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Computational details

Considering relatively large molecular size of the intermolecular rare-earth/phosphorus
(RE/P) Lewis pair system (2 and 3), the two-layer ONIOM (B3PW91:HF) approach,! as
implanted in Gaussian 16 program,>? was used for their geometrical optimizations and
subsequent analytic frequency calculations. In the ONIOM(B3PW91:HF) calculations, the
substituent 2,6-'Bu»-CsH3 in the ancillary ligand is placed in the outside layer treated by the
Hartree-Fock (HF) method for saving computational time and consideration of steric effects
(Figure S1). The other atoms, including those in the monomer molecules, constitute the inner
layer. The common method of calculating the ONIOM energy of whole system is given in the
previous work.3 In the HF calculation, the LANL2MB basis set was used for C and H atoms. In
the B3PWO1 calculation,5*5° the 6-31G* basis set was considered for C, H, O and P atoms. The
Sc atoms were treated by the Stuttgart/Dresden effective core potential (ECP) and the associated
basis sets.5"8 All optimizations were carried out in the gas phase without any symmetry
constraint. The transition state structures are shown to connect the reactant and product on either
side via intrinsic reaction coordinate (IRC) following. This basis set is denoted as “BSI”. For the
intramolecular rare-earth/phosphorus (RE/P) Lewis pair system (1, 4-9), the B3PW91 hybrid
exchange-correlation functional was utilized for geometry optimization and the 6-31G* basis set
was considered for C, H, O, N and P atoms. The Sc atoms were treated by the Stuttgart/Dresden
effective core potential (ECP) and the associated basis sets. This basis set is denoted as “BSII”.
Such a computational strategy has been widely used for the study of organometallic systems.>
11 To obtain more reliable relative energies, the single-point calculations of optimized structures
were carried out at the level of M063'%/BSIII, taking into account solvation effect of toluene with
the SMDS!3 solvation model. In the BSIII, the 6-311G (d, p) basis set was used for nonmetal
atoms, while the basis sets together with associated pseudopotentials for Sc atoms are the same
as that in geometry optimization. Therefore, unless otherwise mentioned, the free energy (AG,
298.15 K, 1 atm) in solution, which was used for description of energy profiles, was obtained
from the solvation single-point calculation and the gas-phase Gibbs free energy correction.
Considering the overestimation of the entropy contribution, the free energies were corrected by
+2.6 (or —2.6) kcal/mol for one-to-two (or two-to-one) molecular conversions, based on the free-
volume theory.5!* The 3D molecular structures displayed in this paper were drawn by using
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CYLview.5

All the ETS-NOCVS!¢ calculations were performed by employing the B3LYP-D3/DZP 5!7
level of theory as implemented in the Amsterdam density functional (ADF) package.5'® The
relativistic effect of Sc atom was considered by the zero-order regular approximation (ZORA).5"
The extended transition state (ETS) method decomposes the total interaction energy (AEiq) into
four chemically relevant components, that is, AEin = AEpauli TAEeistat + AEorital + AEdisp, in Which
AEpauti, AEeistat, AEorital, and AEqisp represent the Pauli repulsion, electrostatic interaction, orbital
interaction, and dispersion interaction, respectively. Furthermore, the AEowitai term could be
attributed to the specific orbital interaction in terms of the natural orbital for chemical valence
(NOCYV) eigenvalues. The ETS-NOCV approach offers a technique to analyze the orbital
interaction through the deformation density.

Ln = Sc(2), La(3)

Figure S1. Structure of Lewis acid investigated. The gray part is involved in the low-level
calculation during the optimization.
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Figure S2. Computed energy profiles for 2/PEt; mediated monometallic pathway for the
insertion of MMA. Free energies are relative to isolated reactants.
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Figure S3. Computed energy proﬁles for 3/PEt; mediated monometallic pathway for the
insertion of MMA. Free energies are relative to isolated reactants.
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Figure S4. Geometric parameters (distances in A) of 2A, 2C, 3A, 3C, 2TSpk and 3TSbe.

References

(S1)T. Vreven, and K. Morokuma, On the Application of the IMOMO (Integrated Molecular
Orbital + Molecular Orbital) Method, J. Comput. Chem., 2000, 16, 1419-1432.

(S2)M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G.
Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich, J. Bloino,
B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L.
Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone,
T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H.
Nakai, T. Vreven, K. Throssell, J. A. Montgomery Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J.

S4



J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand,
K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam,
M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B.
Foresman and D. J. Fox, Gaussian 16, Revision A.03, Gaussian, Inc., Wallingford, CT, 2016.
(S3)Y. Luo, J. Qu and Z. Hou, QM/MM Studies on Scandium-Catalyzed Syndiospecific
Copolymerization of Styrene and Ethylene, Organometallics, 2011, 30, 2908—2919.

(S4)A. Becke, Density-Functional Thermochemistry. III. The Role of Exact Exchange, J. Chem.
Phys., 1993, 98, 5648—-5653.

(S5)C. Lee, W. Yang and R. Parr, Development of the Colic-Salvetti Correlation-Energy Formula
into a Functional of the Electron Density, Phys. Rev. B, 1988, 37, 785-789.

(S6)J. Perdew, K. Burke and Y. Wang, Generalized Gradient Approximation for the Exchange-
Correlation Hole of a Many Electron System, Phys. Rev., B 1996, 54, 16533—16539.

(S7)D. Andrae, U. Haussermann, M. Dolg and H. Stoll, H. Preuss, Energy-adjusted A4b initio
Pseudopotentials for the Second and Third Row Transition Elements., Theor. Chim. Acta., 1990,
77, 123—141.

(S8)J. Martin and A. Sundermann, Correlation Consistent Valence Basis Sets for Use with the
Stuttgart-Dresden-Bonn Relativistic Effective Core Potentials: The atoms Ga-Kr and In-Xe, J.
Chem. Phys., 2001, 114, 3408—3420.

(S9)X. Kang, A. Yamamoto, M. Nishiura, Y. Luo and Z. Hou, Computational Analyses of the
Effect of Lewis Bases on Styrene Polymerization Catalyzed by Cationic Scandium Half-
Sandwich Complexes, Organometallics, 2015, 34, 5540—5548.

(S10) X. Kang, Y. Luo and Z. Hou, Alkyl Effects on the Chain Initiation Efficiency of Olefin
Polymerization by Cationic Half-sandwich Scandium Catalysts: A DFT study, Organometallics,
2016, 35, 913-920.

(S11) X. Kang, Y. Song, Y. Luo, G. Li and Z. Hou, Computational Studies on Isospecific
Polymerization of 1-hexene Catalyzed by Cationic Rare Earth Metal Alkyl Complex Bearing a
C3 iPr-trisox Ligand, Macromolecules, 2012, 45, 640-651.

(S12) Y. Zhao and D. Truhlar, Benchmark Energetic Data in a Model System for Grubbs II
Metathesis Catalysis and Their Use for the Development, Assessment, and Validation of
Electronic Structure Methods, J. Chem. Theory Comput., 2009, 5, 324-333.

(S13) A. Marenich, C. Cramer and D. Truhlar, Universal Solvation Model Based on Solute
Electron Density and on a Continuum Model of the Solvent Defined by the Bulk Dielectric
Constant and Atomic Surface Tensions, J. Phys. Chem. B, 2009, 113, 6378—6396.

(S14) S. W. Benson, The Foundations of Chemical Kinetics; Krieger: Malabar, FL, 1982.
(S15) Legault, C. Y. CYLview, 1.0b; Université de sherbrooke, 2009; http:/www.cylview.org.
(S16) M. Mitoraj, A. Michalak and T. Ziegler, A Combined Charge and Energy Decomposition
Scheme for Bond Analysis, J. Chem. Theory Comput., 2009, 5, 962-975.

(S17) (a) A. Beck, Density-functional Thermochemistry. III. The role of exact exchange, J.
Chem. Phys., 1993, 98, 5648-5652; (b) C. Lee, W. Yang and G. Parr, Development of the Colle-
Salvetti Correlation-Energy Formula into a Functional of the Electron Density, Phys. Rev. B,
1988, 37, 785-789; (¢) S. Grimme, J. Antony, S. Ehrlich and H. Krieg, A Consistent and Accurate
ab initio Parametrization of Density Functional Dispersion Correction (DFT-D) for the 94
Elements H-Pu, J. Chem. Phys., 2010, 132, 154104.

(S18) (a) G. te Velde, F. Bickelhaupt, E. Baerends, C. Fonseca Guerra, S. van Gisbergen, J.

Snijders and T. Ziegler, Chemistry with ADF, J. Comput. Chem., 2001, 22, 931-967; (b) E.
S5



http://www.cylview.org/

Baerends, J. Autschbach, D. Bashford, A. Bérces, F. Bickelhaupt, C. Bo, P. Boerrigter, L. Cavallo,
D. Chong, L. Deng, R. Dickson, D. Ellis, M. van Faassen, L. Fan, T. Fischer, C. Fonseca Guerra,
A. Ghysels, A. Giammona, S. van Gisbergen, A. Gotz, J. Groeneveld, O. Gritsenko, M. Griining,
F. Harris, P. van den Hoek, C. Jacob, H. Jacobsen, L. Jensen, G. van Kessel, F. Kootstra, M.
Krykunov, E. van Lenthe, D. McCormack, A. Michalak, M. Mitoraj, J. Neugebauer, V. Nicu, L.
Noodleman, V. Osinga, S. Patchkovskii, P. Philipsen, D. Post, C. Pye, W. Ravenek, J. Rodriguez,
P. Ros, P. Schipper, G. Schreckenbach, M. Seth, J. Snijders, M. Sola, M. Swart, D. Swerhone, G.
te Velde, P. Vernooijs, L. Versluis, L. Visscher, O. Visser, F. Wang, T. Wesolowski, E. van
Wezenbeek, G. Wiesenekker, S. Wolff, T. Woo, A. Yakovlev and T. Ziegler, ADF2009.01;
Theoretical Chemistry; Vrije Universiteit: Amsterdam.

(S19) (a) E. Lenthe, J. Snijders and J. Baerends, The Zero-order Regular Approximation for
Relativistic Effects: The Effect of Spin—orbit Coupling in Closed Shell Molecules, J. Chem Phys.,
1996, 105, 6505-6516. (b) E. Lenthe, J .Baerends and J. Snijders, Relativistic Total Energy Using
Regular Approximations, J. Chem. Phys., 1994, 101, 9783-9792.

S6



