemical hardness.

■ RESULTS AND DISCUSSION

1. Regioselectivity in the Insertion Reaction of 1-Hexene.
For d0-metal complex catalyst, the insertion reaction of alkenes
was proposed to follow the Cossee−Arlman mechanism,18 in
which the olefin initially approaches the metal center to form a
π-complex and then the reaction proceeds via a four-center
transition state (TS) leading to the insertion product (Scheme 2a).
This general mechanism is also suitable for hexene insertions
into the Sc−CH2SiH3 bond of 3Sc′. The hexene polymerization,
however, has some differences from ethylene polymerization.
Two C atoms of the ethylene are equivalent when inserting the
metal−alkyl (M−R) bond, while the insertion of a hexene into
the M−R bond can adopt two manners with two enantio-
faces,19 viz. 1,2-insertion (primary insertion with re- and si-faces
in the transition state, respectively) and 2,1-insertion(secondary
insertion with re- and si-faces in the transition state, respectively)
because of the existence of an n-butyl group (Scheme 2b).
Therefore, the issue of regioselectivity appears in the polymerization
of an α-olefin.
In the present paper, we investigated in detail the regio-

selectivity of 1-hexene polymerization. Considering that the
regioselectivity is determined by an insertion TS structure, four
TSs for the insertion of 1-hexene into Sc−CH2SiH3 bond of
3Sc′ have been located with respect to 1,2-si-, 1,2-re-, 2,1-si-, and
2,1-re-insertion manners, respectively. It was found that free
energies (relative to the energy sum of 3Sc′ and 1-hexene)
of these TSs are 18.70, 19.51, 25.07, and 30.19 kcal/mol for
1,2-si-, 1,2-re-, 2,1-si-, and 2,1-re-insertion manners, respectively
(see Figure S-4 in Supporting Information). This result
indicates that the 1,2-si-insertion TS is most stable among
these four TSs and that the 2,1-si-insertion TS is more stable
than 2,1-re-insertion TS. Therefore, the 1,2-si-insertion pattern
was considered in the following, and the 2,1-si-insertion manner
was also investigated for comparison. The computed energy
profiles for 1,2- and 2,1-insertion of 1-hexene into the Sc−
CH2SiH3 bond of 3Sc′ are shown in Figure 2. As shown in this
figure, the free energies are relative to the energy sum of active
species 3Sc′ and m (monomer, 1-hexene). The 1,2-insertion
starts with the formation of complex C12Sc and proceeds via a

Figure 1. Optimized cationic species 3Sc′ showing a β-Si−H agostic
interaction as suggested by the Sc···H1 distance of 2.211 Å, Si−H1
bond length of 1.575 Å, and Sc−C3−Si angle of 92.6°. The similar
geometrical feature, viz. β-Si−C agostic interaction, was also observed
in real structure [Sc(iPr-trisox)(CH2SiMe3)]

2+ (3Sc, see Figure S-3 in
Supporting Information).
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four-center transition state T12Sc, leading to the insertion
product P12Sc. The C12Sc is lower in free energy than the energy
sum of 3Sc′ and m by −2.37 kcal/mol. This insertion process,
which overcomes a free energy barrier of 17.23 kcal/mol, is
exergonic by −3.08 kcal/mol. However, the 2,1-insertion needs
to overcome a free-energy barrier of 20.05 kcal/mol and is
exergonic by −2.50 kcal/mol. Both the prereaction complex
(C21Sc) and transition state (T21Sc) for 2,1-insertion are higher
in energy than those for 1,2-insertion by 2.04 and 4.86 kcal/mol,
respectively. The 1,2-insertion product P12Sc is also slightly
stable than the 2,1-insertion product P21Sc. Single-point calcula-
tions at the level of B3LYP were also performed on the opti-
mized stationary points involved in Figure 2. In the single-point
calculations, the basis set 6-311+G** was used for C, H, O, and
N atoms and the basis set for Sc and Si atoms are same as that
in geometry optimizations. The results show that the inser-
tion free energy barrier for 1,2-insertion is smaller than that
for 2,1-insertion by 6.12 kcal/mol, and the P12Sc is more stable
than P21Sc by 3.39 kcal/mol (see Figure S-1 in Supporting
Information). To corroborate this result, the MPW1K func-
tional has been also utilized to compute the energy profile.
The MPW1K functional developed by Truhlar’s group was
suggested to be an efficient method for predicting reac-
tion energy and barrier heights and was comparable to multi-
reference methods.20 The MPW1K calculations also indicate
the preference of 1,2-insertion over 2,1 insertion (see Figure S-2

in Supporting Information). These results suggests that the 1,2-
insertion is both kinetically and energetically more favorable
than the 2,1-insertion at the chain initiation stage. To elucidate
the origin of the kinetic preference for such a regio-
selectivity, we further analyzed the energies and geometries of
T12Sc and T21Sc. An analysis of energy (electronic energy, ΔETS)
decomposition of T12Sc and T21Sc was performed. The energies
of the fragments Sc(iPr-trisox)(CH2SiH3)

2+ (A) and 1-hexene
(B) in the geometry they have in the two TSs were evaluated in
single-point calculations. Such single-point energies of the frag-
ments and the energy (corrected by BSSE) of TS were used to
estimate the interaction energy ΔEint. These energies, together
with the energy of the respective fragments in their optimal
geometry, allow for the estimation of the deformation energies
of the two fragments, ΔEdef(A) and ΔEdef(B). As the energy of
the TS, ΔETS, is evaluated with respect to the energy of the two
separated fragments, the relation ΔETS = ΔEint + ΔEdef(A) +
ΔEdef(B) holds. The following components were found for
T12Sc: ΔEint = −37.21 kcal/mol; ΔEdef(A) = 18.83 kcal/mol;
ΔEdef(B) = 25.10 kcal/mol; and therefore ΔETS = 6.72 kcal/mol.
While the following components were found for T21Sc: ΔEint =
−28.08 kcal/mol; ΔEdef(A) = 20.08 kcal/mol; ΔEdef(B) =
20.71 kcal/mol; and therefore ΔETS = 12.71 kcal/mol. The
ΔETS value of 12.71 kcal/mol for T21Sc is larger than that for
T12Sc by 5.99 kcal/mol. It is obvious that the total ΔEdef of
43.93 kcal/mol in T12Sc is larger than that (40.79 kcal/mol) in
T21Sc. However, the increased deformation energy could be
compensated by the favorable ΔEint (−37.21 kcal/mol) in
T12Sc, and resulted in lower ΔETS (6.72 kcal/mol) for T12Sc in
comparison with that (12.71 kcal/mol) for T21Sc. Therefore, the
more favorable interaction of A with B in T12Sc could account
for more stability of T12Sc in comparison with T21Sc. Structurally,
in T21Sc (Figure 3), a repulsive interaction between the ancillary
ligand and the CH3(CH2)3 group of 1-hexene moiety could exist,
which destabilized T21Sc, whereas such an interaction is absent in
T12Sc. The C1C2 bond length of 1-hexene moiety is 1.440 Å
in T12Sc and 1.425 Å in T21Sc, suggesting that the C1C2
double bond was more activated in the former. The T12Sc has a
shorter Sc−C1 (2.218 Å) bond length than the Sc−C2 (2.268 Å)
in T21Sc, which suggests that the 1-hexene moiety interacts with
the metal center more tightly in T12Sc compared with T21Sc. This
is in line with the analysis of energy decomposition described
above. The geometrical character associated with the β-Si−H
agostic interactions in T12Sc (2.331 Å for Sc···H1, 1.524 Å for

Figure 2. Computed energy profiles (energy in kcal/mol) for 1,2- and
2,1-insertion of 1-hexene at the chain initiation stage.

Scheme 2. (a) Cossee−Arlman Mechanism for Alkene Insertion into a Metal−Alkyl Bond and (b) Four Possible Transition
States for the Insertion of a Hexene into the M−R Bond
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Si···H1 and 90.4° for the Sc−CH2−Si angle) and that in T21Sc

(2.387 Å for Sc−H1, 1.521 Å for Si−H1 and 92.2° for the Sc−
CH2−Si angle) indicates the shorter Sc···H1 distance and
smaller Sc−CH2−Si angle in T12Sc. This suggests that such an
agostic interaction in T12Sc is stronger than that in T21Sc and
may also account for the more stability of T12Sc. The similar geo-
metrical feature was also observed when using the real structure
of active species [Sc(iPr-trisox)(CH2SiMe3)]

2+ (see Figure S-5
in Supporting Information for more details).
To further access the regioselectivity in the chain propaga-

tion stage, the insertion of monomer into the Sc−CH2 bond
of P12Sc was also investigated. As the insertion of the first
monomer does, both 1,2- and 2,1-insertions of the incoming
monomer into the Sc−C bond of P12Sc were calculated, and the
energy profiles are shown in Figure 4. As shown in this figure,
the 1,2-insertion of the second monomer starts with the forma-
tion of complex C1212Iso (stereoselectivity discussed below, vide
inf ra), which is slightly lower in free energy than the energy
sum of separated P12Sc and m by 1.03 kcal/mol. This insertion

Figure 3. Geometric structures (distance in Å and angle in deg) involved in the energy profiles of 1,2- and 2,1-insertion of 1-hexene at the chain
initiation stage.

Figure 4. Computed energy profiles (energy in kcal/mol) for 1,2- and
2,1-insertion processes of 1-hexene at the chain propagation stage.
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process, which overcomes an energy barrier of 15.04 kcal/mol,
is exergonic by 4.66 kcal/mol. Whereas, the 2,1-insertion pro-
cess, which goes through prereaction complex C1221 and transi-
tion state T1221 leading to insertion product P1221, is kinetically
less favorable in comparison with 1,2-insertion reaction. This is
suggested by the higher insertion energy barrier of 20.47 kcal/mol
for 2,1-insertion (15.04 kcal/mol for 1,2-insertion, Figure 4).
However, the energetic superiority of 1,2-insertion manner is so
slight since the relative free energies of for C1221 (0.85 kcal/mol)
and P1221 (−4.42 kcal/mol) and are close to those for C1212Iso

(−1.03 kcal/mol) and P1212Iso (−4.66 kcal/mol), respectively.
To elucidate the origin of the kinetic preference of 1,2-insertion,
we further analyzed the structures and energies of T1212Iso and
T1221. As shown in Figure 5, the Sc−C3 distance of 2.229 Å and
C1···C4 contact of 2.141 Å in T1212Iso are shorter than the
corresponding interatomic distances in T1221 (Sc−C4 distance
of 2.271 and C1···C3 contact of 2.185 Å). This indicates that the

1-hexene moiety binds more tightly to the metal center of T1212Iso

in comparison with that of T1221. A further analysis of energy
decomposition of T1212Iso and T1221 has also been carried out.
The decomposition scheme is similar to that for T12Sc and T21Sc

(vide ante). The interaction energies ΔEint between P12Sc and
1-hexene moieties in T1212Iso and in T1221 are −35.16 and −24.98
kcal/mol, respectively, which could partly offset the unfavorable
item ΔEdef (total deformation energy, 42.04 kcal/mol for
T1212Iso and 36.40 kcal/mol for T1221). Therefore, the ΔETS

(−35.16 + 42.04 = 6.88 kcal/mol) obtained for T1212Iso is lower
than that (−24.98 + 36.40 = 11.42 kcal/mol) for T1221. Like the
case of T12Sc and T21Sc, the less stability of T1221 is mainly due
to the weaker interaction between P12Sc and 1-hexene moiety.
Furthermore, taking a closer look at the structures of T1212Iso

and T1221, one may find that there are significant interactions
between Sc and a H atom of SiH3 in the preinserted CH2SiH3

group, as suggested by the Sc···H distances (2.210 Å in T1212Iso

Figure 5. Geometric structures (distance in Å) involved in the energy profiles of 1,2- and 2,1-insertions of 1-hexene at the chain propagation stage.
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and 2.323 Å in T1221), the elongated Si−H bond lengths (1.534
Å in T1212Iso and 1.526 Å in T1221) compared with the normal
Si−H contact of 1.48 Å, and the more negative NBO charges
(−0.33 in T1212Iso and −0.31 in T1221) on the H atom interacting
with Sc atom (Figure 5). In comparison with T1221, T1212Iso has a
shorter Sc···H distance (2.210 Å), longer Si−H bond length
(1.534 Å), and more negative NBO charge (−0.33). As a whole,
these geometrical and electronic features could account for the
more stability of T1212Iso.
2. Stereoselectivity in the 1-Hexene Polymerization.

To computationally interpret the stereoselectivity of 1-hexene
polymerization observed experimentally, it is necessary to con-
duct calculations for both iso- and syndio-specific manners. The
coordination of 1-hexene in 1,2-si and 1,2-re manner to the
metal center of P12Sc could lead to the iso- and syndio-tactic
polymers, respectively. Figure 6 shows the computed energy

profile for re-coordination of 1-hexene to the metal center of
P12Sc and subsequent insertion process. Since C1212Iso shows the
si-coordination fashion of 1-hexene (Figure 5) and the resulting
product P1212Iso is isospecific, the energy profile for the process
of C1212Iso → T1212Iso → P1212Iso (Figure 4) is also included in
Figure 6 for comparison. As shown in this figure, the isospecific
insertion of 1-hexene starts with its si-coordination to metal
center (formation of C1212Iso), and goes through a transition
state T1212Iso leading to corresponding product P1212Iso.
However, the syndiospecific insertion occurs through the re-
coordination of monomer to the metal center and then pro-
ceeds via a transition state T1212Syn, to give insertion product
P1212Syn. In comparison, the lower insertion free-energy barrier
of 15.04 kcal/mol for T1212Iso lends kinetic advantage to iso-
tactic polymerization over syndiotactic polymerization, which has
a higher insertion energy barrier of 21.71 kcal/mol (Figure 6).
The syndiospecific product and the isospecific enantiomer are
almost isoenergetic (energy difference of 0.48 kcal/mol, Figure 6).
That is to say, the microstructure of polymer is mainly controlled
by kinetics. In this sense, the current computational results are in
agreement with the isoselectivity observed experimentally.
For better understanding of the origin of isospecific poly-

merization, the structure characters of some stationary points
have been analyzed. In C1212Iso, the 1-hexene moiety interacts
with the metal center via si-coordination, which gives rise to
isospecific product P1212Iso with R-configuration (refer to the
chiral C4 atom, see Figure 5). Such a si-coordination manner

could avoid the repulsive interaction between the polymer
chain and the (CH2)3CH3 group of the coordinated 1-hexene
moiety (see C1212Iso and T1212Iso in Figure 5). While, the re-
coordination of the incoming monomer resulted in significant
repulsion between the polymer chain and the (CH2)3CH3
group of the coordinated 1-hexene moiety (see C1212Syn and
T1212Syn in Figure 7). Such repulsion could destabilize T1212Syn.

The re-coordination manner could lead to syndiotactic product
P1212Syn with S-configuration (refer to the chiral C4 atom). It is
therefore concluded that the steric effects of the growing chain-
end could be the main factor governing the stereoselectivity in
this system.

3. Activity Comparison of Dicationic and Monoca-
tionic Species. Experimental studies have shown that the di-
cationic species [Sc(iPr-trisox)(CH2SiMe3)]

2+ has higher
activity for 1-hexene polymerization than the monocationic
analogue [Sc(iPr-trisox)(CH2SiMe3)2]

+ by 3 orders of mag-
nitude.7a For comparison, calculations on [Sc(iPr-trisox)-
(CH2SiH3)2]

+ (2Sc′) modeling the monocation of 2Sc has
been also performed. The computed energy profile is shown in
Figure 8. The energy profile for 3Sc′-involved process C12Sc →
T12Sc → P12Sc is also included in this figure for convenience in
discussion. Insertion processes catalyzed by monocationic 2Sc′
and dicationic 3Sc′ start with the formations of prereaction
complexes CMC and C12Sc and then goes through four-center
transition states TMC and T12Sc, to give the insertion products
PMC and P12Sc, respectively. The coordination complex C12
(complexation energy of −2.37 kcal/mol) is more stable than
CMC (complexation energy of 7.42 kcal/mol). The complex
CMC is higher in free energy by 7.42 kcal/mol in comparison

Figure 6. Computed energy profiles (energy in kcal/mol) for isotactic
and syndiotactic insertion processes of 1-hexene.

Figure 7. Geometric structures (distance in Å) involved in the energy
profile of the syndiotactic insertion process.
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with separated species (2Sc′ + m). The higher relative free
energy of 7.42 kcal/mol for CMC could be due to over-
estimation of translational entropy in gas-phase. The insertion
process catalyzed by 3Sc′ has a lower free-energy barrier of 17.24
kcal/mol and is exergonic by −3.08 kcal/mol. This process is
both kinetically and energetically favorable than the 2Sc′-
catalyzed one (free-energy barrier of 25.09 kcal/mol and
endergonic by 6.01 kcal/mol). In the 2Sc′-catalyzed process, the

endergonic feature and the insertion energy barrier of 25.09
kcal/mol, which is higher than that (∼20 kcal/mol) for the
usual olefin insertion reaction, could add better understanding
to the fact that the monocationic species has a very low activity
toward 1-hexene polymerization.7a

Geometrically, the two alkyl groups of 2Sc′ (Figure 9) make
their respective metal centers more crowded in comparison
with 3Sc′ (Figure 1) having one alkyl group. Such a situation
sterically hampered the binding of 1-hexene moiety to the
metal center of 2Sc′, which accounts for the less stabilities of
CMC and TMC in comparison with C12Sc and T12Sc, respectively.
To further access the origin of the higher activity of 3Sc′, the
analyses of energy and electronic character have also been
performed. The interaction energy ΔEint between 1-hexene
moiety and the active species (iPr-trisox)Sc(CH2SiH3)

2+ in
T12Sc and (iPr-trisox)Sc(CH2SiH3)2

+ in TMC were computed to
be −37.21 and −23.37 kcal/mol, respectively. The sum of
deformation energy ΔEdef of the active species and the 1-hexene
moiety were computed to be 43.93 and 38.28 kcal/mol for
T12Sc and in TMC, respectively. The energy of TS (ΔETS) could
be obtained for T12Sc (−37.21 + 43.93 = 6.72 kcal/mol)
and TMC (−23.37 + 38.28 = 14.91 kcal/mol), respectively.
Therefore, the less stability of TMC could be due to the weaker
interaction between the (iPr-trisox)Sc(CH2SiH3)2

+ species and
the 1-hexene moiety in TMC. To get more insights on the
different activities of the monocationic and dicationic species,
the frontier orbital energies of the related cations were also ana-
lyzed on the basis of their optimized geometries. The dication

Figure 8. Computed energy profiles (energy in kcal/mol) for 1-hexene
polymerization catalyzed by dication (3Sc′) and monocation (2Sc′)
species at the chain initiation stage.

Figure 9. Geometric structures (distance in Å) involved in the energy profiles of 1-hexene polymerization catalyzed by monocation 2Sc′ species at the
chain initiation stage.
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of 3Sc is more electron-deficient and is a stronger Lewis acid
with bigger chemical hardness (computed to be 2.847 eV,
derived from the energies of frontier orbitals) compared to
monocation of 2Sc (chemical hardness of 2.603 eV), which
could account for the higher reactivity of dication toward
electron-rich olefin. Our calculations also show that the
LUMO energies of the cations of 3Sc and 2Sc are −0.3112 au
and −0.1718 au, respectively, and the HOMO energy of
1-hexene is −0.2591 au. By comparison, the HOMO energy
of 1-hexene is closer to the LUMO energy of the dication,
suggesting that 1-hexene is easier to react with the dication
in comparison with the monocationic analogue.
4. Activity Comparison of (iPr-trisox)Sc(CH2SiMe3)

2+

with (iPr-trisox)Y(CH2SiMe3)
2+ Species. It was experimen-

tally found that the Sc active species possesses significantly
higher catalytic activity toward 1-hexene polymerization com-
pared with the Y analogue. This motivated us to computation-
ally elucidate the origin of the difference in activity. The
computed energy profile for the reaction of 1-hexene with
3Y′ (the Y analogue of 3Sc′) and the related structures are shown
in Figure 10 and 11, respectively. For a comparison, the

corresponding energy profile for 3Sc′-containing system is also
included in this figure. Like 3Sc′, the structure of 3Y′ (Figure 11)
also shows a β-Si−H agostic interaction as suggested by the
Y···H1 distance of 2.309 Å, the Si−H1 bond length of 1.590 Å,
and the Y−C3−Si angle of 92.8°. As shown in Figure 10, the
complexation energy of C12Y (−8.27 kcal/mol) is lower than
that of C12Sc (−2.37 kcal/mol). The insertion energy barrier of
20.73 kcal/mol for 3Y′ assisted insertion reaction is larger than
that (17.24 kcal/mol) for 3Sc′-involved reaction. The insertion
product P12Y is also slightly less stable than P12Sc by 1.26 kcal/mol.
However, the relative energy (12.46 kcal/mol) of 3Y′-involved
insertion transition state (T12Y) is slightly lower than that
(14.87 kcal/mol) of T12Sc. The energy profile shown in Figure 10
indicates that the larger insertion barrier for 3′Y reaction system
is mainly due to the lower C12Y in energy in comparison with
3Sc′-containing system. The chemical hardness of (iPr-trisox)Sc-
(CH2SiMe3)

2+ and (iPr-trisox)Y(CH2SiMe3)
2+ were computed

to be 2.847 and 2.751 eV, respectively, suggesting a stronger
Lewis acidity and hence higher reactivity of the former toward
olefin in comparison with the later.

To cast a light on the reason for the stability of C12Y, energy
decomposition analyses of C12Sc and C12Y (electronic energy,
ΔE) were carried out in a similar manner described above. The
complex C12Sc (or C12Y) can be divided into two fragments, viz.
3Sc′ (or 3Y′) species and 1-hexene moiety. The following
information was obtained for C12Sc: ΔEint = −23.22 kcal/mol,
ΔEdef (3Sc′) = 8.79 kcal/mol, ΔEdef(1-hexene) = 2.51 kcal/mol;
and therefore ΔE(C12Sc) = −23.22 + 8.79 + 2.51 = −11.92
kcal/mol. While the following components were obtained for
C12Y: ΔEint = −25.10 kcal/mol; ΔEdef (3′Y) = 5.65 kcal/mol;
ΔEdef (1-hexene) = 2.51 kcal/mol; and therefore ΔE(C12Y) =
−25.10 + 5.65 + 2.51 = −16.94 kcal/mol, which is lower than
that (−11.92 kcal/mol) of C12Sc. It is obvious that the lower
ΔEint for C12Y and less deformation energy of ΔEdef (3′Y)
account for the more stability of C12Y in comparison with C12Sc.
Although the 3′Y assisted insertion of 1-hexene is less favor-

able both kinetically and energetically than the 3Sc′ involved
process, such low superiorities are hard to explain well the large
difference in activity between the Sc active species and its Y
analogue. This drove us to further access the formations of the
two kinds of active species and their interactions with coun-
terion, respectively.
According to experimental findings,7a the reaction of the

trialkyl precursor [(iPr-trisox)Ln(CH2SiMe3)3] (Ln = Sc, Y)
with 2 equiv of the borate compound [Ph3C][B(C6F5)4] gives
rise to 1 equiv of the contact ion-pair [Ln(iPr-trisox)(CH2SiMe3)]-
[B(C6F5)4]2 and 2 equiv of Ph3CCH2SiMe3, as illustrated by
reactions 1 and 2 in Scheme 3. The optimized structures of the
contact ion-pairs are shown in Figure 12. As shown in this
figure, the counterions coordinate to the metal atom Sc (or Y)
via three F atoms, viz. F1 and F2 atom in one counterion and
F3 atom in another one (Figure 12). We assume that the
reaction enthalpies of reactions 1 and 2 are ΔHSc

1 and ΔHY
2

(Scheme 3), respectively. Let (1) minus (2) give (3), and the
reaction enthalpy of (3) is therefore ΔHSc

1 − ΔHY
2. Let ΔH 3 =

ΔHSc
1 − ΔHY

2. According to the calculated enthalpies based
on optimized structures of [(iPr-trisox)Ln(CH2SiMe3)3] and

Figure 10. Computed energy profiles (energy in kcal/mol) for 1-hexene
polymerization catalyzed by 3Sc′ and 3′Y species at the chain initiation
stage.

Figure 11. Geometric structures (distance in Å and angle in degree)
involved in the energy profiles of 1-hexene polymerization catalyzed by
3Sc′ and 3′Y species at the chain initiation stage.
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[Ln(iPr-trisox)(CH2SiMe3)][B(C6F5)4]2, (Ln = Sc, Y) shown
in eq 3, the reaction enthalpy of (3), viz. ΔH 3 = ΔHSc

1 −
ΔHY

2, was computed to be −5.96 kcal/mol. The negative value
of ΔH 3 suggests that eq 1 is more exothermic (or less
endothermic) than eq 2. That is to say, it is thermodynamically
easier for Sc trialkyl precursor to be activated by [Ph3C][B-
(C6F5)4] and to give corresponding active species in
comparison with the Y trialkyl complex. This could account
for the higher activity of Sc species compared with Y analogue.
Similarly, the difference in the enthalpies required for the
reactions of hexene with the contacted ion pairs (CIPSc or CIPY

in Figure 12) leading to the anion and hexene-complexed
cation, as shown in eqs 4 and 5 in Scheme 3, could be also
computed. We assume that the reaction enthalpies of (4) and
(5) are ΔHSc

4 and ΔHY
5 (Scheme 3), respectively. Let (4)

minus (5) give (6), and the reaction enthalpy of (6) is therefore
ΔHSc

4 − ΔHY
5. Let ΔH6 = ΔHSc

4 − ΔHY
5. In eqs 4−6, the

[Sc(iPr-trisox)(CH2SiMe3)-hexene]
2+ is actually the C12Sc

shown in Figure 3, and the [Y(iPr-trisox)(CH2SiMe3)-
hexene]2+ is actually the C12Y shown in Figure 11. Like eq 3,

according to the calculated enthalpies of optimized structures,
the reaction enthalpy of (6), viz. ΔH 6 = ΔHSc

4 − ΔHY
5, was

computed to be −6.00 kcal/mol. The negative value of ΔH 6

illustrates that the two anions of ion pair CIPSc is easier to be
replaced by hexene to coordinate to the metal center in
comparison with that of ion pair CIPY. This result could also
account for the higher activity of Sc system in comparison with
Y analogue.

■ CONCLUSION

We have computationally studied the regio- and stereo-
selectivity of the polymerization of 1-hexene catalyzed by the
dicationic rare-earth metal complexes [(iPr-trisox)Ln-
(CH2SiMe3)]

2+ (Ln = Sc and Y). At both chain initiation
and propagation stages, 1,2-insertion has been found to be
kinetically favorable over 2,1-insertion. The kinetic priority of
1,2-insertion pattern is mainly due to the absence of repulsive
interaction between the ancillary ligand and the CH3(CH2)3
group of 1-hexene moiety in the insertion transition state and
the resulting stronger binding between the metal center and the

Scheme 3. Formation Process of Active Species [Ln(iPr-trisox)(CH2SiMe3)][B(C6F5)4]2 (Ln = Sc and Y) and the Separation of
Ion Pairs via Hexene Coordination

Figure 12. Optimized structures for contact ion-pair [Ln(iPr-trisox)(CH2SiMe3)][B(C6F5)4]2 (CIPSc, Ln = Sc; CIPY, Ln = Y).
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1-hexene motif. The stereoselectivity has been found to follow
chain-end mechanism, and the iso-specific insertion of 1-hexene
observed experimentally is mainly controlled by kinetics. The
insertion reaction catalyzed by dicationic active species is easier
than that by monocationic species both kinetically and ener-
getically, which is in agreement with the higher activity of the
dicationic species observed experimentally. The features of
frontier molecular orbitals of the two kinds of species could also
account for their different activities. The origin of difference in
activity between the scandium active species and its yttrium
analogue has been also computationally investigated. It has
been found that the scandium-catalyzed insertion reaction has
kinetic preference over the yttrium-catalyzed reaction and that
the generation of scandium active species is easier compared
with that of yttrium analogue. These results could help under-
stand better the higher activity of the scandium complex than
its yttrium analogue and develop rare earth polymerization
catalysts.
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