N
N

N

HAL

open science

Characterization of B-H agostic compounds involved in
the dehydrogenation of amine-boranes by group 4

metallocenes

Jingwen Zhu, Emilie-Laure Zins, Mohammad Esmail Alikhani

» To cite this version:

Jingwen Zhu, Emilie-Laure Zins, Mohammad Esmail Alikhani. Characterization of B-H agostic com-
pounds involved in the dehydrogenation of amine-boranes by group 4 metallocenes. Journal of Molec-

ular Modeling, 2016, 22 (12), pp.294. 10.1007/s00894-016-3165-z . hal-01497705

HAL Id: hal-01497705
https://hal.sorbonne-universite.fr /hal-01497705
Submitted on 29 Mar 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.sorbonne-universite.fr/hal-01497705
https://hal.archives-ouvertes.fr

Characterization of B-H agostic compounds involved in the dehydrogenation of
amine-boranes by group 4 metallocenes

Jingwen Zhu,*® Emilie-Laure Zins, *® Mohammad Esmail Alikhani®®

a: Sorbonne Universités, UPMC Univ. Paris 06, MONARIS, UMR 8233, Université Pierre et Marie Curie, 4
Place Jussieu, case courrier 49, F-75252 Paris Cedex 05, France

b : CNRS, MONARIS, UMR 8233, Université Pierre et Marie Curie, 4 Place Jussieu, case courrier 49, F-75252
Paris Cedex 05, France

Abstract

For over a decade, amine-borane is considered as potential chemical hydrogen vector in the context of a
search for cleaner energy sources. When catalyzed by organometallic complexes, the reaction mechanisms
currently considered involve the formation of -BH agostic intermediates. A thorough understanding of
these intermediates may constitute a crucial step toward the identification of ideal catalysts. Topological
approaches such as QTAIM and ELF revealed to be particularly suitable for the description of pB-agostic
interactions. When studying model catalysts, accurate theoretical calculations may be carried out.
However, for a comparison with experimental data, calculations should also be carried out on large organo-
metallic species, often including transition metals belonging to the second or the third row. In such a case,
DFT methods are particularly attractive. Unfortunately, triple-C all electrons basis sets are not easily
available for heavy transition metal elements. Thus, a subtle balance should be reached between the
affordable level of calculations and the required accuracy of the electronic description of the systems.
Herein we propose the use of B3LYP functional in combination with the LanL2DZ pseudopotential for the
metal atom and 6-311++G(2d,2p) basis set for the other atoms, followed by a single point using the DKH2
relativistic Hamiltonian in combination with the B3LYP/DZP-DKH level, as a "minimum level of theory"
leading to a consistent topological description of the interaction within the ELF and QTAIM framework, in
the context of isolated (gas-phase) group 4 metallocene catalysts.



Introduction

Numerous experimental and theoretical studies have demonstrated the capability of organometallic
compounds in catalyzing the dehydrogenation of amine-boranes.® Of particular importance for actual
applications as energy carriers is the detailed reaction mechanism.® Indeed, viable alternative proposal for
energy source should satisfy the requirements for sustainable development and green chemistry. As such,
care should be taken in step economy and redox economy, which cannot be done without an in-depth
understanding of the detailed reaction mechanisms. Based on theoretical as well as experimental
investigations, reaction mechanisms were proposed to explain the catalytic cycles leading to the generation
of molecular hydrogen from amine boranes. The exact role of the metallic centre M on these reaction
mechanisms is still the topic of numerous studies.” At the molecular scale, different non-covalent
interactions are involved in these dehydrocoupling reactions: the formation of a 3 centre - 2 electrons
(3C/2e) intermediate, and Kubas' complexes.”® The former species may play a critical role in the reaction,
because of the activation of the o(B-H) bond.

"> will be used throughout the present article to describe 3C/2e interaction between a

The term "agostic
o(B-H) bond and a metal atom in an organometallic complex. A unique and unequivocal definition of the
term agostic would deserve consideration.'® First proposed by Brookhart and Green in 1983, the term was
specifically introduced to describe a 3C/2e interaction involving a H-C bond.'***Should the chemical
nature of the o bond involved in the interaction, be considered as a criterion in the use of the "agostic"
term? This question was discussed, as was the definition of this interaction. Phenomenological 3C/2e as
well as causal (i.e. based on reactivity properties) criteria were applied to use the "agostic" term. Since the
phenomenological 3C/2e criterion is used (even tacitly) in almost all the articles dealing with the
organometallic-catalyzed dehydrocoupling of amine borane, we will use the term "agostic intermediate" to
refer to as the activated species involving a 3C/2e interaction. A thorough understanding of the parameters
influencing this interaction may help in choosing either the best catalysts with a given amine-borane
compound, or conversely the best N-B (or P-B) containing precursor with a given catalyst, for the
generation of molecular hydrogen. The first step toward such an understanding is methodological: a step
by step study to analyze the effects of the nature of (1) substituents beared by the ligand, (2) the ligand
(amine- versus phosphine-boranes), (3) the metallic centre, and (4) the magnetic properties of the metallic
centre, is a needed prerequisite prior to a more systematic computational study. We are convinced that the
electron localization function (ELF)™ and the quantum theory of atoms in molecules (QTAIM)***

topological approaches constitute appropriate tools for such a methodological study.

An appropriate electronic and geometric description of the organometallic complex is a prerequisite to any
a posteriori topological characterization of the agostic interaction. First discussed by Streuber and
Grunenberg in the case of titanium compounds,'® and by Etienne et al. in the case of niobium compounds,*’
this point is particularly challenging for three main reasons: i) due to the size of the systems, ab initio
methods can hardly be carried out in the context of a comparative study; ii) it is a non-covalent
intramolecular interaction; and iii) the electronic properties of the d-bloc atoms should be accurately
described. Comparison between theoretical studies based on the density functional theory (DFT) and
experimental structures definitely suggests that agostic interactions can be described by DFT functionals.*®
Recently, different approaches were implemented in quantum chemistry programs to allow the treatment
of dispersion forces in DFT calculations. Such dispersion forces are of fundamental importance in the case
of van der Waals interactions. They also may play a prominent role in the case of hydrogen bondings.
Among other methods, the D3 empirical correction of Grimme with Becke and Johnson damping was
revealed to be particularly adapted to describe intramolecular hydrogen bondings.'®> Would such correction

affect the description of agostic interactions, either from a geometric or from a topological point of view?



As far as the electronic description of the metallic centre is concerned, all-electron basis sets can be
practically used only in the case of the first-row transition metal elements. For heavier elements,
pseudopotentials should be chosen. The further use of relativistic Hamiltonian is needed for an accurate

description of topological properties of organometallic compounds.®®*"?

Herein is proposed an estimation
of the "minimum level of theory" leading to accurate enough topological description of [B-agostic
interactions within the framework of the DFT. The accuracy of the levels of theory was evaluated on a

model system in a three-step approach:

> first, geometric parameters were used to characterize the ability of the level of theory to describe
the agostic interaction,

» then, the existence of a trisynaptic basin for the hydrogen atom involved in the agostic interaction
was checked using the ELF topological method,

> finally, the p, V°p, € and H QTAIM descriptors on the BCP of the agostic bond obtained from DFT
calculations carried out at different levels of theory were compared

The influence of the DFT level of theory on the accuracy of the geometric and topological description of the
agostic interaction was thus evaluated. A suitable level of theory was then selected for an analysis of a
large, representative, set of agostic compounds.

Computational details

A set of nine group 4 metallocenes for which experimental data were reported in the literature, was chosen
for this study: Cp,TiNH,BHs;, ?* Cp,ZrHNH,BH; and its isomer,** Cp,TiNMe,BHs, > Cp,ZrHNMe,BHs,*
Cp,TiPPh,BHs,%> and Cp,ZrPPh,BH,.”

All the geometry optimizations were carried out using the Gaussian09 software.?® The effects of several
exchange-correlation functionals and basis sets (including the treatment of relativistic effects) on the
geometric and electronic (topological) description of the agostic interaction in the metallocenes were
evaluated. This calibration step was carried out on the titanocene aminoborane (compound 1) for which
experimental data are available.”? The Minnesota®’ and range-separated hybrid functionals,’® dedicated to
the study of weak interactions, were considered for the present methodological study.”****" Additionally,
the effect of the dispersion-correction within the framework of the Becke-Johnson damping function®**

was evaluated in the present work.>*** The following functionals were considered in the present work:

> The local functional M06-L ** designed for taken into account the exchange-correlation energy,

> The GGA BP86 functional,’” alone and with the D3 empirical correction of Grimme with Becke and
Johnson damping,

> The Meta-GGA TPSSTPSS * functional, alone and with the D3 empirical correction of Grimme with
Becke and Johnson damping,

» The hybrid B3LYP,***° B3PW91, PBE1PBE,*" **** M06 and TPSSh* functionals, alone and with the D3
empirical correction of Grimme with Becke and Johnson damping,

> The LC-w-PBE range separated RSH functional,****’
Grimme with Becke and Johnson damping. All the calculations were carried out with the default

alone and with the D3 empirical correction of

value of w in the Gaussian09 software (w = 0.4 a.u.™).

Complementarily, the influence of the basis set was studied. In the case of the titanocene compounds,
Pople triple T basis sets can be used for all the elements, including the transition metal atom. This is not the
case for the zirconocene and hafnocene compounds. For these latter cases, the use of pseudopotentials is
needed. To determine how these pseudopotentials will affect the description of the agostic interactions,
model Ti""(1) and Ti"V(1) species were studied using the following basis sets:



» The Pople triple { 6-311++G(2d,2p) and 6-311++G(3df,3pd) basis sets,

» The Def2-TZVP, Def2-TZVPP and def2-QZVPPD basis sets,

» The Pople triple T 6-311++G(2d,2p) basis set for the main-element atoms in combination with the
SDD pseudopotential for the titanium. This basis set will be further referred to as 6-
311++G(2d,2p)+SDD,

» The Pople triple T 6-311++G(2d,2p) basis set for the main-element atoms in combination with the
relativistic LanL2DZ pseudopotential for the titanium. This basis set will be further referred to as 6-
311++G(2d,2p)+LanL2DZ,

> The DZP ***** and TZP*"*** basis sets,

» The relativistic DZP-DKH>**>*® and TZP-DKH>®*’ basis sets, in combination with the Douglas-Kroll-
Hess Hamiltonian, in the context of relativistic calculations,®

» The relativisic RESC approach, in combination with the DZP-DKH basis set.

The nature and the strength of the interactions were further characterized with two topological
approaches: the electron localization function (ELF)" and the Quantum Theory of Atoms in Molecules
(QTAIM).***> The ELF streamlines and specifies the chemical bond, in line with the concepts initially
introduced by Lewis.”®® This interpretative tool allows for a partition of space in terms of basins. The
number of electrons involved in each basin (i.e. the basin's population), as well as other properties, can
easily be obtained by integrating of the property density over the basin volume. The ELF signature of a X-H
agostic interaction consists in a protonated basin containing approximately 2 electrons from the X, Hand M
atoms. Such basins are described as "trisynaptic". The ELF identification of a trisynaptic basin containing
approximately two electrons constitutes a necessary and needed proof to the existence of a 3C/2e
interaction. In the QTAIM framework, proposed and thoroughly developed by Bader and co-workers, the
identification of a bond critical point (BCP) as well as a bond path (BP) between two atoms proves that the
two atoms are chemically bonded. In such a case, the chemical bond can be further (quantitatively)
characterized by means of the electron density (p), the Laplacian of p (Vzp), the ellipticity (¢), and the total
energy density (H) on the BCP. Other specific (local) descriptors were also introduced in the context of

agostic interactions by Joubert et al.® %>

. Using the above-mentioned values, the strength of agostic
interactions can be accurately evaluated as soon as the interaction is characterized by a BCP. This is
generally the case for [ agostic interactions, but not necessarily for o agostic interactions. Since the present
article focuses on B agostic interactions, the QTAIM tool will be used to estimate the strength of the

interaction between the metallic centre and the B-H bond.

All the geometry optimizations and the generation of the wfn files were carried out with the Gaussian 09
Rev D.01 software. The wfn files were further used for the topological analysis. The ELF and QTAIM
calculations have been done using the TopMod * and AIMAII ® softwares, respectively. The ELF analyses
were carried out using the "fine" grid. As far as the QTAIM calculations are concerned, we should point out
the fact that the energy densities are evaluated from the Kohn-Sham first reduced density matrix.



Results and discussion
The Cp,TiNH,BH; compound, for which experimental data are available, was chosen to evaluate the
accuracy of the description of the agostic interaction calculated at the different levels of theory. 2

1. Geometric considerations
Different representative geometric parameters were compared with experimental data. Deviations

between experimental and theoretical dx_y distance between X and Y atoms were calculated as follows:

C1calc. _ AEXP-
Sdy_y = ———p 2t x 100
dy~y

where d;’i‘; (respectively d)c(a_l%) represents the experimental (respectively calculated) distance.

Similarly, deviations between experimental and theoretical X — Y — Z angle between X, Y and Z atoms were
calculated as follows:
X _ Y _ anlC. _ X _ Y _ Zexp,

8X—Y—Z = X :—\Y— 7 exp. x 100

where X =Y — Z&*P- (respectively X — Y — ZI%) represents the experimental (respectively calculated)
angle.

a. Influence of the functional in combination with the 6-311++G(2d,2p) basis set
To begin with, the effects of the density functionals on representative geometric parameters were studied
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in the case of the Ti""(1) compound. The experimental data were taken from Ref.” The main results are

shown in the Table 1.

The experimental Ti-N and Ti-B distances are d%’i(E'N = 2.153 and d?i(f"B =2.520 A, respectively. The

corresponding values are calculated to be in the [2.155 A; 2.184 A], and [2.501 A ; 2.542 A] ranges,
respectively. The &dr.y deviation between the experimental and the calculated distance is thus in the
[+0.1% ; +1.5%)] range, whereas the 8dy.5 deviation is in the [-0.8% ; 0.9%)] range. Thus, the calculated d%?l_CN
and d$3!5; distances are in good agreement with the experimental data.

With all the levels of theories used, the two B-H bonds that are not interacting with the Ti atom are
calculated to be identical in length. However, from crystallographic structures, two different lengths are
measured for these non-agostic B-H bonds: 1.09 and 1.13 A. This suggests the existence of additional weak
intermolecular interactions either with the solvent during the evaporation, or between molecules in the
solid phase.

The corresponding calculated distance (cha_l%.) is in the [1.200 A ; 1.212 A] range. Thus, the deviation
between the experimental and the calculated B-H distance, is in the [8.2% ; 9.2%)] range. The deviation
observed between the experimental and the calculated B-H distance is much larger than the deviation
obtained for the Ti-N and Ti-B distances. Such discrepancy may be due to the uncertainty in the
crystallographic data, especially concerning the location of the hydrogen atoms.
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dri—n dri_p dp_y dp-nagost. | Adp-u® | dri—pagost [B— Hagost =T| T1=N—B N —B—Hages| Devie (%)
BP86-D3 2.173/2.203 | 2.514/2.552 1.211/1.212 1.311/1.309 | 0.100/0.097 1.872/1.878 | 102.9/105.0 83.1/84.4 105.6/104.5 4.3
BP86 2.184/2.203 2.530/2.552 1.212/1.212 1.312/1.309 | 0.100/0.097 1.882/1.878 | 103.4/105.3 83.4/84.6 105.4/104.3 4.6
TPSSTPSS-D3 | 2.172/2.198 | 2.519/2.544 1.205/1.205 | 1.304/1.304 | 0.099/0.099 1.870/1.873 103.6/105.6 83.2/84.5 105.0/103.8 5.4
TPSSTPSS 2.181/2.207 | 2.532/2.567 | 1.205/1.206 | 1.305/1.306 | 0.100/0.100 1.878/1.882 103.9/105.9 83.4/84.7 104.9/103.7 5.1
B3PW91 2.170/2.193 | 2.519/2.552 1.206/1.206 | 1.303/1.303 | 0.097/0.097 | 1.880/1.881 103.1/105.1 83.6/84.8 105.5/104.3 6.4
PBE1PBE 2.163/2.184 2.510/2.542 1.207/1.208 | 1.303/1.303 0.096/0.095 1.879/1.878 | 102.7/104.6 83.5/84.7 105.7/104.5 7.4
TPSSh 2.174/2.197 | 2.526/2.559 | 1.204/1.205 | 1.302/1.304 | 0.098/0.099 1.877/1.878 | 103.7/105.6 83.5/84.8 104.9/103.7 6.5
PBE1PBE-D3 | 2.157/2.179 | 2.502/2.534 1.207/1.207 | 1.302/1.302 | 0.095/0.095 1.874/1.873 102.5/104.3 83.3/84.4 105.8/104.6 8.5
LC-wPBE-D3 2.150/2.166 | 2.492/2.522 1.206/1.206 | 1.297/1.294 | 0.091/0.088 1.871/1.869 | 102.2/104.3 83.1/84.4 106.0/104.6 12.9
LC-wPBE 2.155/2.171 2.501/2.531 1.206/1.206 | 1.297/1.295 0.091/0.089 1.877/1.875 102.4/104.4 83.2/84.6 105.9/104.5 12.5
MO6 2.163/2.182 | 2.517/2.554 1.204/1.205 | 1.294/1.290 | 0.090/0.085 | 1.892/1.901 102.8/104.7 83.6/85.1 105.7/104.4 13.0
B3LYP-D3 2.171/2.195 | 2.524/2.558 | 1.202/1.202 | 1.295/1.294 | 0.093/0.092 1.883/1.885 | 103.6/105.7 83.6/84.9 105.1/103.9 10.9
B3LYP 2.182/2.207 | 2.542/2.576 1.203/1.203 1.297/1.297 | 0.094/0.094 1.895/1.898 | 104.0/105.9 84.0/85.2 104.9/103.7 10.9
MO6-L 2.178/2.197 | 2.525/2.561 1.200/1.201 1.282/1.280 | 0.082/0.079 1.899/1.909 | 103.4/105.1 83.4/84.9 105.8/104.7 21.9
Exp 2.153 2.52 1.13 & 1.09 1.21 0.1 84.5 107.1

Table 1: Influence of the functional on the geometric description of the Ti""(1) (in bold) and Tif'"V(1) (in italic) compounds. The distances are in A, and the angles are in

Degrees. ¥: Adp_y = (dB—Hagost. — dg_y), ®): Devior = | 8dyi_y| + | 8dpi_p| + | 8Adg_ul + | Srin-pl + ON-_B-H,gost |7 With 8pq5_, =

AdB_Hcalc'—AdB_HeXp'

AdB_Hexp.

x 100 All the

calculations were carried out with the triple-{ 6-311++ G(2d,2p) basis set. The different functionals are classified from smaller to larger Dev,,values. All the calculations were

carried out with the 6-311++G(2d,2p) basis set.



In the case of the B-H bond involved in the agostic interaction, the experimental distance is 1.21 A while the
corresponding dCBa_lﬁ agost.calculated distance is in the [1.282 A; 1.312 A] range. Thus, the & dgy agost. deviation
between the experimental and the calculated B-H distance, is in the [6.0%; 8.5%] range. It is interesting to note that
the deviation between the calculated and the experimental distance is similar to the one obtained in the case of the
non-agostic B-H bond. To further characterize the 3C/2e interaction, we calculated the difference between the
length of the agostic B-H bond and the free B-H bond. This lengthening is of 0.10 A for the experimental data, and in
the range 0.079 -0.100 A, for the calculated distances. Thus, the 8§ Ads.; deviation between the experimental and the

calculated difference is in the [-18.0% ; 0%] range, with:

calc. calc. exp. exp.
(dB—H agost. — dgZh ) — (dB—H agost. dB—H)
§Adg_y = x 100
qexP: — 45
( B—H agost. B-H

We thus conclude that the lengthening of the B-H bond due to the interaction with the metallic centre is correctly
described by all the selected functionals, with a deviation of + 0.03 A depending on the functional used.

In addition with distances, the angles are often used as criteria in the identification of agostic bondings. In the case
of 6(C-H) bonds, it is generally considered that a Tt — H — C angle in the [90°; 140°] range corresponds to an agostic
interaction. Furthermore, aTi— H — C angle in the [110° 170°] range is generally attributed to an anagostic
interaction.’

The M — H — B angles reported in the Table 1 show that, in the case of the titanocene amino-borane, the
M —H — B angle is calculated in the [102.2°; 104.0°] range, whatever the functional used. Thus, the geometries
calculated with all the chosen functional are consistent with the formation of an agostic interaction between the
o(B-H) bond and the titanium atom.

The calculated values for the T1 — N — B angle are in the [81.3° 84.0°] range, whereas the experimental value is
84.5°. This angle is thus systematically calculated smaller than the experimental value, and the deviation between

the experimental and the calculated value is in the [-3.79% ; -0.59%] range.

Similarly, the calculated N — B — Hygos1,c @angle is calculated in the [104.5°; 105.9°] range, which is systematically

larger than the corresponding experimental value (N —B — HagostlceXp' = 107.1°), and the SN_B_Hagost_deviation

between the experimental and the theoretical value is in the [-2.1%; -1.2%] range. For a whole comparison of the
functionals, a new parameter was introduced the total deviation Dev,q; :

Devioy = | 8dri—n| + | 8dri—g| + [ 6Adg_n| + | Si—n-s| + | ON-B-H,gost.

Devy,t is @ measure of the normalized total deviation between the calculated and the experimental values, based on

two distances ( dpi_y and dpj_g ), one reduced distance ( Adg_y) and two angles (
Ti—N-BandN — B’—\Hagost_). In the Table 1, the different functionals are classified from the one leading to the
smaller Devy,; to the one leading to the larger Dev,y;. The smallest Dev,,, value is obtained with the BP86 functional
(with or without the use of the D3 empirical correction of Grimme with Becke and Johnson damping), whereas the
use of the M06-L functional leads to the larger Dev,,; value. Moreover, the Dev,; values are below 25 % for all the
considered functionals. Thus, from a geometric point of view, the 12 chosen functionals correctly describe the Ti""(1)
compound. Two major points will be further discussed: the influence of the use of the D3 empirical correction of
Grimme with Becke and Johnson damping, and the effect of the class (local, GGA, hybrid GGA, meta-GGA and range-
separated hybrids) of the functionals on the geometric description of this system.

1. Influence of the D3 empirical correction of Grimme with Becke and Johnson damping

The agostic interaction has often been compared to the hydrogen bond. In the latter case, the dispersion forces may
notably contribute to the stabilization of the system. A substantial effort was recently made to take into account
these forces in DFT calculations. In the present study, the effect of the D3 empirical correction of Grimme with Becke



and Johnson damping was evaluated in the case of one GGA functional (BP86), two hybrid functionals (PBE1PBE and
B3LYP), and one meta-GGA (TPSSTPSS) and one range-separated hybrid functional (LC-wPBE). To evaluate the effect
of the D3 empirical correction of Grimme with Becke and Johnson damping, the difference between the selected
distances and angles calculated with and without this correction are presented in the Table S1.

Four tendencies can be drawn from these comparisons:

» For a given functional, the use of the D3 empirical correction of Grimme with Becke and Johnson damping
systematically leads to smaller Ti-N and Ti-B distances. However, this shortening remains smaller than 0.02 A
with the five considered functionals,

> The D3 empirical correction of Grimme with Becke and Johnson damping has almost no effect on the B-H
and B-H,,:. distances,

» The Ti-Hagos. distance is systematically predicted to be smaller when the D3 empirical correction of Grimme
with Becke and Johnson damping is used. As in the case of the Ti-N and Ti-B distances, this shortening
remains smaller than 0.02 A with the five considered functionals,

> The angles B — Ha/g;t. —Tiand Tt =N — B are predicted to be 0.1 to 0.5° larger when geometry
optimizations are carried out without the D3 correction. Conversely, the N — B’—\Hagost, is predicted to be
0.1 to 0.2° larger when the D3 correction is used.

Thus, the use of the D3 empirical correction of Grimme with Becke and Johnson damping do not dramatically affect

+Il

the geometry of the Ti"" (1) compound, and "classical" DFT calculations can suitably describe this 3C/2e interaction.

This suggests that the dispersive forces do not play a prominent role in the agostic interaction herein investigated.

2. Comparison of the calculated geometric parameters depending on the class of the functional used

In our prototype system, the electrostatic nature of the interaction may play a predominant role. Thus, in the
context of DFT studies, the treatment of the electron correlation may affect the description of the interaction. More
precisely, we were interested in the influence of the class of the functional on the accuracy of the geometric
description of the interaction. The deviation of distances and angles with the experimental data are shown in the
Table S2 for each class of functionals:

> in the case of the local M06-L functional, the deviation on the Ti-N distance is five times higher than that on
the Ti-B distance. This functional leads to the highest value of Dev, parameter among the considered
functionals,

» the GGA BP86 functional leads to an accurate geometric description of the system, and the Dev,
parameter is particularly low, suggesting that this functional is particularly adapted for the description of the
system,

> the GGA BP86-D3 functional also leads to an accurate description of the interaction. On the other hand, the
Ti-N distance is slightly overestimated, whereas the Ti-B distance is slightly underestimated,

> the hybrid B3LYP functional leads to a similar overestimation of the Ti-N and Ti-B distances. In the same
time, the lengthening of the B-H bond due to the agostic interaction is correctly reproduced,

» the combination of this functional with the D3 empirical correction of Grimme with Becke and Johnson
damping does not lead to a decrease of the Dev,,; parameter,

> the hybrid PBE1PBE functional, taken alone or with the D3 empirical correction of Grimme with Becke and
Johnson damping, leads to an overestimation of the Ti-N distance, whereas the Ti-B distance is
underestimated,

> in the case of the TPSSh hybrid functional, the deviation on the Ti-N distance is almost three times larger
than the deviation on the Ti-B distance,

» the meta-GGA TPSSTPPS and TPSSTPSS-D3 functionals also lead to an overestimation of the Ti-N distance
that is much higher than the deviation on the Ti-B distance,



» the range-separated LC-wPBE and LC-wPBE-D3 hybrid functionals lead to an underestimation of the Ti-B
distance that is much more important than the deviation on the Ti-N distance.

Finally, only two functionals lead to a similar deviation of the Ti-N and Ti-B distances, in combination with an
accurate lengthening of the B-H bond involved in the agostic interaction, and with a low value of the Dev;y
parameter: the GGA BP86 functional, and the hybrid B3LYP functional. If we consider a + 0.03 A uncertainty for
distances and a + 3° uncertainty for angles as acceptable, then the popular B3LYP hybrid functional satisfactorily

describe the Ti™"(1) compound. This functional was selected for the further evaluation of the effects of basis sets.

In the Table 1 are also reported the calculated geometric parameters for the Tif'V(1) compound. As in the case of the

Ti"(1) compound, no dramatic change is observed with respect to the choice of the functional. No experimental
data are available for this system, but these results show that all the considered functionals lead to a similar
geometric description of the Ti™(1) and Tif'V(1) compounds. More precisely, the variations of the calculated
distances and angles for the Ti""(1) and Ti}'V(1) compounds are presented in the Table $3 The calculated Ti-N and Ti-
B distances are systematically longer in the diamagnetic Ti'V(1) compound with respect to the paramagnetic Ti""(1)
species: AIV ' 3nd AIV l'are in the [0.016 A ; 0.030 A] and [0.022 A ; 0.038 A] ranges, respectively, with:

diamagnetic aramagnetic
AV 4 g - gparamag

diamagnetic aramagnetic
TN e and AIV I _ =d g _ dp g

Ti—B Ti—B

The M06-L, BP86, LC-wPBE and LC-wPBE-D3 functionals lead to the lower AY."I! values.

Thus, the theoretical calculations suggest that, in the case of the E isomer, the magnetic properties of the titanium
atom do not affect the agostic and non-agostic B-H distances in the titanocene (1) complexes.

b. Influence of the basis set and of the relativistic treatment in combination with the B3LYP functional

The Ti*"(1) and Ti'V(1) compounds were chosen as case studies, because in addition with experimental data
available for the Ti*"(1) compound, a large choice of basis sets is available, including triple- and quadruple- all
electron basis sets and relativistic pseudopotentials. However, for organometallic complexes containing heavier
group 4 metallic centres, pseudopotentials should be used for calculations in currently available calculators, in order
to reduce the number of primitive Gaussians. Moreover, relativistic effects are obviously non-negligible in the case
of organometallic complexes. In addition with relativistic pseudopotentials (SDD and LanL2DZ), the scalar relativistic
Douglas-Kroll-Hess Hamiltonian was used.

As in the case of the study of the effect of the functional on the geometric description of the agostic interaction, the

choice of the basis set does not affect the angles between the B, N, H and Ti atoms. The effects of the basis set on

the previously chosen distances are presented in the Table 2. At a first glance, it appears that the Ti-N and Ti-B

experimental distances are correctly reproduced, with a deviation of + 0.03 A. The lengthening of the B-H bond

involved in the agostic interaction is also correctly reproduced, with a deviation of + 0.01 A. Thus, from a geometrical

point of view, all the considered basis sets combined with the B3LYP functional lead to a suitable description of the
Ti""(1) system.

Four Alrichs' basis sets were chosen for this study: Def2-TZVP, Def2-TZVPP, Def2-TZVPPD and Def2-QZVP. Very
similar geometries were obtained will these four basis sets: the Ti-N distance is calculated to be 2.182 with all these
basis sets, whereas the Ti-B distance is calculated to be in the [2.539 A; 2,541 A]. This corresponds to a slight
overestimation of the experimental distances, and the deviations between the theoretical and experimental values is
+1.4% for the Ti-N distance, and in the [0.8% ; 0.9%] range for the Ti-B distance.

These Alrichs' basis sets also lead to an underestimation of the lengthening of the B-H bond due to the agostic
interaction, and the & pgs.4is in the [-7.0% ; -5.0%] range, with:



AdB_Hcalc. _ AdB_Hexp.
Sadg g = Y x 100

Two Pople's basis sets were considered in our study: the 6-311++G(2d,2p) basis set, alone and in combination with
the D3 empirical correction of Grimme with Becke and Johnson damping, and the 6-311++G(3df,3pd) basis set. As in
the case of the Alrichs' basis sets, the Ti-N and Ti-B distances are slightly overestimated, and the 8dri_y and 8dti_g
are in the [+0.9% ; +1.4%] and [+0.8% ; +1.0%] ranges, respectively. The lengthening of the B-H bond due to the
agostic interaction is underestimated with these basis sets, and the 8AdB—H isin the [-9.0% ; -7.0%] range.

The use of either LanL2DZ or SDD pseudopotential for the metallic centre, in combination with the 6-311++G(2d,2p)
basis set for the other atoms, leads to an improvement of the accuracy of the calculated distances. The use of the
LanL2DZ pseudopotential for the metallic centre in combination with the D3 empirical correction of Grimme with
Becke and Johnson damping, leads to an overestimation of the Ti-N distance, and an underestimation of the Ti-B
distance.

The influence of the use of a scalar relativistic Hamiltonian was also studied. To this end, the two-component
relativistic Douglas-Kroll-Hess Hamiltonian was considered, in combination with the DZP-DKH and TZP-DKH basis
sets. For a sake of comparison, non-relativistic calculations were also carried out with the DZP and TZP basis sets.
Due to a limitation of variables for such calculations with the Guassian09 software, only partial optimizations were
carried out. All but nine parameters were frozen, and the positions of the Ti, N, B and H atoms were optimized. The
same variables were frozen for the relativistic DKH2/DZP-DKH, DKH2/TZP-DKH and for the non-relativistic DZP and
TZP calculations. In the case of the non-relativistic DZP calculations, the Ti-N and Ti-B distances are 2.176 and 2.540
A, respectively. Compared with the experimental data, this corresponds to a slight overestimation. (8dj_y = 1.1 %
and 8dri_g = 0.8 %). The lengthening of the B-H bond involved in the agostic interaction is also slightly
overestimated (6 age.n = 8.0 %). Similar distances are calculated when this basis set is used in the context of
relativistic DKH calculations (8dri_y = 1.0 %, 6dpi_g = 0.63 % and 8,4, , = 10.0 %). No dramatic change is
observed between the structures partially optimized at the B3LYP/DZP (respectively B3LYP/TZP) level of theory and
the structures partially optimized at the relativistic DKH2 B3LYP/DZP-DKH (respectively B3LYP/TZP-DKH) level of
theory. This suggests that the relativistic effect has a limited impact on the agostic interaction in the Ti™"(1)
compound.

Thus, among the functionals and the basis sets selected for our study, all the levels of theory tested lead to an
accurate description of the agostic interaction in the Ti*"(1) compound, from a geometric point of view. The Ti-N, Ti-
B and the lengthening of the B-H bond due to the agostic interaction are reproduced with an accuracy better than +
0.04 A with all the considered DFT methods. The effect of the method on the topological characterization of the
interactions will be further investigated.



Type of basis set Basis set dri—n dri_p dg_n dB_H agost. Adg_y° di—H agost.
Def2-TZVP 2.182/2.207 2.540/2.574 1.204/1.205 1.299/1.299 0.095 1.894/1.895
Alrichs' basis sets Def2-TZVPP 2.182/2.207 2.541/2.575 1.203/1.204 1.298/1.297 0.095 1.895/1.898
Def2-QzZVPP 2.182/2.201 2.540/2.575 1.202/1.203 1.297/1.297 0.095 1.894/1.897
6-311++G(2d,2p) 2.182/2.207 2.542/2.576 1.202/1.203 1.297/1.297 0.095 1.895/1.898
Pople's basis sets
6-311++G(3df,3pd) 2.182/2.206 2.540/2.574 1.203/1.203 1.297/1.297 0.094 1.894/1.897
Pople basis sets | 6-311++G(2d,2p)+LanL2DZ 2.177/2.204 2.529/2.556 1.202/1.203 1.298/1.299 0.096 1.879/1.885
with a relativistic
pseudopotential for 6-311++G(2d,2p)+SDD 2.174/2.199 2.535/2.571 1.202/1.203 1.297/1.297 0.095 1.889/1.893
the metallic centre
DZP(9v) 2.176/2.203 2.540/2.581 1.219/1.219 1.312/1.310 0.093 1.894/1.899
DKH2/DZP-DKH (9v) 2.173/2.201 2.536/2.582 1.219/1.219 1.314/1.311 0.095 1.890/1.899
Double and triple
@ trp RESC/DZP-DKH(9v) 2.174/2.201 2.537/2.582 1.219/1.219 1.314/1.311 0.095 1.891/1.899
zeta basis sets
TZP(9v) 2.183/2.211 2.539/2.275 1.204/1.204 1.301/1.300 0.097 1.887/1.891
DKH2/TZP-DKH (9v) 2.180/2.209 2.535/2.576 1.204/1.204 1.300/1.299 0.096 1.885/1.892
Exp 2.153 2.52 1.13 & 1.09 1.21 0.1

Table 2: Effect of the basis set on the geometric description of the Ti""(1) and Tif'"V(1) compounds. The distances are in A, and the angles are in Degrees.

@, Adg_y = (dB_Hagost, - dB_H.). All the calculations were carried out with the B3LYP functional.



2. Topological characterization of the 3C/2e interaction
For the characterization of a 3C/2e and an estimation of the strength of an agostic interaction, the previously

proposed methodology consists in studying the protonated basin.?® We shall briefly remind the reader of the
main steps of this topological methodology.

First of all, the 3C/2e nature of the interactions should be ascertained. To this end, the protonated basin within
the ELF topological framework should be a trisynaptic basin with a total population close to 2 electrons. Then, a
QTAIM/ELF study is carried out to determine the atomic contributions of the metallic centre, the hydrogen atom
and the boron atom in the present case, to the protonated basin. The strength of the agostic interaction is
evaluated on the basis of the atomic contribution of the metallic centre. Thus, besides an accurate geometric
characterization of the organometallic complex, the electronic description of the system obtained from DFT
calculations should be precise enough prior to the topological investigation. To evaluate the accuracy of this
description, the topological characterization of the protonated basin involved in the agostic interaction was
studied for the Ti""(1) and Ti}!'V(1) compounds:

» with all the above considered functionals in combination with the 6-311++G(2d,2p) basis set,
» with all the above considered basis sets, in combination with the B3LYP functional.

a. Influence of the functional in combination with the 6-311++G(2d,2p) basis set
The influence of the choice of the functional on the topological description of the protonated basins, for the
hydrogen atoms involved in the agostic interaction, was studied in the context of DFT calculations with the 6-
311++G(2d,2p) basis set. The characteristic results obtained for the Ti""(1) and Tif"V(1) compounds are
summarized in the Table 3.

First of all, we would like to underline the fact that, whatever the functional used with the 6-311++G(2d,2p)
basis set, the hydrogen atom involved in the agostic interaction is characterized, within the ELF topological
framework, by a trisynaptic protonated basin with a total population in the 1.92 <V(Ha) < 1.94 electron range,
for the Ti™(1) compound. This is fully consistent with a 3C/2e interaction. Thus, the analysis of the topology of
the electron density and the electron density ELF function indeed demonstrates the presence of an agostic
interaction between a o(B-H) bond and the titanium atom. The contribution of the titanium atom in this basin,
noted V(Ha)-M, varies from 0.11 to 0.14 electron. The lowest value is calculated with the M-06L/6-
311++G(2d,2p) level of theory, whereas the highest value is obtained with the BP86/6-311++G(2d,2p) and BP86-
D3/6-311++G(2d,2p) levels of theory. With all the other functionals, the calculated contribution of the metallic
centre in the protonated basin (V(Ha)-M) is calculated in the [0.12 e; 0.13 €] range for the Ti™"
depending on the functional.

(1) compound,

With all the levels of theory presented in the Table 3, the total population of the hydrogen atom is smaller in the
case of the Tif'V(1) compound, and V(Ha) is calculated in the [1.88 € ; 1.90 e] range. However, as in the previous
case, a trisynaptic basin is obtained, in full agreement with a 3C/2e agostic interaction. The atomic contribution
of the metallic centre within this protonated basin is calculated to be in the [0.10 e; 0.12 e] range for the Ti}!V(1)
compound, with all the considered functionals.

Thus, consistent descriptions of the agostic interactions are obtained from the topological QTAIM/ELF approach.
The MO06-L/6-311++G(2d,2p) level of theory is likely to slightly underestimate the strength of the agostic
interaction in the Ti™"'(1) compound. On the contrary, the BP86/6-311++G(2d,2p) and BP86-D3/6-311++G(2d,2p)

+I1

levels of theory probably slightly overestimate the strength of the agostic interaction in the Ti""(1) compound.

Globally, the strengths of the agostic interactions in the Ti™(1) and Ti#"V(1) compounds are calculated to be very



similar, in full agreement with the geometric data. It seems however that the agostic interaction may be slightly
higher in the case of the Ti™"(1) compound. Indeed, if we exclude the LC-w-PBE-D3/6-311++G(2d,2p) level of
theory, the contribution of the metallic centre on the protonated basin is systematically slightly higher, by 0.01

+l

to 0.03 electron, in the case of the Ti" (1) compound.

V(Ha) i /-!\tomic contributioP
! V(Ha)-Ti ! V(Ha)-B ! V(Ha)-Ha
B3LYP 1.93/1.89 | 012/010 | 024/023 | 156/1.53
B3LYP-D3 193/1.90 | 012/011 | 024/024 | 1.55/154
B3PWI1 193/1.89 | 013/011 | 025/026 | 1.58/152
TPSSh 1.93/1.89 | 0.12/0.11 | 0.22/022 | 1.55/1.55
TPSSTPSS 1.93/1.89 0.12/0.10 0.23/0.23 1.55/1.54
TPSSTPSS-D3 1.93/1.89 | 013/011 | 0.23/022 | 1.55/1.54
MO6-L 1.94/1.90 0.11/0.10 0.24/0.22 1.57/1.56
MO06 1.93/1.89 | 0.12/0.11 | 025/0.24 | 155/1.54
BP86 1.92/1.88 . 0.14/0.12 . 0.26/0.25 . 1.51/1.50
BP86-D3 1.92/1.88 | 0.14/011 | 0.25/025 | 1.51/1.49
LC-wPBE 1.94/1.90 | 0.12/0.11 | 0.24/023 | 1.56/1.53
LC-wPBE-D3 1.94/1.89 0.12/0.12 0.23/0.22 1.56/1.53
PBELPBE 1.93/1.89 | 013/0.11 | 024/023 | 155/152
PBE1PBE-D3 1.94/1.89 0.13/0.11 0.24/0.23 1.55/1.52

Table 3: Effect of the functional on the ELF topological description of the protonated basin for the hydrogen atom
involved in the agostic interaction with the metallic centre, in the Ti"(1), in bold, and Ti}'V(1), in italic, compounds. All
the calculations were carried out with the 6-311++G(2d,2p) basis set.

The B3LYP functional, previously selected on the basis of geometric criteria, seems to satisfactorily describe the

+I1

agostic interaction of the Ti"" (1) and Ti#'V(1) compounds , from an electronic, topological point of view.

b. Influence of the basis set in combination with the B3LYP functional
As in the case of the geometric study, the B3LYP functional was further selected to evaluate the influence of the
basis set on the electronic characterization of the agostic interaction. The main results are presented in the
Table 4.

With all the basis sets selected for this study, calculations carried out with the B3LYP functional leads to the
characterization of a trisynaptic protonated basin with a total population in the [1.92 e; 1.94 e] range, for the

+ll

paramagnetic Ti"" (1) compound. Thus, whatever the level of theory chosen, the topological analysis leads to the
identification of a 3C/2e agostic interaction. However, the calculated contribution of the metallic centre on this
protonated basin very much depends on the basis set. At the B3LYP/6-311++G(2d,2p)+LanL2DZ, B3LYP-D3/6-
311++G(2d,2p)+LanL2DZ and B3LYP/6-311++G(2d,2p)+SDD levels of theory, the atomic contribution of the Ti
atom in the hydrogen atom, is calculated to be in the [0.06 e; 0.07 e]. With all the other selected basis sets, i.e.
without the use of a pseudopotential for the metallic atom, the atomic contribution of the Ti atom in the
hydrogen atom, is calculated to be 0.12 electron. We thus conclude that the use of a relativistic pseudopotential
for the metallic centre leads to an accurate description of the agostic interaction from a geometric point of view,

but not from a topological point of view. The use of a basis set that takes into account the core electrons is



necessary prior to any topological investigation of an agostic interaction. For a sake of computational time
saving, we carried out a single point calculation with the relativistic DKH2/DZP-DKH basis set, at the geometry
optimized with the B3LYP functional, in combination with the LanL2DZ basis set for the metallic atom and the 6-
311++G(2d,2p) basis set for all the other atoms. When the topological study is carried out from this single point
calculation, the atomic contribution of the metallic centre in the trisynaptic agostic basin is calculated to be 0.11
electron. Thus, a single point calculation using the DKH2 Hamiltonian in combination with the B3LYP/DZP-DKH
level of theory from a correct geometry obtained with a pseudopotential for the metallic centre is sufficient to
accurately describe the agostic interaction from a topological point of view. Since the DKH2/DZP-DKH basis set is
available for all the atoms involved in the compounds selected for the present study, the following procedure
will be further considered:

1. a geometry optimization with the B3LYP functional, in combination with the LanL2DZ basis set for the
metallic atom and the 6-311++G(2d,2p) basis set for all the other atoms,

2. a single point calculation using the DKH2 Hamiltonian in combination with the B3LYP/DZP-DKH level of
theory,

3. the generation of a .wfn file that will be further used for the topological study of the agostic interaction,

4. the ELF identification of a trisynaptic protonated basin.

We would like to point out the fact that the use of the DKH2 and RESC Hamiltonians lead to similar description
of the agostic interaction in terms of geometric as well as topological descriptors, and the use of the RESC
Hamiltonian is much less time consuming than the DKH2 one.

: Atomic contribution
V(Ha) I V(Ha)-Ti V(Ha)-B V(Ha)-Ha
6-311++G(2d,2p)+Lanl2DZ | 1.92/1.89 | 0.06/0.06 | 0.23/0.23 | 1.61/1.58
6-311++G(2d,2p)+SDD 1.93/1.89 0.06/0.07 0.24/0.23 1.61/1.58
6-311++G(2d,2p) 1.93/1.89 | 012/0.10 | 0.24/0.23 | 1.56153
6-311++G(3df,3pd) 1.93/1.88 0.12/0.10 0.23/0.23 1.56/1.54
Def2-TZVP 1.92/1.88 | 0.12/0.10 | 0.23/0.22 | 1.56/1.54
Def2-TZVPP 1.92/1.89 0.12/0.10 0.23/0.22 1.56/1.54
Def2-TZVPPD /189 | jo11 | jo22 | /154
Def2-QZVPP 1.92/1.89 0.12/0.10 0.23/0.23 1.57/1.57
DKH2/DZP-DKH (9v) 1.94/1.89 | 012/0.10 | 021/0.19 | 158/157
RESC/DZP-DKH(9v) 1.94/1.89 0.12/0.10 0.24/0.22 1.58/1.57
DKH2/TZP-DKH (9v) 1.94/1.89 | 012/0.10 | 0.23/0.21 | 156/1.55
DZP(9v) 1.94/1.89 0.12/0.10 0.22/0.20 1.58/156
TZP(9v) 1.94/1.89 : 0.12/0.10 | 0.23/0.21 | 1.58/1.55
6-311++G(2d,2p)+LanL2DZ | | |
+ single point with 1.93/1.89 ; 0.11/0.10 ; 0.21/0.21 ; 1.59/1.57
DKH2/DZP-DKH | | |

Table 4: Effect of the basis set on the ELF topological description of the protonated basin for the hydrogen atom involved
in the agostic interaction with the metallic centre, in the Ti+"'(1), in bold, and Ti/'V(1), in italic, compounds. All the
calculations were carried out with the B3LYP functional. All the values are given in e.



Furthermore, for the present study, we can anticipate that the QTAIM topological approach is a straightforward
tool for a comparison of the agostic strength, since only B-agostic interactions are considered in the present
study. Such interactions are generally characterized by a bond critical point (BCP) between the hydrogen
involved in the interaction and the metallic centre. For the sake of clarity, this BCP will be further denoted as
BCPw. agostic: The electron density p, the Laplacian of the electron density Vzp, the ellipticity €, and the total
energy density H, at this BCPy.4 agostic Can be used for an accurate description of the interaction.

3. Characterization of the strength of the interaction

a. Influence of the functional in combination with the 6-311++G(2d,2p) basis set
Before using the QTAIM approach to estimate the strength of agostic interactions, one initial point to consider is
the impact of the level of theory on the accuracy of the QTAIM topological description of (i) the free B-H bonds,
(i) the agostic B-H bond and (iii) the M-H interaction. The results obtained for the Ti""
selected functionals in combination with the 6-311++G(2d,2p) basis set are presented in the Table 5.

(1) compound with the

i. Influence of the functional on the QTAIM topological description of the free B-H bonds

A high electron density at the BCP, in combination with a negative V?p, is a signature of a covalent bond. Thus, a
correct level of theory should lead to high p and negative Vzp at the BCP of the free B-H bonds (BCPg.fee). The
results reported in the Table 5 show that the electron density and the V’p at the BCPg.fee are in the [0.169;
0.174], and [-0.159; -0.270] ranges, respectively. The covalent character of the free B-H bonds is thus well
reproduced with all the selected functionals for the Ti™(1) compound, even if the Laplacian of the electron
density is more sensitive to the choice of the functional than the electron density itself. More specifically, the
MO6-L local functional, the TPSSh hybrid functional, and the TPSSTPSS, TPSSTPSS-D3 meta-GGA functionals lead
to smaller Laplacian of the electron density at the BCPg_4 rce, relatively to the other functional.

if. Influence of the functional on the QTAIM topological description of the agostic B-H bond

Compared with the free B-H bond, the agostic B-H bond is characterized by lower values of p and V’p at the
BCP. The difference between the mean values obtained for the free B-H bond and the agostic B-H bond will be
denoted as A p= p(BCPg.tifree) - P(BCPgt agosiic) and AV?p = V°p(BCPgtree) - V°P(BCPp1 agostic), respectively. Using
these definitions, p(BCPg.y agostic) is calculated in the [0.122 ; 0.130] range, and A p is in the [0.047 ; 0.049] range,
except in the case of calculations with the M06-L functional, for which A p is calculated to be A p=0.039 a.u. V
’0(BCPg 4 agostic) and AV?p are calculated in the [ -0.051 ; 0.027] and [-0.249 ; -0.184] ranges, respectively.

As in the case of the free B-H bond, the value of the Laplacian of the electron density at the BCPg.y agostic iS more
sensitive to the choice of the functional than the value of the electron density itself. Furthermore, the Laplacian
V2p(BCPg.4 agostic) 1S closed to zero, whatever the choice of the functional is. Using the MO06-L local functional, the
TPSSh hybrid functional, and the TPSSTPSS, TPSSTPSS-D3 meta-GGA functionals, weakly positive values are
obtained, whereas the Laplacian is weakly negative where calculations are carried out with the other
functionals. Furthermore, the total energy density is calculated to be in the [-0.117 ; -0.108] range.

This result demonstrates that the interaction of the B-H bond with the metallic centre leads to a weakening of
the B-H bond.



BCPri agostc BCPg.t agostic BCPatfree BCP 1
p Vzp € H p Vzp € H p Vzp € p Vzp €

B3LYP 0.057 0.150 0.436 -0.009 0.125 -0.014 0.149 -0.112 0.174  -0.259 0.044 | 0.068 0.229 0.293
B3LYP-D3 0.059 0.154 0.434 -0.009 0.126  -0.012 0.147 -0.113 0.174  -0.258 0.044 | 0.070 0.236 0.293
B3PW91 0.059 0.151 0.441 -0.010 0.123  -0.010 0.145 -0.110 0.171 -0.241 0.043 | 0.070 0.237 0.299
TPSSh 0.059 0.159 0.408 -0.009 0.122 0.017 0.147 -0.108 0.171 -0.208 0.039 | 0.069 0.237 0.279
TPSSTPSS 0.059 0.156 0.374 -0.009 0.122 0.003 0.147 -0.108 0.171 -0.218 0.037 | 0.068 0.230 0.260
TPSSTPSS-D3 | 0.060 0.159 0.372 -0.010 0.123 0.003 0.146 -0.108 0.171 -0.217 0.037 | 0.070 0.235 0.260
MO6-L 0.055 0.162 0.430 -0.006 0.130 0.027 0.161 -0.117 0.169 -0.159 0.047 | 0.067 0.250 0.270
MO06 0.058 0.154 0.429 -0.009 0.128 -0.024  0.133 -0.116 0.171 -0.226  0.044 0.071 0.247 0.269
BP86 0.059 0.143 0.373 -0.010 0.122  -0.051 0.143 -0.108 0.170 -0.270 0.038 | 0.068 0.221 0.260
BP86-D3 0.061 0.146 0.372 -0.010 0.123  -0.051 0.141 -0.109 0.170 -0.269 0.038 | 0.070 0.228 0.260
LC-wPBE 0.060 0.157 0.517 -0.010 0.125 -0.004 0.131 -0.112 0.172 -0.253  0.048 0.073 0.248 0.334
LC-wPBE-D3 0.061 0.160 0.516 -0.011 0.125 -0.004 0.130 -0.112 0.172 -0.253  0.048 0.073 0.252 0.334
PBE1PBE 0.060 0.153 0.464 -0.010 0.123 -0.004 0.142 -0.110 0.171 -0.235 0.043 0.123 -0.004 0.142
PBE1PBE-D3 0.060 0.155 0.463 -0.011 0.124 -0.004 0.141 -0.110 0.171 -0.234  0.043 0.072 0.248 0.308

Table 5: Effect of the functional on the QTAIM topological description of the protonated basin for the hydrogen atom involved in the agostic interaction with the
metallic centre, in the Ti™(1) compound. All the calculations were carried out with the 6-311++G(2d,2p) basis set. All the values are given in atomic units.



jii. Influence of the functional on the QTAIM topological description of the Ti-H interaction

First of all, it is worth noticing that the agostic interaction is characterized by a BCP between the metallic centre
and the agostic hydrogen atom, with all the selected functionals. The weak value of the electron density at the
BCPwm-+ agostic (P(BCPritagostic) is calculated in the [0.055 ; 0.061] range), together with the positive value of the
Laplacian of the electron density (V2p(BCPq;.4 agostic) 1S calculated in the [0.143 ; 0.162] range) and the very small
value of the energy density (H is calculated in the [-0.011 ; -0.006] range), suggest that the agostic interaction is
a closed-shell (non-covalent) interaction.

As expected for an agostic interaction, the ellipticity associated with the BCPy. sgostic iS substantially larger than
in the case of the B-H or M-N bonds.®’

The results summed up in the Table 6 also demonstrate that all the selected functionals lead to consistent
descriptions of the interaction. The B3LYP hybrid functional was selected for a further evaluation of the effect of
the basis set on the QTAIM description of the Ti""(1) compound.

b. Influence of the basis set in combination with the B3LYP functional
The QTAIM topological characteristics of the M-H interaction, as well as the agostic B-H, free B-H and M-N
bonds, obtained from calculations using each of the selected basis sets, are summed up in the Table 6.

i. Influence of the basis set on the QTAIM topological description of the free B-H bonds

When the B3LYP functional is used, the electron density and its Laplacian at the BCPg_y fee, are calculated to be in
the range [0.160; 0.177] and [-0.051; -0.325], respectively. These values are consistent with the description of a
covalent bond. Thus, as with the selected functionals combined with the 6-311++G(2d,2p) basis set, all the
selected basis sets combined with the B3LYP hybrid functional lead to a consistent description of the free B-H
bond.

ii. Influence of the basis set on the QTAIM topological description of the agostic B-H bond

Regardless of the basis set used, the B-H bond involved in the agostic interaction is characterized by p(BCPg.y
agostic) 1S calculated in the [0.118 ; 0.128] range, and V’p(BCPg.4 agostic) iN the [-0.068 ; 0.097] range. The difference
between the mean values obtained for the free B-H bond and the agostic B-H bond (A p= p(BCPg.1free) - P(BCPg.y
agostic) and AV?p = V°p(BCPg 1 free) - V°P(BCPg1agosiic) are in the ranges [0.042 ; 0.050] for A p and [-0.270 ; -
0.148] for AV?p. These values clearly underline the weakening of the B-H bond due to the agostic interaction.
Furthermore, the B-H bond involved in the agostic interaction is also characterized by a total energy density of
H(BCPg. agostic) in the [-0.125 ; -0.096] range. The weakly negative value of the energy density suggests that the
agostic B-H bond is characterized by a weak covalent character.

i, Influence of the basis set on the QTAIM topological description of the Ti-H interaction

A BCP was found between the metallic centre and the agostic hydrogen, with all the basis sets selected for the
resent study. The electron density at the BCP is calculated to be weak, whatever the basis set used (p(BCPriy
agostic) 1S calculated in the [0.056 ; 0.060] range), and the Laplacian of the electron density is calculated to be
positive (V’p(BCPri4 agostic) 1S Calculated to be in the [0.135 ; 0.159] range). Furthermore, the energy density is
calculated to be in the [-0.007; -0.013] range, which suggests that the agostic interaction corresponds to a weak
polar shared interaction.



BCPTi-H agostic BCPB-H agostic BCPB-H free BCPTi-N

p Vo 3 H p Vo £ H p Vo £ p Vo 3
6-311++G(2d,2p)+LanL2DZ | 0.059 0.154 0.482 -0.013 | 0.125 -0.006 0.162 -0.112 | 0.174 -0.259 0.044 0.068 0.240 0.301
6-311++ 0.058 0.135 0.457 -0.012 | 0.125 -0.007 0.158 -0.112 | 0.174 -0.260 0.045 0.070 0.217 0.302
G(2d,2p)+SDD

6-311++G(2d,2p) 0.057 0.150 0.436 -0.009 | 0.125 -0.014 0.149 -0.112 | 0.174 -0.259 0.044 0.068 0.229 0.293
6-311++G(3df,3pd) 0.058 0.146 0.452 -0.010 | 0.127 -0.045 0.127 -0.117 | 0.176 -0.315 0.040 0.069 0.219 0.279

Def2-TZVP 0.056 0.157 0.426 -0.007 | 0.126 -0.011 0.158 -0.118 | 0.174 -0.257 0.049 0.068 0.230 0.279
Def2-TZVPP 0.057 0.157 0.440 -0.007 | 0.126 -0.014 0.147 -0.119 | 0.175 -0.253 0.045 0.068 0.229 0.278
Def2-QZVPP 0.058 0.138 0.435 -0.012 | 0.128 -0.068 0.123  -0.125 | 0.177 -0.325 0.041 0.069 0.220 0.285

DKH2/DZP-DKH (9v) 0.059 0.140 0.429 -0.013 | 0.118 0.074 0.149 -0.096 | 0.160 -0.080 0.055 0.070 0.224 0.303
RESC/DZP-DKH (9v) 0.059 0.140 0.429 -0.013 | 0.118 0.074 0.150 -0.096 | 0.160 -0.079 0.052 0.070 0.223 0.302
DKH2/TZP-DKH (9v) 0.058 0.156 0.436 -0.009 | 0.126  -0.045 0.138 -0.125| 0.176 -0.287 0.046 0.069 0.225 0.280

DZP(9v) 0.058 0.138 0.433 -0.012 | 0.118 0.068 0.151  -0.096 | 0.160 -0.086 0.054 0.070 0.222 0.299

TZP(9v) 0.058 0.156 0.420 -0.009 | 0.126 -0.038 0.140 -0.125| 0.176 -0.280 0.045 0.068 0.224 0.277

6-311++G(2d,2p)+LanL2DZ
+ single point with 0.060 0.145 0.420 -0.013 | 0.121  0.097 0.157 -0.098 | 0.164 -0.051 0.056 0.069 0.222 0.307
DKH2/DZP-DKH
Table 6: Effect of the basis set on the QTAIM topological description of the protonated basin for the hydrogen atom involved in the agostic interaction with the metallic

centre, in the Ti+"'(1) compound. All the calculations were carried out with the B3LYP functional. All the values are given in atomic units.




The results reported in the Tables 5 and 6 suggest that a single point calculation with the relativistic DKH2/DZP-
DKH basis set, from a geometry optimized with the B3LYP functional, in combination with the LanL2DZ basis set
for the metallic atom and the 6-311++G(2d,2p) basis set for all the other atoms, leads to a consistent QTAIM
topological description of B B-H agostic interactions, in the case of the family of compounds herein considered.
This is the reason why the following methodology was selected:

1. First of all, the geometry of the compounds were built up from the information available from the
literature, and fully optimized with the B3LYP functional, in combination with the LanL2DZ basis set for
the metallic atom and the 6-311++G(2d,2p) basis set for all the other,

2. Then, a single point calculation was carried out using the DKH2 Hamiltonian in combination with the
B3LYP/DZP-DKH level of theory,

3. The ELF method was further used to ascertain the presence of a trisynaptic, agostic, protonated basin,

4. Finally, the M-H interaction and the agostic B-H bond were further probed and characterized thanks to
their signatures within the QTAIM framework, in terms of the electron density p, the Laplacian of the
electron density V?p, the ellipticity €, and the total energy density H, at the BCP's.

c. Influence of the nature of the substituents and the metallic centre
To further understand the impact of the nature of the metal and of the ligand on the agostic character of a o(B-
H) bond in B position, additional compounds were considered and finally 54 complexes were selected for the
present study (Figure 1). We would like to underline the fact that, beyond the nine experimentally identified
complexes, the existence of 45 the other structures involving a B agostic interaction has yet to be demonstrated.

To begin with, it is interesting to compare the geometries calculated at the B3LYP/6-311++G(2d,2p)+ LanL2DZ
level of theory for the 54 considered species. The Cartesian coordinates are given in Supporting Information. A
general feature concerns the relative positions of the M,X,B and agostic H atoms : in the case of the compounds
M(1), M(2), M(4), M(5),and M(6) species, these four atoms are coplanar. The M(3) species appear as an
exception to this geometrical property. Indeed, for the TiF"V(3), Zr+1(3), Hf(3), Zr;v"V(3) , Hf,;"V(3) and
Zr;''V(3) species, a geometric distortion occurs and the four atoms are no more coplanar.

The mono-agostic compounds were further characterized by means of the ELF and QTAIM topological
approaches. The ELF analysis systematically confirms the presence of a trisynaptic basin for the agostic
hydrogen atom, with a population close to 2 electrons, and with a non-negligible contribution of the metallic
centre (Table S4). Finally, the strength of the B B-H agostic interaction in each species was quantitatively
characterized by means of the QTAIM topological approach (Table S5). For all the considered compounds, a BCP
between the M and H atoms (BCPy. ag0stic) further confirms the existence of a B B-H agostic interaction. Within a
same family of compounds, a stronger interaction will be characterized by a higher electron density at the BCPy,.
Hagostic aNd @ shorter M-H ,gic distance. Thus, for a better comparison of the strength of the interaction, in each
compound, the M-H ,:ic distance was plotted as a function of the p(BCPy.y agostic) (Figure 2).
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Figure 1: Group 4 metallocene compounds involving an agostic interaction with a 6(B-H) bond in p position that were
considered for the present study. The compounds for which experimental data are available are presented in a frame.

—=<.
~

28
Vi

T
=
=

Mg (1)

4

Z

m\/
/N
5

_=
.

28
%/I

< T

MF7(2)

—Z.
/
2

oI
™~
/N
3

28
%/I

1Y)

M\/

28
\g/I

M (6)

M7V (3)

Al
\|\|/I g,
¥ K
/\
Me M
M}V (4)
H
H
Pl
¥ K
Ph/ \Ph

MV (5)

H
H
~

’
.
.

e
Ha
M (6)

e



In order to evaluate both the influence of the borane ligand and the metallic centre, two graphs were built up
with the same data. The variation of the M-H 4. distance as a function of the p(BCPw.4 agostic) is shown for each
borane ligands in the Figure 2A, and for each of the metallic centre in the Figure 2B.

The figure 2A clearly suggests that the B B-H agostic interaction is systematically stronger with amine-boranes
compared to phosphine-boranes. The comparison of the agostic character of the species depending on the
nature of the metallic centre (Figure 2B) clearly suggests that the agostic interaction is stronger in the
titanocene compounds compared with the zirconocene and hafnocene species.®® Furthermore, the agostic
interaction in the paramagnetic titanium species may be as strong as in diamagnetic species.

It is interesting to compare these theoretical results with experimental observations, based on the study of the
whole dehydrogenation process (global turn-over of the reaction, identification of the products, and structural
characterization of intermediates). The experimental results have unveiled several features of the amine-borane
dehydrogenation:

> In a study centered on Rh-containing organometallic catalysts, Manners et al. have demonstrated that
dehydrogenation reaction proceeds more efficiently amine-boranes compared to phosphine-borane, %

» The turnovers of the dehydrogenation reactions with titanocene catalysts are often reported to be
bigger compared to the ones obtained with zirconocenes and hafnocenes,?® ”°

» The study of the dehydrogenation reaction using a metallocene catalyst involving a paramagnetic

metallic centre has proven that such centres can be as efficient as diamagnetic species. »°

The close agreement between the calculated strength of the agostic bond and the experimental efficiency of the
dehydrogenation processes may suggest that the agostic intermediate might have a prominent role in the
reaction mechanism.
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Conclusion

The aim of the present work was to evaluate the influence of different parameters on the strength of an agostic
B-H interaction. A calibration study based on the Cp,TiNH,BH; titanocene compound was carried out to estimate
the ability of several DFT levels of theories to reproduce geometric and topological properties of the agostic
interaction involved in this compound. We were particularly interested in identifying the smallest level of theory
leading to a consistent description of the system. A comparison with experimental (crystallographic) data has
shown that the B3LYP/6-311++G(2d,2p)+LanL2DZ level of theory leads to an accurate description of the system
from a geometric point of view. Further topological characterizations using the electron localization function at
the same level of theory leads to an underestimation of the contribution of the metallic centre in the agostic
protonated basin. Thus, a whole-electron basis set should be used for an accurate ELF characterization of the
agostic interaction. For a comparative study of titanocenes, zirconocenes and hafnocenes, we thus recommend
the use of the DKH relativistic Hamiltonian, in combination with the DZP-DKH basis set. In order to save
computational time, a single point relativistic calculation can be carried out from a geometry optimized at the
B3LYP/6-311++G(2d,2p)+LanL2DZ level of theory.

Using the B3LYP/DZP-DKH//(B3LYP/6-311++G(2d,2p)+LanL2DZ level of theory, 54 compounds of the group 4
metallocenes, involving differently substituted amine- and phosphine-boranes, were studied. In the case of the
TiF!V(3) compound, the optimized structure does not correspond to a mono-agostic, but to a bi-agostic species.
For all the other species considered, a mono-agostic interaction was confirmed by the topological analysis.
Indeed, a trisynaptic protonated basin involving ~ 2 electrons with a non-negligible contribution of the metallic
centre was identified thanks to the ELF analysis. This is the signature of a 3C/2e interaction. Furthermore, using
the QTAIM approach, a BCP was identified between the agostic hydrogen atom and the metallic centre in each
of the compounds. The properties of this BCPy.4 ag0stic (the electron density p, the Laplacian of the electron
density V°p, the ellipticity €, and the total energy density H) were then used to further characterize the
interaction.

General trends emerge from this study of the influence of the nature of the metallic centre and the substitution
of amine- and phosphine-boranes on the strength of the agostic interaction. Stronger interactions were
identified in the case of amine-boranes compared with phosphine-boranes. As far as the metallic centre is
concerned, stronger interactions were identified in the case of titanocenes compared with zirconocenes and
hafnocenes. The agostic interactions in paramagnetic compounds can be as strong as in the case of the
diamagnetic compounds.

The present study demonstrates the feasibility of a comparative study of B-H agostic interactions in a wide set
of compounds, including first-, second-, and third-row metallic centres. The use of DFT calculations in
combination with the ELF and QTAIM approaches allows the characterization of the 3C/2e interaction. This work
constitutes a first step toward a comprehensive study of the whole reaction mechanisms involved in the
dehydrogenation processes of boranes.
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