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In the middle of the last century, the discovery of the olefin 
polymerization reaction in the presence of transition metal salts 
or complexes by K. Ziegler and J. Natta led to a revolution in 
catalysis. The development of catalytic systems based on 
h5-complexes of group 4B metals, and then post-metallocenes, 
in combination with Al- or B-containing activators, made it 
possible to transfer classical Ziegler catalysis from a hetero
geneous to a homogeneous medium. As a result, highly efficient 
single-site homogeneous catalysts for di-, oligo-, and poly
merization reactions of olefins and dienes were developed.1–6 
It  is assumed that the activity, regio- and stereoselectivity in 
these reactions are controlled mainly by the p- or s-ligand 
environment of the transition metal atom in the catalytically 
active sites. However, B- or Al-containing cocatalysts contribute 
to the organization of catalytically active sites as well. Their 
association with a transition metal salt or a complex provides an 
ion pair, which then dissociates, giving an active cationic site, or 
in which the anion is replaced by a monomer.7 Experimental 
studies8,9 and theoretical analysis10 indicate the imperfection of 
the model which considers only the cationic center and the 
importance of taking into account the counter ion.

Thus, the development of modern models of Ziegler–Natta 
catalysis, taking into account the knowledge accumulated to date 
about the catalytically active center structure and principles of 
action, is an important and topical task. One of the most 
promising approaches to solving this problem is chiral 
recognition, which provides detailed information on the 
organization and behavior of the catalytic system. In this 
research, we have carried out quantum chemical modeling of the 
stages of alkene coordination using propene and hex-1-ene as the 
examples by chiral catalytically active centers obtained as a 
result of Cp2ZrMeCl coordination with the methylalumoxane 
(MAO) activator containing prochiral centers.

The PRIRODA-09 program developed by Laikov11–13 
was  used to perform quantum chemical calculations. These 
calculations included various tasks such as geometric 

optimization of complexes, analysis of vibrational frequencies, 
search for transition states, scanning along the internal reaction 
coordinate, calculation of entropy and thermodynamic 
corrections to the total energy of compounds. Thermodynamic 
parameters were determined for standard conditions (298.15 K, 
1 atm) in the gas phase. The DFT level was used for these 
calculations, and the Perdew–Burke–Ernzerhof (PBE)14 
functional was combined with a 3z basis set (see Online 
Supplementary Materials).11,13 The triple split valence basis 3z, 
developed by Laikov is a nonrelativistic Gaussian-type atomic 
basis set containing a diffuse part and polarization functions. The 
electronic configurations of the molecular systems were 
described by the orbital basis sets of contracted Gaussian-type 
functions of size (5s2p)/[3s1p] for H, (11s6p2d)/[6s3p2d] for C 
and O, (15s11p2d)/[10s6p2d] for Al and Cl, and (20s16p11d)/
[14s11p7d] for Zr, which were used in combination with the 
density-fitting basis sets of uncontracted Gaussian-type functions 
of size (5s2p) for H, (10s3p3d1f) for C and O, (14s3p3d1f1g) for 
Al and Cl, and (22s5p5d4f4g) for Zr. We choose PBE/3z method 
because it satisfactorily describes the energetic parameters of the 
reactions taking place in Zr,Al-systems as well as M06-2X, as 
previously shown.15–18 Energetic parameters of all intermediates 
were also calculated using Gaussian 09 software19 by the 
M06-2X functional20 in combination with Dunnings correlation 
consistent cc-pVDZ basis set for H, C, O, Cl and Al,21–23 and the 
relativistically corrected effective core potential containing 
cc-pVDZ-PP basis set for Zr24 (as obtained from the EMSL 
Basis Set Exchange).25 Visualization of quantum chemical data 
was carried out using the programs QCC Front-End26 and 
ChemCraft.27

For quantum chemical study, we consider a complex 
generated in the course of the reaction of zirconocene methyl 
chloride with MAO model Me11Al11O10, whose structure 
contains both cage and chain fragments [Figure 1(a)]. It was 
previously established that the complex is easily formed 
(∆H = –23.7 kcal mol–1).28
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Quantum chemical modeling of the mechanism of asymmetric 
induction in the course of alkene (propene,  
hex-1-ene) coordination with Cp2ZrMe(Cl)–methyl
alumoxane stereoisomeric complexes, which could act as 
catalytically active centers of the alkene oligomerization and 
polymerization, was carried out. A significant influence of 
the relative configuration of the chiral centers at the Al atoms 
of the activator on the parameters of the alkene insertion 
into Zr–C bond of the complexes was shown.
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Moreover, asymmetric centers appear on aluminum atoms 
in  this complex; therefore, catalytically active complex 
Cp2ZrMeCl–Me11Al11O10 could exist as a set of possible 
stereoisomers [Figure 1(b)].

We evaluated stability of complex 1 stereoisomers by 
calculating the relative thermodynamic parameters under 
standard conditions (Table 1). The calculated data on the 
thermodynamic stability of stereoisomeric complexes of 
zirconocene methyl chloride with MAO differ slightly for 
PBE/3z and M06-2X methods. Thus, it turned out that the S,S-
isomer is the most energetically favorable (according to the 
value of DH); however, when taking into account the entropy 
correction, the stereoisomer with the R,R-configuration of the 
chiral centers at the Al atoms is more stable at 298 K according 
to the PBE/3z method [see Figure 1(b)]. Therefore, one should 
expect the predominance of the S,S-stereomer (and/or R,R-
stereomer) among the possible structures. The observed energy 
difference between, for example, the R,R- and S,S-stereoisomers 
is significant, and reaches 1.8 kcal mol–1 according to the data 
of  the M06-2X/cc-pVDZ//cc-pVDZ-PP method, which is 
apparently due to the influence of the MAO fragment containing 
a conformationally flexible spacer and a cluster fragment (for 
details, see Online Supplementary Materials).

To reveal the influence of the active site stereochemistry on 
the energy parameters of the alkene carbometalation as the first 
step of oligomerization reaction, we simulated the interaction of 
complex 1 with both propene 2 and hex-1-ene 4 molecules 
(Scheme 1).

The orientation of the alkene molecules was modeled according 
to the described approach.29 As follows from Table 2, the 
thermodynamic and activation parameters of reaction for both 
alkenes with four possible complex 1 stereoisomers differ 
significantly. Thus, both methods showed that, for example, for 
propene si insertion (reactions 1–4), the R,R-isomer of complex 1 
is more reactive, whereas the S,S-stereoisomer should not react 
under standard conditions, while the maximum DDG≠

max 
(DG≠

RR – DG≠
SS) reaches 20.6 kcal mol–1 (25.2 kcal mol–1 by 

M06-2X). Probably, the difference in values is due to the steric 
effects of Cp-ligands and Al–Me fragments of the reaction center.

Moreover, the process of alkene insertion into complex 1 is 
also thermodynamically favorable (see Table 2, entry 1). The 
energy gain is achieved due to the transfer of a chlorine atom 
from the Zr atom to the AlMAO atom and rearrangement of the 
MAO fragments in the reaction products (Figure 2).

It should be noted that the formation of a structural pattern of 
the 3A_SS type is less thermodynamically favorable and leads to 
a significant change in the reaction enthalpies, for example, 
DHRR – DHSS = 25.1 kcal mol–1 (PBE). Conformational effects of 
the growing alkyl chain could also contribute to the energy 
difference.

Analysis of the obtained data for propene re insertion (see 
Table 2, entries 5–8) showed that the formation of the 3_RR 
stereoisomer is characterized by an activation barrier, which is 
1.9 (PBE) or 1.8 kcal mol–1 (for M06-2X) lower compared to 
entry 1, although the product 3B_RR is less thermodynamically 
stable. It should be noted that for the re insertion of a propene 
molecule, there is no significant difference (DDG≠ = 0.4 for PBE 
and 0.9 kcal mol–1 for M06-2X) between the insertion barriers 
(DG≠

SS – DG≠
RR). In this series of calculations (entries 5–8), 

reaction of entry 7 has relatively greater kinetic and thermo
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Figure  1  (a) General view of complex 1 (some H atoms not shown); (b) structures of stereoisomers of complex 1.

Table  1  Relative values of thermodynamic parametersa of complex 1 
stereoisomers under standard conditions.

Diastereomer
PBE/3z M06-2X/cc-pVDZ//cc-pVDZ-PP

DH DG DS DH DG DS

RR 1.2 0.0 9.1 1.4 1.8   2.8
RS 1.1 0.7 6.5 4.0 2.2 10.1
SR 0.8 2.3 0.1 2.7 3.9   0.0
SS 0.0 1.6 0.0 0.0 0.0   4.1

a [DS] = cal mol–1 K–1; [DH] = [DG] = kcal mol–1.
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dynamic advantage. The reaction also provides a product with 
the R-configuration of chiral centers on Al atoms. If we compare 
the activation barriers of reactions 2 and 6, which give the 
same  structural patterns of the products, the difference 
DDG(3ARS – 3BRS) = 7.5 (PBE) and 21.5 kcal mol–1 (M06-2X) 
clearly demonstrates the significant contribution of alkene re and 
si orientation in the course of coordination. The above tendencies 
of changes in the activation barriers of reactions 1–8 are generally 
also characteristic to reactions 9–16 for hex-1-ene insertion. The 
difference is that the formation barrier for 5A_RR (si orientation) 
is greater than the one for 5B_RR (re orientation) according to 
PBE data, while the opposite relation is observed in the case of 
using M06-2X; nevertheless, the difference DDG≠ remains 
significant and reaches ~3.2 kcal mol–1 (see Table 2).

To conclude, using the PBE/3z and M06-2X/cc-pVDZ//cc-
pVDZ-PP methods, we calculated the relative thermodynamic 
stability of stereoisomeric complexes of zirconocene methyl 
chloride with MAO model Me11Al11O10 (hybrid cage and chain 
model) and established the energy profit of isomers with S,S- 
and R,R-configurations of chiral centers on Al atoms of the 
catalytically active center. It is shown that the value of the 
barrier of alkene insertion into catalytically active sites (re and 

si coordination) largely depends on the relative configuration of 
chiral centers in the activator, which indicates its potential 
contribution to stereoregulation at the stage of substrate 
coordination in the course of the oligomerization reaction. The 
results obtained also indicate a possible contribution of the 
linear MAO structure to the activation of metal complexes, 
while the cluster structures are usually considered responsible 
for the  formation of cationic species acting as highly active 
polymerization sites.30–32 However, it was reported33 that in 
addition to the ‘classical’ structure MAO, in which highly 
reactive Al–O bonds inside 3D frameworks act as reaction 
centers, there is another active or ‘true’ MAO structure, in which 
the reaction centers are represented by three-coordinated 
aluminum atoms in =O–AlMe2 groups. These groups are formed 
in the ‘true’ MAO when the AlMe3 molecule is attached to the 
‘classical’ activator molecule. In our model, we have shown 
that  linear –O–Al(Me)–O–Al(Me)–O– fragments can act as 
activating groups, significantly reducing the barrier of alkene 
insertion into the Zr–C bond and providing thermodynamically 
favorable conditions for the process due to the elimination of 
the chlorine atom from the zirconium center and the 
rearrangement of the MAO structure as part of the active 
intermediate.

This work was financially supported by Russian Science 
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