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Abstract

Agostic bondings are of paramount importance in C-H bond activation processes. The reactivity of the
o C-H bond thus activated will depend on the nature of the metallic center, the nature of the ligand
involved in the interaction and co-ligands, as well as on geometric parameters. Because of their
importance in organometallic chemistry, a qualitative classification of agostic bondings could be very
much helpful. Herein we propose descriptors of the agostic character of bondings based on the
electron localization function (ELF) and Quantum Theory of Atoms in Molecules (QTAIM)
topological analysis. A set of 31 metallic complexes taken, or derived, from the literature was chosen
to illustrate our methodology. First, some criteria should prove that an interaction between a metallic
center and a 6 X-H bond can indeed be described as an "agostic" bonding. Then, the contribution of
the metallic center in the protonated agostic basin, in the ELF topological description, may be used to
evaluate the agostic character of bondings. A ¢ X-H bond is in agostic interaction with a metal center
when the protonated X-H basin is a trisynaptic basin with a metal contribution strictly larger than the
numerical uncertainty, i.e. 0.01 e. In addition, it was shown that the weakening of the electron density
at the X — H,gosic bond critical point with respect to that of X—Hg.. well correlates with the lengthening
of the agostic X — H bond distance as well as with the shift of the vibrational frequency associated
with the vy y stretching mode. Furthermore, the use of a normalized parameter that takes into account
the total population of the protonated basin, allows to compare the agostic character of bondings
involved in different complexes.
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I. Introduction

In the context of catalytic processes, understanding the molecular mechanism involving transition
metals is of paramount importance. Indeed, since the pioneering works of Chatt and Davidson' from
the one hand, and Bergman® and Jones® from the other hand, a considerable number of investigations
have demonstrated that transition metal complexes may be involved in C-H bond activation. A
thorough study of structures and reactivity of alkyl transition metal complexes has led to the
introduction of a new concept: the term "agostic" was proposed to characterize the formation of a 3
centers - 2 electrons (3c-2e¢) interaction leading to the activation of a C-H bond around transition metal
centers.*”*” The choice of a specific term to underline the importance of the activation of C-H bond
proved to be remarkably appropriate. Indeed, thorough investigations in various catalytic processes
further lead to the development of numerous reactions involving agostic interactions, such as the
alkane oxidative addition,® C-H bond elimination,” transcyclometallation,' cyclometallation of
benzoquinoline, '' and Ziegler-Natta polymerization.'>"* In processes such as cyclometallation using
d-block transition metals, it was proposed that agostic interactions may play a decisive role. Indeed,
these interactions may either favor or prevent some cyclometallations. '* A mechanistic study has
shown how agostic bondings may lead to deactivation processes of the Grubb catalyst."> Thus, a
thorough understanding of the agostic bondings may help in designing new reagents that may react in
a specific way.

Despite their paramount importance in catalytic processes, the identification of an agostic interaction
is far from obvious. Indeed, even if some approaches were proposed to experimentally or theoretically
characterize these 3c-2e interactions, a consensual tool that may qualitatively describe the strength of
every kind of agostic bondings is still missing.

The formation of an agostic bonding comes from an interaction between a C-H o bond and an
unoccupied orbital of an hypovalent transition metal center. Criteria were proposed to determine
whether an organometallic complex contains an agostic interaction. More specifically, the following
geometric parameters were established: a C-H agostic bonding should be characterized by a distance
between the metallic center and the hydrogen atom in the 1.8 - 2.3 A range, as well as an M-H-C angle
in the 90 - 140° range.7 On the other hand, the presence of sterically-constrained ligands or pincer
ligands, for instance, may lead to profound geometric distortions.'® Furthermore, close to the threshold
values, it may be difficult to conclude whether a complex contains an agostic interaction or not. Thus,
these geometric criteria are not unambiguous, without mentioning the difficulty in determining them in
some cases, specifically in dynamic systems.

As far as other "weak" interactions are concerned, criteria derived from topological studies were
proposed to classify hydrogen bonding into three categories, and to propose a quantitative scale for
these types of interactions.'” Since there are some common points between agostic and hydrogen
bondings,'® the use of a similar approach to characterize agostic bonding comes naturally.

Several reviews aimed at presenting experimental and theoretical tools to identify agostic
bonding.'®'**" In the present article, we will first briefly recall the different definitions that were / are
considered for agostic bonding. Their theoretical studies are then briefly summarized, with a particular
emphasis on topological approaches. The following part of this article is dedicated to the presentation
of a new methodological approach aiming at estimating the agostic character of a bonding.
Representative examples of several kinds of agostic bonding taken from the recent literature on the
topic are used to illustrate this approach. The topological description of different types of M---H-X,
interactions with X = B or C, will be presented. A classification of agostic bondings based on the
strength of the interaction, is then proposed. To this end, the use statistical descriptors to qualitatively
evaluate the strength of an agostic bonding is validated by comparison with experimental parameters.
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II.  Agostic bonding: several definitions and nuances

Despite the fundamental importance of the concept of agostic bonding in terms of reactivity and
chemical activation of ¢ bonds, the definition of these interactions is neither unique nor unambiguous.
The main definitions associated to these interactions and the context in which they were introduced,

are presented herein.
1. Historical definition and evolution

The "agostic" term was initially introduced to describe a specific intramolecular 3c-2e interaction in
which a ¢ C-H bond "could act as a ligand to a transition metal center".7 Thus, a specific term was
coined for interactions involving C-H bond to underline their importance in catalytic processes. First
of all, B agostic interactions were characterized and thoroughly investigated both theoretically and
experimentally. a C-H agostic bonding appears to be more rare. Even if in the initial definition, the
term "agostic" was specifically devoted to C-H bond, intramolecular 3c-2e interactions between a
metallic center and a ¢ bond involving H bonded to a heteroatom are now almost always called
"agostic". The agostic bondings that will be discussed in the present article are presented in Figure 1.
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Figure 1: Types of agostic bondings that will be investigated in the present study.

From an experimental point of view, the characterization of an agostic bonding is mainly based on
four criteria:'®

» crystallographic data,

» NMR chemical shifts to high field = -5 to -15 ppm,
> reduced NMR coupling constants 'J = 75 to 100 Hz,
» low vibrational frequencies vc.y = 2700 - 2300 em™,

As far as geometric properties are concerned, Brookhart and Green proposed in their seminal article,7
the criteria summarized in the Table 1 may be used to distinguish between an agostic and an anagostic

interaction:
M...H-C agostic | M...H-C anagostic
Distance M..H (A) | 1.8 -2.3 23-29
Angle MHC (°) 90 - 140 110-170

Table 1: Geometric criteria used in the literature to distinguish between an agostic and an anagostic
interaction.7

Based on QTAIM calculations, five topological criteria were proposed to characterize an agostic
bonding'®:
» a triplet of concomitant topological objects: a bond critical point, a bond path and an

interatomic surface,
» aring critical point, that is a signature of a structural instability,
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> a Laplacien of the electron density of the bond critical point Vpgcp in the 0.15 - 0.25
a.u. range,

» anegative net charge for an hydrogen atom involved in an agostic bonding,

» adipolar polarization that is 15 - 30% larger for an agostic hydrogen compared with a
non-agostic one.

However, these criteria are not unambiguous since they cannot be applied to any type of agostic
bondings, as it will be further discussed in the part III.

2. Other definitions

In addition with the rigorous initial definition, the term "agostic" is also sometimes used in a broader
definition®', to characterize intermolecular interactions, especially in the context of sigma alkane,”**’
silane ***° and sigma boranes.”>*

In an attempt to fully characterize some systems potentially containing weak agostic interactions,
experimental and theoretical approaches were applied to numerous and various organometallic
complexes characterized by geometric distortions. While in some cases clear agostic bondings were
identified, in some other systems the approaches used failed to characterize such interactions. The
term "anagostic" was proposed to define systems where an interaction between a ¢ bond and a metallic

center leads to a geometric distortion of the structure whereas some considered criteria are not meet to

label this interaction as "agostic".>”***

In most of the above-mentioned studies, the agostic interaction occurs in an organometallic complex
centered on a metallic atom. In a wider sense however, this concept was employed to qualify situations
in which organic molecules interact with a metallic surfaces during catalytic processes in
heterogeneous phase. For instance, mechanisms involving agostic interactions were proposed in the
chemisorption of hydrogen, hydrocarbons and intermediates on Pt(111). ***' The formation of a
particularly rare agostic interaction was even proposed in the context of the water dissociation of a
Pt(111) surface, in combination with hydrogen bondings.”

III.  Theoretical characterizations of agostic bondings
1. Equilibrium geometry

Since agostic interactions are generally defined on the basis of geometric criteria, geometry
optimization may appear as a suitable tool to investigate this type of interactions. Such an approach
may complement X-ray structures analyses. In some cases however, the complexes cannot be isolated
in crystalline form (especially in the case of dynamic systems), and a theoretical approach may be the
only way to determine whether an agostic interaction is involved in a given reaction pathway. In such
a case, a particular care should be taken in the choice of the level of theory. In the case of density
functional theory calculations, the choice of the functional, the description of the metallic atom as well
as the basis set are crucial in the geometrical parameters that will be obtained. Furthermore, in a
rigorous theoretical characterization of agostic bondings, such geometry optimizations would only
correspond to the first step of a more complete investigation involving either a description in terms of
molecular orbitals, or a topological study. As an example, H.G. Cho has investigated the agostic
structure of titanium methylidene hydride at 15 different levels of theories using Hartree-Fock,
Density Functional Theory and Post-Hartree-Fock calculations. He has shown the importance of the
choice of the basis set on the agostic distortions, and on the delocalization energies as calculated with
the Natural Bond Orbital (NBO) method (vide infra).”’ The influence of the basis set superposition
error (BSSE) was also underlined by several studies. As an example, the a-agostic interaction involved
in Cp*Rh(CO)(i°-alkane) was investigated at various levels of theories,”*”> and the lack of BSSE
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correction in the conventional ab initio methods leads to an overestimation of the agostic bonding,
while some DFT approaches underestimate this interaction.’® Multi-configurationally quantum
chemical methods (complete active space self-consistent field CASSCF)/second-order perturbation
theory (CASPT2)) is a powerful approach to compare the agosticity of several metallic center. Such an
approach was used by Roos et al. to explain experimental results in the case of methylidene metal
dihydride complexes. *’

2. NBO

Agostic interactions may be seen as donor-acceptor systems, with an electron transfer from a ¢ bond
of the ligand to an unoccupied orbital of the metallic atom. In this respect, techniques for the studies of
molecular orbitals may shed some light onto agostic bondings. Natural bond orbital theory is a
powerful approach to characterize donor and acceptor groups in a molecule, and to quantify
delocalization energies. In the natural bond orbital approach, a suite of mathematical algorithms are
used to diagonalize the density matrix generated during Hartree-Fock, Density Functional Theory or
Post Hartree-Fock calculations. These mathematical transformations allow the generation of orbitals in
terms of effective atom-like constituents within the molecular environment. *****" This approach
allows the study of delocalization from atomic orbitals. Toward the natural population analysis, the
NBO approach offers a quantitative way to characterize the donor-acceptor relationship. An interesting
example of the use of NBO for a quantitative study of agostic bondings is given by the work of Cho et
al. >>*' Based on a systematical study, a methodology was proposed to analyze the C-H....M agostic
bondings in terms of donor-acceptor analysis as defined in the NBO theory. ** Thus, NBO method
provides a valuable way to evaluate the agostic character of interactions.*

3. QTAIM

In addition with an orbital description of agostic interactions, topological tools were applied in an
attempt to qualitatively and quantitatively investigate these bondings. Two topological approaches
were particularly applied to the study of agostic bonding: the Bader's quantum theory of atom in
molecules (QTAIM) and the electron localization function (ELF). These topological descriptions are
based on the dynamical analysis of gradients, from the electronic density, or from functions of
electronic density. A vector field is derived from gradients of a potential, and critical points are
defined on the basis of the vector fields.

The QTAIM approach is based on a partition of the molecular space into non-overlapping regions
within which the local virial theorem is fulfilled. This implies, that the kinetic energy of each of these
regions has a definite value what is achieved if and only if the integral of the Laplacian of the electron
density, V2p(r) , over each region vanishes, a condition which is fulfilled for boundaries which are
zero-flux surfaces for the gradient of the density.** In this method, gradient fields of the electron
density Vp(r) are studied. Since an atomic center corresponds to a local maximum of electron density,
each atomic center acts as an attractor, and field lines define a basin. Basins are separated from each
other by zero-flux surfaces. On each zero-flux surface, gradient lines converge toward a critical point
called a bond critical point (BCP). The presence of such a BCP is one of the criterion that was
proposed by Popelier et al. to characterize an agostic bonding in the QTAIM framework.'*** On the
other hand, the identification of BCP may be difficult in the case of weak agostic interactions. In their
systematic study of a set of 20 crystal structures potentially characterized by agostic bonding, Thakur
and Desiraju noticed that NBO may be more relevant than QTAIM in describing these weak
interactions. ** Numerous studies have now proven that QTAIM can indeed describe B C-H agostic
interactions,® *” but is not suitable for the study of a C-H agostic interactions or weaker interactions



Physical Chemistry Chemical Physics

such as C-C agostic bondings."® Indeed, the use of new local criteria seem to be the only way to detect
weak agostic bonding by means of the QTAIM approach.*

4. ELF

The ELF approach ***'** intends to provide a partition into basins of attractors which closely match
the VSEPR electronic domains, or in other words Lewis's representation. The assumption that groups
of electrons can be localized within space filling non-overlapping domains implies that the variances
(the squared standard deviation) of the domain populations are minimal. It was pointed out that it is
convenient to define a localization function n(r) such as:*®
60;9\]) =pn.Vn(r)ds =0 (1)

enabling to carry out the partition into basins of the attractors of the gradient dynamical system of
n(r). It was further proposed’* to minimize the Frobenius norm of the covariance matrix:

||02(~QA~QB)||F = (ZA,B(UZ(QA'QB))Z)I/Z 2)

where the matrix element 02(2,4,Q2g) is the covariance of the populations of the basins labelled {2,
and p. The covariance operator is defined as:

02(24,05) = N )N(Qp) — N(Q4)N(25) 3)
with Ny = X¥90) @@) =11 € Q4,and 9(r;) =0,1; & 24) where N(Q24) is the

population operateur introduced by Diner and Claverie®™ and N(2,) = fg 4p()dr is the basin

population. The minimization is carried out with the help of the local covariance measure for ¢ spin
electrons:

gg [p; T] = Po (7") f(ho,a (rr T’))ZdT’ (4)
where h, , (1, 7') is the exchange hole, and can be approximated by an expression proportional to the
kernel of the Becke and Edgecombe function.”

The covariance can be written as the sum of four spin components, i.e.:

0%(Q4,05) = 05q(24,08) + 055024, 025) + 05, (24,05) + 9f(024,0p) %)
With
04 (4, 0p) = M (24, 08) — No(24)Ne(2p) (6)
045 (24, 05) = Mop(Qa,25) — No(24)N3(25) )
0fa(Qa2p) = Mpa(24,25) — Np(24)Ne(2p) ®
945 (24, 08) = Mpp(924,25) — Np(24)Np(25) *)

where I1,5(2,,025) = fﬂA f-QB I, (ry; rp)drydr, is the number of g’ electron pairs between 2,

and 2. The opposite spin contributions are expected to be negligible with respect to the same spin
ones, and, in fact they are null in the Hartree-Fock approximation. Except for specific delocalized
bonding situations such as charge-shift bonds, the covariance between non adjacent basins is
negligible. The zero flux surfaces of the gradient field of the spin pair composition for which ELF is
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an excellent approximation, provide a partition which nearly minimizes the covariance between basins
limited a same separatrix.>
The ELF partition yields basins of attractors clearly related to Lewis's model: core and valence basins.
A core basin surrounds a nucleus with atomic Z > 2, it is a single basin for the elements of the second
period or the union of the basins belonging to the inner shells for heavier elements. It is labelled C(A)
where A is the element symbol. In the study of systems involving transition metal elements it is often
useful to consider independently the basins of the metal external core (subvalence) shell. The valence
basins are characterized by the number of atomic valence shells to which they participate, or in
other words by the number of core basins with which they share a boundary. This number is
called the synaptic order. Thus, there are monosynaptic, disynaptic, trisynaptic basins, and so on.
Monosynaptic basins, labeled V(A), correspond to the lone pairs of the Lewis model, and
polysynaptic basins to the shared pairs of the Lewis model. In particular, disynaptic basins,
labeled V(A, X) correspond to two-centre bonds, trisynaptic basins, labeled V(A, X, Y) to three-
centre bonds, and so on. The valence shell of a molecule is the union of its valence basins. As
hydrogen nuclei are located within the valence shell they are counted as a formal core in the
synaptic order because hydrogen atoms have a valence shell. For example, the valence basin
accounting for a C—H bond is labeled V(C, H) and called protonated disynaptic. The valence shell
of an atom, say A, in a molecule is the union of the valence basins whose label lists contain the
element symbol A.
The ELF population analysis provides not only the basin populations and the associated covariance
matrix but also the probability of finding » electron in a given basin and the contribution of the
QTAIM basins to the ELF basins. The contribution of the atomic basin of A to the ELF disynaptic
basin V(A,B) which is denoted by M V(A,B)|A] is evaluated by integrating the electron density over
the intersection of the V(A,B) basin and of the atomic basin of A. Raub and Jansen’” have introduced
a bond polarity index defined as:

I
As an example, Fig. 2 displays the QTAIM and ELF basins as well as the ELF/QTAIM projection in
the case of a simple molecule that is involved as a ligand in the following study, namely the NCCHj,
molecule.To obtain an optimal clarity, only two QTAIM atomic surfaces (H and N) are shown. It is
interesting to note that there no ELF core basin for a hydrogen atom. We reported the ELF valence

basin populations as well as the corresponding atomic contributions.

ELT valence basins QTAIM atoms

H atomic
. surface

e

N-C basin
C-C basin

N atomic
surface

N-lone pair
Protonated basins

ELF / QTAIM .
projection V(N)=3.38
V(C,N) =430 1.60 (C)/2.70 (N)
V(C, C) =220 1.50 (C)10.70 (C)

V(H,C)=1.98 0.90 (H)/1.08 (C)

Figure 2: QTAIM and ELF basins for free NCCH; molecule.
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IV.  Topological descriptions, probabilistic approach and qualitative estimators
1. Context

ELF has proven to be a valuable tool for characterizing all kinds of chemical bonds. In the case of
weak interactions such as 2¢-3e and hydrogen bondings, the ELF analysis enables us to describe and
classify them in terms of topological properties very close and similar to the traditional chemical
concepts.

The analysis of basin population was helpful to distinguish between weak, medium and strong
hydrogen bondings. It was shown that the core-valence bifurcation index is a suitable criterion to
quantitatively describe these interactions. '”*

In the case of 2c-3e bondings, no disynaptic basins are found. However, this is not the sole criterion to
determine whether a bonding exists or not, and once again, core-valence bifurcation index has proved
to be a very powerful tool. In addition, in this specific case, a topological delocalization index was
helpful in quantifying the electron fluctuation. >

These examples prove that, beyond the BCP, topological approaches can be used in a quantitative way
to thoroughly characterize electron localization / delocalization involved in different types of
interactions. Below we will present a similar approach to characterize agostic interactions.

2. Presentation of the approach

a. A statistical approach

The bonding in many molecular systems could not be fully described by considering only a perfect
bonding electron localization following Lewis structure. It is principally due to the indiscernibility of
the electron which implies an always present delocalization. This electronic delocalization is not
observable, and therefore there is no experimental property that allows its direct measurement.

The multivariate analysis is a basic statistical method enabling one to reveal the correlations between
different groups of data. It relies upon the construction of the covariance matrix elements defined by
(cov(i, ) = (ij) — (D) (€29,
where (i), (j), and (ij) are the averages of the data values and of their product. The diagonal elements
of the covariance matrix are the variances o2(i) = (i%?) — (i)? which measure the statistical
dispersion of the data among the group. The standard deviations (i) are the square root of the
variances. The off-diagonal matrix elements indicate which data are involved in the delocalization.
The bonding in most molecular systems can be described by a strict localization of electron pairs. A
more realistic picture, closely related to the concept of resonance, is provided by the superposition of
electron multiplets distributed among the basins and therefore accounting for the electron
delocalization. The population of a given basin 2, appears accordingly as the average of such n-
tuplets weighted by the probability, P, (2,) of finding n electron in (2:

N(Q4) = ZR=1nPy(24) (12)

A measure of the delocalization is given by the covariance matrix whose diagonal matrix elements are
the square of the standard deviations of the basin populations whereas the off matrix elements indicate
which basins are involved in the delocalization.®'

In our search of several parameters to qualitatively estimate the strength of agostic bondings, we
studied a large number of systems. From this study, it was found that four parameters from QTAIM
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and ELF taken together may allow a comparison of agostic bondings present in different systems
between X-H bond (X =C, B ....) and a metallic center M:

» First of all, we will consider only hydrogen atoms as potentially involved in agostic
interactions. In the Brookhart and Green's definition,6'7 even if this is not the only criterion,
the presence of three atomic centers sharing two electrons is a fundamental aspect of an
agostic bonding. Thus, in the topologic description, the total population of the protonated
potentially agostic basin V(H) is an obvious important parameter.

» The projection of ELF on AIM basins gives some information on the atomic contribution in
the agostic protonated basin. Hereafter in this paper, this quantity will be labeled as M/X/H in
the case of X-H agostic bond (X = C or B). Hereafter, this information will be used as a clear
indicator of the trisynaptic character of a protonated basin. It is worthy to note that an atomic
contribution only makes sense if its value is larger than the numerical error, i.e. 0.01 electron.

» The covariance calculated from the ratio between the basin's population of the potentially
agostic H atom and the population of the metallic center core basin C(M) is an important
parameter to characterize the interaction between these two basins Cov(V(H)/ C(M)). The
covariance thus obtained from ELF topological analysis gives some insights on the
delocalization of electrons between the two atoms. Obviously this value depends on the
theoretical description of the metallic center: the covariance is smaller when a pseudo
potential is used for the metallic center. Taken together with the previous parameters, a
covariance larger than 0.03 (in absolute value) is a proof of an agostic interaction between X-
H o bond and M.

> Furthermore, in the context of comparison between several levels of calculations, the ¢ and
the variance calculated with the ELF topological approach are an indication of deviation from
perfect localization coming from inter-population. Similar values of variances for a same
system calculated at different levels of theories thus allows to ensure that all the theoretical
descriptions are consistent with each other.

» Furthermore, it was shown that the electron density (p) of the bond critical point (BCP) could
be related to the bond order and thus the bond strength.> We propose the use of three p(BCP)
to gain some insight on the strength of the agostic interaction. In line with Popelier and
Logothetis,"® we suggest the use of the p(BCP) of the M — Hy bonding, when it exists.
Additionally, the comparison of the p(BCP) values associated with the C — Hygosic and C —
Hj.. allows to estimate the weakening of the C — Hyeosic bond caused by the agostic
interaction. Two conditions are necessary for the use of the p(BCP(C — H,gosic)) and p(BCP(C
— Hgee)) values. First, the carbon bearing the hydrogen atom potentially involved in an agostic
interaction should also bear an additional non-agostic hydrogen atom. This condition is often
fulfilled. Furthermore, neither of the H,gosic and Hgee atoms should be involved in another non-
covalent interaction. Provided that these conditions are satisfied, we can propose the following
reference values. In the alkyl complexes, the p(BCP(C — Hg,.)) are characterized by

0.28 < p(BCP(C — Hyee)) <0.29
whereas the C — Hygouic are characterized by smaller electron densities at the BCP, with
0.200 < p(BCP(C — Hygostic)) < 0.27

From the ELF point of view, a protonated basin is considered as a trisynaptic basin when its
population originates from three atomics centers. An H-agostic bond is a protonated trisynaptic basin
whose population is around of 2 e". Consequently, it corresponds to the traditional 3c-2e interaction in
chemistry.
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These parameters were not only chosen for their ability to describe an agostic interaction, but also for
their phenomenological significances. Indeed, when the covariance Cov(V(H)/ C(M)) increases, this
signifies that the delocalization of electrons between the metallic center and the agostic protonated
basin increases, concomitantly with a weakening of the bond between the hydrogen and other atom X.
The H-X bond is thus activated and the agostic character of the interaction between H and M is
stronger. In a limit case, when the agostic bonding becomes stronger and stronger, the ELF basin
evolves from a trisynaptic to a disynaptic basin, and the covariance increases till the formation of a
covalent M-H bond. This corresponds to a metallic hydride.

Moreover, the strength of an agostic H — X bond may be estimated from the QTAIM properties
calculated at the H — X bond critical point (BCP). Interestingly, the charge density at the agostic H — X
BCP compared to that of a non-agostic H — X bond in the complex (and/or compared to the charge
density at the H — X BCP of free ligand) provides an indication to the strength of the agostic
interaction.

b. Choice of a representative set of agostic bondings

When Popelier and Logothetis carried out their seminal work on the topological characterization of
agostic bondings, they have chosen TiCl,-alkyl complexes as models, and they investigated agostic
bondings by means of QTAIM approach'®. Thus, these simple models already cover four types of
potentially agostic bondings. The QTAIM method was helpful in characterizing an agostic bonding in
the case of P C-H, y C-H and C-C interactions with the metallic center, but not in the case of an
interaction with an a C-H. These systems therefore appear as references in the context of setting a new
theoretical approach for the characterization of agostic bondings.

From this study as well as from further theoretical investigations, it was found that QTAIM suitably
describe B C-H and y C-H agostic bondings, but not the o C-H ones, even in cases for which
experimental data tend to prove that o C-H agostic bondings were indeed formed.

Some compounds were observed under different agostomers. We will choose a few examples of
agostomers based on experimental investigations carried out by Baird et al.”*** In the case of
[Cp.TiCH,CHMe t-Bu]’, they observed that the a-agostic isomer is preferentially formed although a
B-agostic isomer could have been formed. Such a situation is relatively rare: when both a-and B-
agostic isomers may be formed, generally the B-agostic form is more stable. Another alkyl-titanium
complex that may exist as - and y-agostomers, will be considered.

The complex formed between acetonitrile and zero-valent nickel that may lead to the formation of a C-
H agostic bonding * will be investigated.

In an attempt to understand the parameters that influence the formation of agostic bondings, the effects
of co-ligands, small changes in the structures and the nature of the metallic center, will be investigated.
The effect of the presence of a co-ligand will be topologically investigated based on the example of
rhodium thiophosphoryl pincer complex studied by Milstein et al. *

Different titanium complexes will be compared, based on the compounds studied by Popelier, '* Baird
639 and Mc Grady®’. The comparison of complexes studied by Mc Grady®” and Forster®® will allow to
study the influence of the nature of the metallic center. Further examples derived from the model
compounds of Popelier'® as well as from Sabo-Etienne®® will also be discussed.

Lastly, interactions involving heteroatoms will be considered. Indeed, such interactions are sometimes
considered as "agostic" whereas some authors consider that all the donation from a ¢ bond and an
unoccupied orbital of an hypovalent transition metal center cannot be classified under an unique
appellation. Our aim here is to determine whether the methodology above presented is able to
differentiate between these types of interactions, or whether these interactions are due to a similar

effect. For this purpose, titanocene and zirconocene amidoborane complexes®®,
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dimethylaminoborane complexes,” and mesitylborane complexes,”” will be considered. The last
examples corresponds to intermolecular interactions, whereas in the other systems, the weak
interaction between a ¢ X — H bond and the metal center should be considered as an intramolecular
interaction.

V.  Application to a representative set of examples
1. Influence of the level of theory

To begin with, the influence of the level of theory on the parameters calculated with the ELF topology
will be checked. To this end, DFT calculations were carried out, and three different types of
functionals were selected:

» B3LYP because this is one of the most popular hybrid functional,

> PBEO because this is a non-empirical hybrid functional "' that was widely employed in the
context of agostic interactions,

» TPSSh because this Meta-GGA hybrid functional can be used for reference calculations, when
combined with a suitable basis set.”

In combination with these functionals, six different basis sets were selected:

> the 6-311++G(2d, 2p) basis set, in combination with a pseudo-potential LANL-2TZ-f
including a triple & and an additional diffuse f function for the metallic center,

» the 6-311++G(2d, 2p) basis set, in combination with a pseudo-potential LANL-2TZ-p
including a triple & and an additional diffuse p function for the metallic center,

» the 6-311++G(2d, 2p) basis set, in combination with a pseudo-potential LANL-2DZ including
a double & function for the metallic center,

» the 6-31++G(2d, 2p) basis set, in combination with a pseudo-potential LANL-2DZ including a
double & function for the metallic center,

» the 6-311++G(2d, 2p) basis set, without any pseudo potential for the metallic center,

» the 6-31++G(3df, 3pd) basis set, without any pseudo potential for the metallic center.

For these tests of the influence of the levels of theories, a simple model molecule taken from the study
of Popelier and Logothetis was selected (see below, [TiCL,CH,CH;] ™).
In a first series of tests, the molecule was re-optimized at each level of theory prior to the topological

investigation. In a second series of tests, the complex was optimized using the highest level of theory,
namely B3LYP, PBEO, or TPSSh/6-31++g(3df, 3pd), and ELF calculations were then carried out on
the wave function of the single point geometries using the LanL.2DZ as basis set.

Optimized geometries are compared in Table 2 and the topological parameters are summed up in
Table 3.

Level of theory d(Ti-C) (A) | d(Ti-Hagosic) (A) 0(°)

goeoste f B3LYP/6-311++G(2d,2p) 2.008 2.034 113.8

/ B3LYP/6-311+G(3df,3pd) 2.008 2.030 113.8

cn\“yTi PBE0/6-311+G(3df,3pd) 1.986 2015 1143
ci H TPSSh/6-311++G(3df,3pd) 2.009 2.008 113.5

Table 2: Distances (in A) and angles (in °) for the [TiCl,CH,CH;]* complex optimized at different levels of
theory.
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The values presented in the Table 2 clearly show that the geometry of the complex is correctly
described even with the B3LYP functional, when used in combination with a relatively large basis set
including 2d and 2p polarization functions. Indeed, if we compare the distances and the angles
calculated at the B3LYP/6-311++G(2d,2p) level of theory with the reference values (calculations at
the TPSSh/6-311++G(3df,3pd) level of theory), the errors are 0.001 A, 0.026 A and 0.3° for the d(Ti-
C), d(Ti-Hagosic), and 6, respectively.

Level Ti/C Cov .
thé’(fry V(Hp) ) 114; s (V(H,)/C(Ti)) &2 d(Tld ?Tlgé)) 0,
B Lanl2DZ 1.89 | 0.04/0.82/1.03 | -0.08 | 0.72 2.116, 115.6, 1.982
3 6-31++G(2d,2p) 1.95 0.08/0.78/1.09 | -0.09 0.74 2.034,113.8, 2.003
L 6-311++G(2d,2p) 1.93 0.08/0.76/1.09 | -0.09 0.73 2.034,113.8,2.008
Y 6-31++G(2d,2p)/LanL2DZ 1.92 0.03/0.78/1.11 | -0.09 0.72 2.025,113.7, 1.994
p 6-311++G(2d,2p)/LanL.2DZ 1.92 | 0.04/0.75/1.13 | -0.09 | 0.73 2.005, 113.4,1.996
6-311++G(2d,2p)/LanL.2TZ(P) 1.90 0.04/0.73/1.13 | -0.10 0.72 2.009, 113.6, 2.004
6-311++G(2d,2p)/LanL.2TZ(F) 1.90 0.05/0.72/1.13 | -0.10 0.72 2.005, 113.4,2.002
P 6-31++G(2d,2p) 1.93 | 0.07/0.78/1.08 | -0.09 | 0.74 2.019,114.4,1.983
B 6-311++G(2d,2p) 1.92 | 0.07/0.77/1.08 | -0.10 | 0.74 2.018,114.3, 1.986
E 6-31++G(2d,2p)/LanL2DZ 1.91 0.04/0.75/1.12 | -0.10 0.73 2.002, 117.0, 1.975
0 6-311++G(2d,2p)/LanL.2DZ 1.91 0.04/0.75/1.12 | -0.10 | 0.73 1.985,113.9,1.977
6-311++G(2d,2p)/LanL.2TZ(P) 1.90 0.04/0.74/1.12 | -0.10 0.74 1.990, 114.1, 1.985
6-311++G(2d,2p)/LanL2TZ(F) 1.90 | 0.05/0.73/1.12 | -0.10 | 0.73 1.989, 114.1, 1.982
T 6-31++G(2d,2p) 1.93 0.08/0.74/1.11 | -0.10 0.73 2.016, 113.6, 2.006
P 6-311++G(2d,2p) 1.93 0.08/0.74/1.11 | -0.10 0.72 2.011, 113.5,2.009
S 6-31++G(2d,2p)/LanL2DZ 1.93 | 0.03/0.77/1.13 | -0.10 | 0.73 2.001, 113.4,1.995
S 6-311++G(2d,2p)/LanL.2DZ 1.90 | 0.03/0.72/1.15| -0.09 | 0.72 1.980, 113.1, 1.996
H 6-311++G(2d,2p)/LanL2TZ(P) 1.91 0.04/0.72/1.15 | -0.10 | 0.73 1.985, 113.3, 2.005
6-311++G(2d,2p)/LanL.2tz(F) 1.91 0.04/0.72/1.15 | -0.10 0.72 1.985, 113.3, 2.002
S B3LYP/LanL2DZ// 1.83 0.03/0.73/1.07 | -0.08 0.72
P B3LYP/6-311++G(3df,3pd)
PBEO/LanL.2DZ// 1.89 0.03/0.82/1.04 | -0.08 0.73 Single-Point
PBE0/6-311++G(3df,3pd) .
calculations
TPSSh/LanL.2DZ// 1.89 0.02/0.81/1.06 | -0.08 0.72
TPSSh/6-311++G(3df,3pd)

Table 3: Topological and geometrical parameters obtained at several levels of theories. The total
population of the agostic protonated basin V(Hz) and the contribution from Ti, C and H (Ti/Cg/Hpg), the

covariance Cov(V(Hg)/C(Ti)) and the variance (6®) are given. Distances (in A) and angles (in degrees)
are given for the optimized structures.

Table 3 clearly shows that, all the selected levels of theory identify an agostic bonding in this simple
TiCl,-alkyl system. Indeed,

> the total population of the valence basin of Hg is slightly smaller than 2¢’,

> the variance value (%) does not depend on the level of theory which indicates the stability of
the ELF topological procedure in partitioning of the molecular space,

» in all the cases, the contribution of the titanium atom to this basin is in the range of 0.07 —
0.08 e provided to use an explicit triple zeta quality basis set for metallic center,

» the calculated covariance is close to -0.1, clearly indicating a delocalization of the electrons
between agostic hydrogen and metallic center.
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These four criteria should be considered all together, the presence or the absence of one of the
criterion is not sufficient to drive any conclusion.

We would like to emphasize the fact that, whatever the level of theory selected, the topological
analysis of the agostic bonding leads to similar results. Thus, the criteria selected are robust toward the

level of theory.
This study thus show that the B3LYP/6-311++G(2d,2p) can be used for a topological investigation of
agostic interactions. This level of theory was selected for all the further studies presented below.

2. Study of different agostomers

Let's first consider alkyl titanocene compounds [Cp,TiCH,CHMe(t-Bu)]" studied by Baird et al.”* Two
agostic isomers were characterized: a- and B-agostomers (Figure 3).

Bu

H Me
BUMEHC @ ////I"C,/H\ %
Ti, \
C/ \ \ \\@\\\\\\\

Me™ H,C—Ti.
2

a-agostomer B -agostomer

Figure 3: a- and B-agostomers observed for an alkyl titanocene compound. 63

The experimental study clearly show that, between two diasterecoisomers o- and B-agostic, the a-
agostic one is more stable. The Table 4 shows, without any surprise, that a BCP is indeed obtained in
the case of the P-agostic isomer that is not the case for the a-agostic one. Nevertheless, it is worth
noting that the electron density at the C-H bond slightly decreases by 0.05 a.u. due to the agostic
deformation for both a- and p-agostic isomers. Simultaneously, the Laplacian of charge density (V>p)
and the energy density (H) at the BCP increase which leading to the reduction of the covalent
character of the C-H bond.

p-agostomer
BCP(Ti-Hp): p=0.03, V’p=+0.11, H=0.00 £=0.37

a-agostomer
BCP(Ti—Ho): does not exist

BCP(Ti—Ca): p=0.10, V*p=+0.07, H=-0.04
BCP(Co—Hay): p=0.24, V*p=-0.70, H=-0.23
BCP(Co—H): p=0.29, V’p=-1.05, H=-0.31
BCP(Co—Cp): p=0.24, V?p=-0.51, H=-0.19
BCP(CB — H): p=0.29, V*p=-1.03, H=-0.30

RCP(Ti-HB-CP) : p=0.03, V’p=+0.13

BCP(Ti—Ca): p=0.10, V>p=+0.03, H=-0.04
BCP(Co—H): p=0.29, V’p =-1.04, H=-0.31
BCP(Co—Cp): p=0.24, V*p=-0.49, H=-0.19
BCP(CB-HB): p=0.24, V>p=-0.69, H=-0.22

Table 4: Search for BCP's and RCP's in the a- and B-agostic alkyl titanocene compounds studied by Baird
etal.®

To further characterize these two isomers, the methodological approach above proposed was applied,
and the Table 5 summarizes the ELF investigation of these two isomers.
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Isomer BuMeHC /H‘\ @ \\\\\\Cp ey, ,liH
TN N e
MeW™ Cp HL—T -

Ti-Alpha-Baird Ti-Beta-Baird

V(H) 1.89 1.9

M/X/H 0.04/0.78/1.07 0.04/0.80/1.11

COV(V(H)/ C(M)) _0.09 -0.06

d(Ti-Hagosiic) (A) 2.05 2.01

d(C-Hagosiic) (A) 1.14 1.17

Table 5: Topological characterization of the a- and f-agostic alkyl titanocene (Cp = Cyclopentadienyl)
compounds studied by Baird et al. 6

The results presented in Table 5 clearly show that, despite the absence of BCP in the alpha agostomer,
the agostic bonding is indeed described by the combined ELF/QTAIM studies. Indeed, the total
population of the valence basin of H, is below 2 ¢, the contribution of the Ti atom to the protonated
valence basin of H,, is 0.04, which is not negligible, and the covariance between two basins Vy, /Cy is
close to -0.1. In comparison, the total population of the agostic H atom is closer to 2 ¢ and the
covariance is slightly smaller (in absolute value) in the case of the B-agostic isomer. As a conclusion,
the agostic character is slightly more pronounced in the a-agostic isomer compared with the f-agostic
one, for this specific case. Furthermore, these two agostic bondings are relatively weak.

Baird et al. *also studied an alkyl-titanium complex that exist under two isomeric forms, one
presenting a B-agostic bonding, and another presenting a y-agostic bonding. Table 6 summarizes the
ELF/QTAIM characteristics of these two isomers. As in the previous case, the statistical parameters of
ELF clearly describe both agostic bondings. These bondings are characterized by BCP's and RCP's in
the QTAIM description. The quantitative study of these bondings shows that the ¢ C-H interactions
are relatively weak, as it was the case in the previous o- and -agostic isomers.

Isomer ﬁ SCHs SiMes
,H\Co‘\ M C/C\
[ ;Z@ L/ . 2 CH,
Ti'\CHZ/ TVSiMeg ﬂﬁ/ HQ\C
/D x
Ti-Beta-Si-Baird Ti-Gamma-Si-Baird
V(H) 1.93 1.95
M/X/H 0.06/0.77/1.10 0.05/0.81/1.09
Cov(V(H) C(M)) | -0.08 -0.07
d(Ti'Hagostic) (A) 2.09 2.00
d(C'Hagostic) (A) 1.16 1.15

Table 6: Topological characterization of the B- and y-agostic alkyl titanium complexes studied by Baird et
al.

As a conclusion, these examples show that the topological tools of the ELF approach indeed allows to
characterize a-, f- and y-agostic bondings.

3. Topological characterization of a representative set of C-H agostic bondings

A set of complexes was used to probe the agostic character of different features of the M---H-C
bonding by means of the topological criteria previously presented, and the selected topological criteria
are summarized in the Table 7.
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Compound . ., ‘Bu </ \,
BuMetHC, \TCT{\\\\\\\CP ""'-C/H\I‘ . e,
e N HzC—EI'?'"\\\\\ ’ < Ny !
MeN Cp /
. . 163 Co [
Tcil-Popelii:r18 Ti-Alpha-Baird Ti-Beta-Baird®” EtTiCls(dmpe)-McGrady®’
V(H) 1.93 1.90 1.96 1.97
M/X/H 0.08/0.76/1.09 0.04/0.79/1.07 0.04/0.81/1.11 0.03/0.94/1.00
Cov(V(HY/ CM)) | 9,09 -0.09 -0.06 0.04
d(Ti-Hygostic) (A) 2.034 2.049 2.157 2.183
d(C-Hogostic) (A) 1.146 1.140 1.151 1.115
o(C- Hagostic) (cm™) | 2534 2589 2429 2815
d(Cy-Hieo) (A) 1.0874, 1.0874 1.085 1.083 1.083
(C-Hpeo) (cm™) 3087 —3172 3037 —3134 3034 — 3197 3067 — 3177

QTAIM topological parameters for agostic compound: p, V*p, H(p) in a.u.

BCP(C-Hjp) 0.233,-0.67,-0.22 0.238,-0.70,-0.30 | 0.235,-0.69, -0.22 | 0.262, -0.86, -0.26
BCP(C-Hgee) 0.287, -1.07,-0.30 0.288, -1.05,-0.31 | 0.288,-1.05,-0.31 | 0.285,-1.03, -0.31
BCP(Ti-Hp) 0.045, +0.14, 0.00 Does not exist 0.029, +0.11, 0.00 | Does not exist
Some relevant parameters for free ligand:
d(C-H) (A) 1.091 1.096 1.0908
o(C-H) (cm™) 3034 -03101 2991 -3110 3034 - 3101
BCP(C-Hp) 0.281,-1.01,-0.30 0.282,-1.01,-0.30 0.281,-1.01,-0.30
Electron density 03 031 0.29
at R?=0.982
BCP(C-H) 0.28 0.29 0.28
in function of 0.26 0.27
d(C-H) 0.24 0.25 0.27

0.22 0.23 0.26

1.08 1.13 1.07 1.12 1.08 11 1.12

Table 7: to be continued
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Compound ® o
) iy \\/ k \P\/ £ ',\:/ZZ
\w\'r Q\A:\{\ Q\ I::jj/ E }NI\ Vi
R iy 1 A
s N N . 6
¢ T T 66 T e Ni-Jones
CpTiNiPr2C12-McGrady67 Rh-butene-Milstein Rh-H,CO-Milstein
V(H) 2.06 2.01 2.12 2.01
M/X/H 0.01/1.07/0.98 0.05/1.02/0.95 0.23/0.93/0.96 0.07/0.98/0.96
Cov(V(HY CM)) | _0.02 0.15 -0.38 0.13
d(Ti-H,gouic) 2363 1.939 1.665 1.811
d(C-Hagosiic) 1.095 1.131 1.222 1.126
®(C- Hagostic) 3006 2612 1950 2665
d(Cy-Hpee) 1.088, 1.090, 1.090 1.088 1.088 1.088
o(C-Hpeo) 3040 — 3130 3174 -3192 3174 - 3182 3070 - 3119

QTAIM topological parameters for agostic compound: p, Vp, H(p) in a.u.

BCP(C' Hagostic)
BCP(C'Hfrcc)
BCP(M'Hagostic)

0.287, -1.05, -0.30
0.284, -1.03, -0.30
Does not exist

0.250,-0.77,-0.24
0.281, -0.97,-0.28
0.055, +0.20, -0.01

0.202, - 0.47,-0.16
0.282, - 0.98, -0.85
0.107, +0.26, -0.05

0.256, -0.82, -0.25
0.285,-1.04,-0.30
0.057, +0.23, -0.01

Some relevant para

meters for free ligand:

d(C-H)
o(C-H)
BCP(C-Hy)

1.093
3020 - 3040
0.288,-1.06, -0.31

1.092
3050
0.277, -0.94, -0.28

1.089
3060 - 3128
0.283,-1.03,-0.30

Electron density
at

BCP(C-H)

in function of
d(C-H)

Borderline case:

It should correspond to
a very weak interaction!

If there was an agostic case,

0.3

0.25

0.2 +4

R?=0.993

1.08 1.

13 1.18

1.23

0.29
0.28
0.27
0.26

0.25 + T T

R?=0.999

1.08 1.1

112 1.14

Table 7: Topological characterization of a set of M---H-C complexes reported in the literature as agostic compounds.
Optimized geometries have been found at the B3LYP/6-311++G(2d,2p) level of theory.
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For all the species the total population of the valence basin of the agostic hydrogen atom is in the 2 £+
0.15 ¢ range. Both the covariance Cov(V(H)/ C(M)) and the atomic contributions in the valence basin
of H (M, X, H) fluctuate depending on the complex.

Table 7 presents complexes containing intramolecular ¢ C-H agostic bonding. However, the Rh-
H,CO-Milstein® and Rh-butene-Milstein® complexes could not be easily classified as B agostic
species. We note in passing with these two examples that a change in the nature of a co-ligand may
strongly affect the agostic character of a C-H bonding. Indeed a weak agostic character is
topologically predicted in the case of the Rh-butene-Milstein®® complex, whereas a strong one is
predicted for the analogous compound containing H,CO instead of butene as co-ligand. These two
cases will be further discussed hereafter.

A close look of the data reported in table 7 some trends which be summarized as follows:

e In view of the metal contribution in the protonated basin, we can classify the complexes in
four categories: (1) M = 0.01 e corresponding to an undefined case, (2) 0.01 <M < 0.05 for
weak - medium agostic bonding, (3) 0.05 <M < 0.20 for medium - strong agostic interaction,
and (4) M > 0.20 for almost pre-dissociated C - Hygostic OF pre-hydride Hygogic - M.

e One can note that the calculated harmonic vibrational frequency of the C - Hygogic 0scillator is
always red-shifted with respect to that of C - Hg.. To a certain extent, the amount of this red-
shift reflects the strength of the agostic interaction. It is interesting to note that the harmonic
vibrational frequency of C - Hg,. is sometimes blue-shifted with respect to the C - H frequency
in the free ligand. However, on the ground of C-H vibrational frequency red-shift one can
easily distinguish three categories of agostic species: red-shift = 2% for the weakest agostic
compound (CpTiNiPr,Cl,-McGrady), red-shift » 40% for the strongest agostic compound
(Rh-H,CO-Milstein), and 5% < red-shift < 40% for the other compounds going from weak to
strong cases.

e Case of CpTiNiPr,Cl,-McGrady compound: This compound has been previously considered
as an agostic case by McGrady et al.*” and also Scherer and coworkers.”” We would like to
emphasize that the very low metal contribution (0.01 e) in the population of V(H) makes
actually impossible to decide the presence or absence of an agostic interaction, because of the
numerical uncertainty of our ELF analysis which is just equal to 0.01 e.

This is also consistent with the geometrical properties of the complex: if we refer to the
criteria summarized in the Table 1, the CpTiNiPr,Cl,-McGrady compound is anagostic (d(M-
H)>23 A).

In order to check the possible effect of the dispersion contribution in the electronic structure,
we also optimized the studied structure using two hybrid functionals (wB97XD and
B2PLYPD3) which are suitable to treat the very weak non-covalent interactions.

As shown by the results reported in Table 8, topological differences between the Cg—Hg so-
called agostic bond and Cg—Hge. within the same compound are minor so that we can
confidently exclude a dominant agostic interaction within this complex. This description is
also supported by a very small vibrational o(C-H) frequency shift (less than 2%) with respect
to free w(C-H). Furthermore, we found a BCP between the so-called agostic H atom and one of the two
chlorine atoms. At this latter BCP, the electron density is equal to 0.015 e belonging to the hydrogen
bonded range.”*

wB97XD | B2PLYPD3 | B3LYP

d(Cs—Hp) (A) 1.096 1.095 1.095
o(C-H) (cm™) 3035 3006

BCP(CyHp): p, Vpinau. | 0.286,-1.04 | 0.287,-1.05 | 0.284,-1.03
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d(CyHpeo) (A) 1.091 1.090 1.090
o(C-H) (cm™) 3077 3040
BCP(CyHpeo): p, Vop in a.u. | 0.290,-1.067 | 0.291, -1.08 | 0.287, -1.05

Table 8: Effect of the density functional on the characterization of the CpTiNiPr,Cl,-McGrady complex
using the 6311++G(2d,2p) basis set. No BCP(Ti-Hpg) was found for any of the three functional.

e Agostic bonding and QTAIM bond critical point: we note that the presence of a BCP(H-Ti)
in the case of EtTiCl;(dmpe)-McGrady compound actually depend on the level of theory.
Indeed, we found a BCP only at BP86/6-311++G(d,p) level, whereas there is no BCP(H-T1)
when we use B3LYP, PBEO or BP86 with 6-311++G(2d,2p) as basis set.

e Concerning the strength of an agostic bonding, we note that the electron density at the
BCP(C-H agostic) decreases when the agosticity increases. This trend is graphically shown
for each compound in Table 7. A global linear regression graph for all the species will be
discussed in section VI.

4. Topological characterization of a representative set of B-H agostic bondings

In Table 9 are gathered five complexes containing intramolecular ¢ B-H agostic bondings. These

complexes have been subject of experimental and/or theoretical study.®>¢"%
Compound ® ®
° r"H\BﬁHH v, BﬁHH WO s ﬂ-r%
Cp///, ’,/ \a“‘L\HH c:\“\\” N/,,,”H Cp\//”lTi’;N-u,,” Cp\“\.}ril Nowyyy " N/ I\\H
CPC‘\/I"Z}/ N(,,,,H cn/ H H/ \H " cp H z \32/
’ o ZrCII:NHZBgfb‘ TiHNH,BHs-a- TiHNH,BH,-b- TiCp,NH,BH;-
ZrCINH,BHj;-a-Forster orster McGrady®’ McGrady McGrady®’
V(H) 1.89 1.92 1.89 1.85 1.92
M/X/H 0.07/0.22/1.59 0.07/0.27/1.58 0.07/0.24/1.58 0.07/0.26/1.52 0.12/0.23/1.57
cM)
dM-H,goqic 2.030 2.039 1.892 1.855 1.892
d(B-Hgostic) 1.302 1.276 1.300 1.310 1.299
©(B- Hagostic) 1932 2084 1959 1814 1895
d(B-Hgee) 1.203 1.203 1.205 1.204 1.204
®(B-Hypee) 2488 — 2542 2487 — 2539 2474 — 2526 2480 — 2530 2477 - 2524
QTAIM topological parameters for agostic compound: p, V>p, H(p) in a.u.
BCP(B- Hygogic) | 0.122,+0.02,-0.11 0.132, 0.00,-0.13 0.123, +0.02,-0.11 | 0.122, -0.01,-0.11 0.126,-0.01,-0.12
BCP(B-Hj..) 0.175,-0.27,-0.20 0.174,-0.26, -0.19 0.170,-0.21, -0.18 0.171,-0.21,-0.18 0.174,-0.26, -0.19
BCP(M-H,gossic) | 0.057,+0.11,-0.01 0.056, +0.11,-0.01 0.059, +0.11,-0.01 0.062, +0.13,-0.01 0.057, +0.16,-0.01
Some relevant parameters for free ligand:
d(B-H) (A) 1.208
BCP(B-Hp) 0.171,-0.24,-0.19
Electron 5
density R?=0.9929
at 0.16
BCP(B-H)
in function of
d(B-H) 0.11 + T T T T T T
1.19 1.21 1.23 1.25 1.27 1.29 131

Table 9: Topological characterization of a set of M:--H-B complexes reported in the literature as agostic
compounds. Optimized geometries have been found at the B3LYP/Def2-TZVPD level of theory.

For all the amidoborane titanocene or zirconocene complexes, where the nitrogen atom is at the a-

position and the boron atom at B-position, the presence of a B-H protonated basin containing a
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metallic contribution ranging from 3% to 6% of the V(H) population is a clear indicator for the
existence of a B-agostic bonding. This is supported by the bond lengthening and frequency red-shift
of the B-H,gosic bond. Compared to the C-H agostic bonding, the B-H agosticity should be considered
as medium to strong interaction. This consideration is naturally in line with the decrease of the
electron density at the B-H,gsic bond critical point. It is graphically evidenced on the linear regression
graph (Table 9).

Globally, the ELF/QTAIM criteria lead to an homogeneous and consistent description of the bondings
thus supporting the use of "agostic" for both ¢ C-H--*M and ¢ B-H:--M intramolecular bonding.

5. Parameters influencing the agostic character of bondings

To further investigate ¢ C-H B-agostic interactions and the parameters affecting such bondings, an
interesting case-study of rhodium thiophosphoryl pincer investigated by Milstein et al. will be detailed
below. Indeed, the authors reported the formation of identical agostic bondings with Rh that also
interacts either with but-2-ene or with formaldehyde. The agostic hydrogen atoms are characterized by
largely different geometrical parameters, and the topological investigation proves that the nature of the
co-ligand R is of paramount importance on the agostic interaction (See Scheme 1).

— — @ | Scheme 1:
\ / Rhodium thiophosphoryl pincer
P studied by Milstein et al,
\\\\ R = but-2-ene or formaldehyde. *°
SH
,R
o RN,
H,C|—H
b —SH

Scheme 1: Rhodium thiophosphoryl pincer studied by Milstein et al, R = but-2-ene or formaldehyde. 66

To better understand the co-ligand influence we will carefully analyze and compare the topological
properties of the Rh-butene-Milstein compound to those of Rh-H,CO-Milstein. In Tables 10 and 11
are reported the most relevant topological properties of both Rh-butene-Milstein and Rh-H,CO-
Milstein complexes.

H-agostic compound QTAIM properties'" ELF properties”

Pincer (S-C-S)-R: BCP(HB, Rh): Yes V(Rh, CB, HB): Yes

R = Cis-2-butene BCP(Ca, Rh): Yes V(Rh, Ca): No
BCP(CB, Rh): No V(Rh, CB): No

RCP(Rh, HB, CB, Ca): Yes

V(Ca, CB, Rh): Yes

BCP(C(Ligand), Rh): Yes
BCP(C(Ligand), Rh): Yes
RCP(Rh, C, C): Yes

V(C(Ligand), Rh): Yes
V(C(Ligand), Rh): Yes

Pincer (S-C-S)-R:
R= OCHZ

BCP(HB, Rh): Yes
BCP(Ca, Rh): No
BCP(CB, Rh): No
RCP(Rh, HB, CB, Ca): No

V(Rh, CB, HB): Yes
V(Rh, Ca): No
V(Rh, CB): No
V(Ca, CB, Rh): Yes
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BCP(O(Ligand), Rh): Yes

V1(O(Ligand), Rh): Yes
V2(O(Ligand), Rh): No

Table 10: ELF and QTAIM topological features of the agostic bondings for the Rh-H,CO-Milstein and
Rh-butene-Milstein compounds.66

(1) BCP and RCP are the bond and ring critical points corresponding to the (3,-1) and (3,+1) critical
points. (2) V(X,Y) and V(X,Y,Z) stand for the disynaptic and trisynaptic basins which share two and

three core basins, respectively.

Rh-butene-Milstein®

Agostic compound QTAIM properties” ELF properties™
p, Vp, H, & M, C and H contributions
Pincer (S-C-S)R: BCP(HP, Rh): V(Rh, Cp, Hp):
R = Cis-2-butene 0.055; +0.204, -0.008, 0.29 0.05/1.02/0.95
BCP(Ca, Rh): V(Ca, CB, Rh):

0.050, +0.141, -0.008, 0.12
RCP(Rh, HB, CB, Ca):
0.045, +0.172, -0.004, No ¢

1.25/0.91/0.06

BCP(C(Ligand), Rh):

V(C(Ligand), Rh):

Rh-H,CO-Milstein®

0.102,+0.192, -0.034, 1.13 0.54/0.23
BCP(C(Ligand), Rh): V(C(Ligand), Rh):
0.111,+0.158,-0.043, 0.37 0.63/0.21
RCP(Rh, C, C):
0.100, +0.297, -0.027, No ¢
Pincer (S-C-S)-R: BCP(Hp, Rh): V(Rh, CB, HB):
R = OCH, 0.107, +0.255, -0.046, 0.26 0.23/0.93/0.96
V(Ca, CB, Rh):

1.24/0.99/0.09

BCP(O(Ligand), Rh):
0.086, +0.488, -0.011, 0.46

V1(O(Ligand), Rh):
2.31/0.03

V2(O(Ligand), Rh):
2.81/0.00

Table 11: The quantitative topological characteristics of different types of agostic bondings.

(1) The four QTAIM characteristics at a critical point are given by p (the charge density), Vzp the
Laplacian of charge density), H (the energy density) and ¢ (the ellipticity). Note that we have only the first
three characteristics at a RCP. These quantities are given in atomic units. (2) The X/Y/Z contributions are
the atomic contributions in the averaged population of the V(X, Y, Z) basin. These numbers are in

electrons.

A close look of the data reported in tables 10 and 11 allows us to summarize the similarities and

differences between the titled complexes as follows:

> As it concerns the weak interactions, despite overall agreement between the topologies of ELF
and QTAIM, few differences however have been underlined. * 77%""" Nevertheless, we would
like to emphasize that we believe in the complementarity of these two methods, rather than mutual
exclusion. But having said that, we remember the readers that there is no bond critical point
between Ha and metallic center, while we have a trisynaptic protonated basin accounting for the
o-agostic interaction. Topological analysis of the C-C bonding - bond between the carbon of
methyl and that of aryl - obtained from both QTAIM and ELF methods are likewise
complementary and often clarify each other. In both Rh-butene-Milstein and Rh-H,CO-Milstein
pincer complexes the C-C bond valence basin is indeed a trisynaptic basin with a non-negligible
contribution from the metallic center (0.06 and 0.09 ¢) which is a clear indication on the n’-C-C-
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H agostic compound. This conclusion supports the analysis advanced in the paper of Milstein and
coworkers.”® As for the QTAIM analysis, it gives a BCP between the rhodium and C atom of aryl
group in the case of the Milstein pincer bonded with cis-2-butene, while there no such a BCP for
the other species. This means that the agostic interaction in the Rh-butene-Milstein could be
referred to as traditional B-agostic compound, while this not the case for the Rh-H,CO-Milstein
pincer complex.

> The ligand effect is another striking feature of these pincer-R (R = cis-2-butene or OCH,) agostic
compounds. It is worth noting that both QTAIM and ELF topologies provide the same analysis for
the ligand effect.

e In the case of the cis-2-butene ligand, rhodium thiophosphoryl pincer cation involves in
the formation of two non-equivalent disynaptic basins labeled as V(C(Ligand), Rh) in
Table 10 and 11. The metal atom contribution amounts to 33% and 42% of the total
averaged population of these metal-ligand bonds. These basins clearly are indicative of the
formation of two metal-carbon coordinate covalent bonds. In parallel, we found two bond
critical points for two Rh-C bonding and a RCP in the center of C-Rh-C triangle. The non-
negligible negative values of the energy density at the BCPs (-0.034 and -0.043) clearly
indicate the non-negligible covalency of these bonds. As a consequence, the formation of
theses coordinate covalent bonds enriches the valence shell of metal leading to lower
acidity. Accordingly, the agostic interaction is relatively weak (as shown by values
presented in table 7, with a small covariance V(H)/C(M), and a small contribution of the
metal in the valence basin of the agostic hydrogen atom). This weak agostic interaction is
geometrically confirmed by a small H,zos — C distance and a large Hogo — Rh distance.

e Contrarily, in the case of the formaldehyde-rhodium thiophosphoryl pincer cation, the
interaction between oxygen and rhodium atoms is almost weak — manifested by small
contribution of Rh in the one of the two valence basins of oxygen — and thus without
noticeable change in the valence shell of metal. Thus the electron-deficiency of the Rh
center is not counterbalanced by a notable electron transfer. As a consequence, the agostic
bonding between Rh and H will be enhanced. Geometrically, the H,eost — Rh distance will
be smaller than in the previous case, and the H,g — C distance will be larger, thus leading
to a more pronounced activation of the H — C bond.

Thus, the presence of a co-ligand can be of paramount importance in the activation of a C-H bond by
means of the formation of an agostic bonding, and a topological description of the systems may help in
understanding these differences.

On the other hand, a change in the nature of the co-ligand do not necessary lead to a fundamental
change in the agostic character of the bonding. As an example, Table 12 allows to follow the geometry
and the topological characterization of the valence basin of the agostic hydrogen atom in - and v-
agostic alkyl titanium complexes studied by Baird et al.** The initial agostomers contain two
cyclopentadienyl ligands. We suggest the substitution of a cyclopentadienyl ligand either by
formaldehyde or by a chlorine atom to not lead to a huge distortion of the agostic bonding: Hygose — Ti
and H,gs — C distances are almost unchanged (see Table 11). As far as the topological description of
the valence basin of the agostic hydrogen atom is concerned, almost no change is observed, neither in
the contribution of the metal center to the protonated valence basin nor in the covariance values. Thus,
in this case, the substitution of cyclopentadienyl ligand by formaldehyde or by chlorine atom do not
affect the agostic character of the bonding.
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Isomer Characterization SHs SSiMe;
R! H— X C.
®./'/ /C\SIMC3 R! e \\CH3
Ti——CH, \@/ CH,
/ i
R2 R?
B Y
RI=R*= |v) | 93 1S
Cp Ti/C/H 0.06/0.77/1.10 0.05/0.81/1.09
Cov(V(H)/ C(M)) | -0.08 20.07
dCT‘go,wa(A) ___________ 209 T 200 T
ra
dZQ_OCS“C(A) ___________ 16 s
R'=Cp V(H) 1.98 1.99
P o N ol et ekt
R -OCH: i T K OuyORE0T T
GRS Teowviiny ciy) | -007 (A :-006) T 0.06 (AIM:005)
d%igfjsfic (A) 2.12 2.10
i &Z{Ogﬁg(— X) ___________ iz L2
R'=R’= V(H) 7777777777777777 Starting from B isomer, it 199 77777777777777777777777777777777
OCH, TvyCH coverges to y agostomer. 0.06/085/1.07
| Cov(V(H) C(M)) -0.09(AIM:-0.07)
d%igfjsfic (A) 2.00
&Z{Ogﬁg(_ N 3
R'=Cp V(H) 1.98 1.97
, L.
R-d e o] 0.08/0.80/1.09 | 0.06/0.84/1.08
(TRANS) T Cov(V(i) CM)) | 0.09 (AIM:-007) | 0.08 (AIM:006)
IG5 1) 2.06 2.01
dzg_ogtic (A) 1.14 1.14
R'=R’=Cl v o Starting from B isomer, it 98
TWeH coverges to y agostomer. 0.08/0.84/1.06
| Cov(V(H) C(M)) 0.09(AIM:-0.07)
d%l_gfjsfic (A) 1.99
dgg_ogtlc (A) 1'15

Table 12: Topological characterization of the p- and y-agostic alkyl titanium complexes as studied by
Baird et al. * and differently substituted.

To further investigate the parameters influencing the formation of agostic bondings, we studied the

influence of the metallic center on the agosticity. The § model compound of Popelier and Logothetis
was chosen. Table 13 shows that the substitution of the titanium atom by either Zr or Hf do not affect

the geometry of the agostic bonding, and the topological description of the valence basin of the agostic
hydrogen atom remains similar. Thus, in some cases, and specifically in the case of titanocene
compounds, the substitution of the metallic center by an atom belonging to the same chemical family,
does not affect the agostic character of the bonding.
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8 model compound

(Popelier & Logothetis)

Topological description

d(M-CB) = 2.545

Cov(V(Hp)/C(M)) = -0.09

Geometry ELF AIM

M= Ti | d(HB-CB)=1.152 V(CB - HB)=1.93 Q(HB)=-0.10
d(M-Ca) =2.010 Ti(0.08)/C(0.75)/H(1.10) | Q(Ti)=+1.9
d(M-CB) =2.393 Cov(V(Hp)/C(M)) =-0.10 | Cov(Ti/HpB) =-0.08
d(M-Hp) =2.009
a(M-Co- CB) =84.3
a(Ca- CB-HB)=113.5

M= Zr | d(HB-CP)=1.156 V(CB -HP) =194 Q(HP)=-0.15
dM-Ca) =2.148 Zr(0.05)/C(0.74)/H(1.15) | Q(Zr)=+2.6
d(M-CB) =2.553 Cov(V(Hg)/C(M)) =-0.10 | Cov(Zr/ HP) =-0.08
d(M-Hp) =2.149
a(M-Ca- CB) =86.3
a(Ca- CB-HB)=113.9

M = Hf | d(HB-CB) =1.157 V(CB - HB)=1.93 Q(HB)=-0.18
dM-Ca) = 2.140 Hf(0.04)/C(0.71)/H(1.18) | Q(Hf)=+2.8

Cov(Hf/ HP) =-0.07

d(M-Hp) = 2.155
a(M-Ca- CP) = 85.9
a(Ca- CB-HP) = 114.5

Table 13: Influence of the substitution of the metallic center in the case of the § model compound of
Popelier and Logothetis.'®

6. Characterization of double 6-BH, and ¢-CH, interactions with a metallic center

The term "agostic bonding" was also used in the literature to describe situations in which a small
molecule is in interaction with a metallic complex by means of two simultaneous weak interactions.*”
6979 Sabo-Etienne, Alcaraz et al. are particularly active in the study of such intermolecular interactions.
To complete our topological study of agostic bondings, we applied our methodology to intermolecular
interactions involving dimethylaminoborane * and mesitylborane.”

The complexes involved intermolecular interactions involving dimethylaminoborane and studied by

Sabo-Etienne et al. are presented in Table 14.

PCy;
R, | ,—Hl
- | L JB—N(Me),
PCy3
Nature of M and X Ru, H Ru, CI Os, H Os, C1
uy"S“'C (A) 1.85 1.62 1.81 1.62
ti
11 OS c
y A) 1.30 1.55 1.37 1.95
Zg”snf;c A) 1.85 2.00 1.81 1.97
Zg”SB“C A) 1.30 1.27 1.37 1.29
Agostic character agostic | Hj: strongly agostic | Hi:
agostic hydride
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H,: weakly H,:
agostic agostic
Table 14: Characterization of the intermolecular interactions between ruthenium- and osmium-
containing complexes and dimethylaminoborane investigated by Etienne-Sabo et al. 6

In the case of the osmium-containing complexes, an interaction is observed between the 0 B-H bond
and the metallic center when X = H. The substitution of this hydride by X = Cl dramatically affect the
intermolecular interaction. The H atom #rans to the chlorine atom leads to the formation of an hydride
and the bond between H; and B is broken. On the other hand the 0 B — H agostic interaction with the
metal is maintained for the H, atom.

In the case of the ruthenium-containing complexes, an interaction is similarly observed between the ¢
B-H bond and the metallic center when X = H. As in the case of the osmium-containing complex, the
substitution of the X = H atom by a CI atom causes a distinction between the H; and H, atoms: The H
atom trans to the Cl atom leads to the formation of a stronger interaction with the metal, whereas the
interaction between H, and B becomes weaker.

For the present study, we selected the osmium-containing complexes for a topological investigation.
Indeed, the two osmium-containing complexes allowed us to compare our quantitative approach with
the strength of the interaction experimentally observed. Furthermore, these examples gave the
opportunity that the topological descriptors herein chosen correctly discriminate a strong ¢ bond
interaction and the formation of a hydride. For a sake of comparison, we also investigate the same
system with M = Fe. Table 15 summarizes the topological data obtained for the intermolecular
interactions of the four complexes.

In the case of the osmium-containing complexes, the topological criteria selected for the present study
are indeed consistent with the formation of an agostic bonding, even if the total population of the
valence basin of the hydrogen atom is a little bit high for a 3¢-2¢ interaction.

As expected, H; and H, atoms are equivalent, and the agostic interaction is relatively strong compared
with what was expected in the case of intramolecular interactions.

When the X = H atom is substituted by a chlorine atom, the topological description is fully consistent
with what is expected from the data available in the literature. In the case of the H; atom, the total
population of the basin is 1.67 ¢ and the boron atom is not involved in this basin, which signifies that
an hydride is formed, as already reported in the literature® for this case. On the other hand, the
topological description of the H, atom is consistent with the formation of an agostic interaction. The
total population of the valence basin of the hydrogen atom is 2.01 and both Os and B are involved in
this basin. The covariance Cov(V(H)/C(M)) as well as the small contribution of the metal in the
valence basin of H, is clearly consistent with a weaker agostic interaction compared with what is
observed for the complex with X = H.

Thus, the topological description herein proposed is qualitatively and quantitatively consisted with
what is already reported for these osmium-containing complexes.

When the osmium atom is replaced by Fe, the total population of the valence basin of the hydrogen
atoms interacting with the metallic center increases: a total population of 2.35 is calculated when X =
H, whereas slightly smaller populations are obtained when X = Cl (2.33 and 2.29 ¢).

For the " Fe,H- MeB" compound, both H; and H, atoms are identical, and the contribution of the
metallic center to the valence basin of the hydrogen atom is quite large (0.30 ¢’), concomitantly with a
large contribution of the boron atom (0.54). Furthermore, the covariance Cov(V(H)/ C(M)) is large,
thus suggesting that the agostic character of this compound is quite large.

When X = H is substituted by X = CI, the two H, and H, atoms are characterized by quantitatively
different interactions with the metallic center. Contrary to what was observed in the case of the
osmium, the agostic interaction of the two H; and H, atoms is conserved. The agostic character of the

24

Page 24 of 39



Page 25 of 39 Physical Chemistry Chemical Physics

hydrogen atom trans to the chloride atom is slightly reinforced, whereas the agostic character of the
hydrogen atom cis to the chloride atom is slightly weakened.

In the case of a ruthenium-containing dimethylaminoborane compound,” a similar topological
description is calculated. Once again, the total population of the valence basin of the hydrogen atom is
relatively high, but the contribution of the metallic atom in this basin and the covariance Cov(V(H)/
C(M)) are fully consistent with the description of an agostic bonding.

During the discussions it is clear that the chlorine substituted compounds leads to the formation of a
hydridic bond only when the metallic atom is an osmium atom, whereas a strong agostic interaction
remains the final product with iron and ruthenium atoms.

Thus, from a topological point of view, these intermolecular interactions are similar to the
intramolecular, agostic interactions, and there is no topological reason for not using the same name,

"agostic".
Compound
PCys PCys; PCys PCy;
i, 'Hl\ R, | Hi Hy, | A "o, | N
H/ S\HZ/B—N(Me)2 CI/ Ss\HZ/B—N(Me)Z H/'l|7e2\H/B—N(rv|e)2 CI/'FC’\HZ/B—N(Me)2
PCys Peys POys PCys . B\H
(Gt PR IR Cethy )
H H
Os,H-MeB- 0Os,Cl-MeB- Fe,H-MeB Fe,Cl-MeB Ru,dimethyl
Alcaraz ® Alcaraz ® amino-borane-
Alcaraz ”°
V(H) 2.25 H;: 1.67 2.35 H;:2.32 2.16
H,: 2.00 H,:2.28
M/B/H 0.18/0.59/1.48 H;: 0.39/0.01/1.27 0.30/0.54/1.51 Hi: 0.18/0.59/1.37
0.35/0.46/1.51
H,: 0.04/0.42/1.54 H,:0.22/0.52/1.54
Cov(V(H | -0.31 H;: -0.40 -0.31 H;:-0.37 -0.33
) C(M)) H,: -0.17 H,:-0.29
d;’,“ffﬁc 1.81 1.62 1.69 1.62 1.87
A)
dzéi‘isé"c 1.37 1.95 1.27 1.29 1.28
A)
dzg‘isn’;‘lic 1.81 1.97 1.69 1.78 1.87
A)
dz%‘iséic 1.37 1.29 1.27 1.24 1.28
A)

Table 15: Intermolecular interactions involving dimethylaminoborane69 and mesitylborane 7

In an attempt to better understand the formation of such intermolecular agostic bondings, model
systems were studied:
1. BH,CI forming simultaneously two interactions with Ru(PH;)Cp,
2. an isomer of the previous model system in which the BH,Cl molecule only forms one ¢ B-H
interaction with the metallic center,
3. an analog of the first model system in which BH,Cl is substituted by CH,Cl,. The formation of

. : 70,79
such complexes was proposed in the literature ™

and was reported with Li as a metallic
center,™ but not, to our knowledge, in the case of transition metal complexes. On the other
hand, cases in which the three hydrogen atoms of a CH;-R group are simultaneously involved
in agostic bondings with a same metallic center, were reported or proposed in the literature.*'*

Thus, a topological description of multiple 6 C-H intermolecular agostic bondings is needed.
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The topological criteria obtained for these three systems are presented in the Table 16.

Compound " /PH3 ] /PHs cla M. /”Ha

M
co—-sl R Ru, C SR
Sy @ >B—H' @ N Sy @
Cl

Model system - 1

Model system - 2 | Model system - 3

V(H) 2.26 2.07 2.16
M/B/H 0.22/0.56/1.45 0.19/0.43/1.44 | 0.04/01.19/0.93
Cov(V(H) C(M)) | -0.41 -0.35 -0.14
di2n (A) 1.73 1.73 2.03

=
dy’ e orc (A 1.34 1.35 1.12

Table 16: Model compounds used for the study of intermolecular interactions

As already noted in the case of compounds reported in the Table 15, relatively large values of total
population of the hydrogen basins are observed in the case of the model systems 1 and 3. This
corresponds to cases for which the molecule forms simultaneously two o interactions with the metallic
center. In the case of the Model system - 1, the topological criteria suggest the formation of two
identical and relatively strong agostic bondings. A similarly strong interaction is calculated in the
isomeric system forming only one ¢ B-H interaction with the metallic center (Model system 2). On the
other hand, in this case the total population of the valence basin is not particularly high, thus
suggesting that the relatively large values of V(H) reported in tables 15 and 16 are a specific signature
of double intermolecular interactions.

In the case of the Model system - 3, both of the hydrogen atoms involved in a ¢ interaction with the
metallic center are identical. They are characterized by a lower total population of the valence basin of
the hydrogen atoms, in comparison with the Model system - 1. Furthermore, the contribution of the
metallic center in these valence basins are particularly weak. This may explain why the experimental
formation, the isolation and the characterization such systems may be difficult.

VI Discussion

1. Identification of the existence or non-existence of an agostic bonding

To begin with, the Scheme 2 summarizes the conditions that should be fulfilled to conclude that an
agostic bonding exists between the C-H bond and the metallic center.
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Is the V(H) close to 2? No

Yes

v

Does the BCP(M.....H) exist?

Yes No No agostic

l No bonding is

Is the p(BCP(C-H)) in the 0.20 — 0.27 range? formed between
a C-H bond and

Yes a metallic center

v

Is the contribution of M in the V(H) basin> 0.01 No
and | Cov (V(H)/C(M)) | >0.02?

Yes

— An agostic bonding exists between a
C-H bond and a metallic center

Scheme 2: Determination of the existence or non-existence of an agostic bonding between a C-H bond and a metallic
center.

2. A qualitative comparison of different agostic bondings
To further evaluate the capability of the above presented statistical approach to qualitatively
characterize the agostic bondings, our theoretical approach will be compared with experimental data.
The first necessary step for such a comparison was obviously to find an experimental criteria that
correctly describe the agostic character of the bonding:

> around different metallic centers,

» involving totally different compounds, and not focused in a well-defined chemical family of
compounds,

» for a-, B-, y-agostomers,

» involving o C-H and o B-H agostic bonding, with the possible presence of heteroatoms,

» with constrained geometries in the case of pincer ligands and bi-agostic compounds.

a. Which kinds of experimental data are available to classify the agostic bondings
depending on the strength of the interaction?

Prior to introduce the parameters that we chose as an "universal" measurement of the agostic character
of the bonding, we would like to briefly overview the experimental approaches currently available of
the characterization of such interactions.

The experimental approaches generally used to characterize agostic bondings include NMR shifts,
vibrational v(C-H) shifts (IR spectroscopy) and X-ray structures. 7°'*'*2**> Obviously, the changes in
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reactivity due to the formation of an agostic bonding, and more precisely the activation of the o bond
involved in the interaction with the metallic center, is in itself an evidence that such an interaction
exists. More rarely EPR spectroscopy and visible/UV spectroscopy also proved, in some specific
cases, to be able to describe the formation of an agostic bonding. ***°

These methods will be shortly described below and in the Table 17, in the context of the study of
agostic bondings.

Experimentally, the formation of an agostic bonding is distinguished first and foremost by an
activation of the ¢ bond interacting with the metallic center.*® In a same chemical family of
compounds, it may be possible to qualitatively estimate the agostic character of the bonding, by
comparing their reactivity toward a same reagent. On the other hand, such a qualitative approach will
be limited to a specific chemical family of compounds and may depends on the reagents. As a
conclusion, such an approach, if fully relevant in a screening approach for the most suitable complex
in a given reaction process, will not allow to determine "absolute" agostic character of the bonding.

Spectroscopic methods that were applied to the study of agostic bondings almost cover the whole
electromagnetic spectrum, from NMR to X ray spectroscopy.

The comparison of NMR shifts will not allow to compare agostic bondings of different chemical
nature. Furthermore, only the strongest agostic bondings can be characterized by "classical" one-
dimensional NMR experiments. Indeed, all the agostic bondings except the strongest ones are flexible
in solution in the timescale of the NMR experiment, thus obscuring the effect.*”**

Complementarily to the NMR spectroscopy, EPR spectroscopy was also successfully applied to the
characterization of agostic bondings.*® However, since this method is restricted to the study
paramagnetic compounds, EPR spectroscopy is far from an "universal" experimental method that may
be used to compare the agostic bonding of a wide set of complexes.

Another spectroscopic approach that was used to experimentally characterize agostic bonding is
infrared (IR) spectroscopy.®™ Once again, the characterization of weak interactions in mixtures that
may contain agostic and anagostic isomers may be difficult. An elegant procedure to characterize
agostic interactions by means of IR spectroscopy, particularly applied by Andrews et al.,*” consists in
a coupling with the matrix isolation technique. Species to be analyzed are diluted in an inert medium
in the gas phase, and further condensed on surface maintained at cryogenic temperatures. However,
such a characterization is far from an easy tool that may be routinely used, without speaking on the
experimental difficulty to generate a cryogenic matrix in which an agostic isomer is isolated. On the
other hand, vibrational frequencies may be calculated by ab initio or DFT procedures once the
geometry of the agostic compound is accurately determined.

Complexes of the transition metals are often colored. When the formation of an agostic bonding
affects the energies of the d orbitals of the metallic center (especially the HOMO and the LUMO
levels), visible / UV spectroscopy may be used to further characterize these interactions. Molybdenum
B- and y-agostomers were recently characterized by this technique.* However the characterization of
agostic bondings by visible / UV spectroscopy can only be applied in very specific cases for which the
interactions between the metallic center and the ¢ bond affect the color of the species.

28

Page 28 of 39



Page 29 of 39

Physical Chemistry Chemical Physics

Since an agostic bonding should lead to a distortion of the geometry of a compound, the crystalline X-
ray structure is an obvious characterization tool.”” The low scattering factor for hydrogen atoms and
the difficulty to localize hydrogen in the vicinity of a metallic center are some of the limits of the
method, in addition with the fact that agostic bondings may exist as intermediate species in liquid
solution during reaction processes. In these latter cases, agostomers may not be obtained in crystalline
form. Even if limited to agostomers that may be isolated as crystals, and despites to its limitations X-
ray diffraction structures were often reported in the literature for compounds involving agostic
bondings. Furthermore, other experimental techniques provide data that may be further used for
theoretical studies of the species. Thus geometries of agostomers can be obtained from DFT
calculations and post-Hartree-Fock approaches. Theoretical calculations also allow to determine

spectroscopic data that may be compared with experimental values. It is then possible to determine
structures for these compounds. From a geometrical point of view, the formation of an agostic bonding

will affect:

> the angles between the atoms,
» the H,p0s— M distance,
> the Hyeos— X distance.

Method Effect leading to a possible | General values expected in | Limitations of the method
characterization of an | the case of an agostic
agostic bonding bonding (and '"normal"

values expected for all
other cases)

Reactivity Activation of the C-H (or X- | Change in the reactivity.'** | The reactivity will
H, X = heteroatom such as obviously depends on co-
B) bond. ligands, geometry and the

exact chemical nature of
agostic bonding.

NMR Redistribution of bonding- | & = -5 to -15 ppm, lJC'Hagostic NMR spectra cannot be
electron density in the | = 75 o 100 Hz for C-H | obtained for dynamical
formation of an agostic | ag0stic bonding (' Je 3 g, = systems.
bOIldlIlg. 128 MHZ)TIS’QI’ 83

Downfield paramagnetic
shifts in the 700 - 1100 ppm
range for axial ligands.’”

EPR Influence on the Zeeman | Variations in the values of | Limited to paramagnetic

spectroscopy electronic effect of the | g's and determination of | compounds for with the
distortion of the geometry. AH® and AS°.*% single electron is involved

in the agostic bonding.

IR Weakening of the C-H bond | v(C-H) = 2300 - 2700 cm™ | Difficulty to identify a

spectroscopy | leading to a reduction in | (to be compared with the ~ | small weak signal that may
frequency  for  v(C-H) | 2700 - 3000 cm™ range for | overlap with other signals.
vibrational mode. free ligands).'®""

Visible / UV | Valence electron transition | Depends on the crystal field | Limited to cases for which

spectroscopy | that may be affected by the | perturbation induced by the | the agostic bondings affect
formation of the M...H | agostic bonding.* the color of the compound
agostic bonding.

X-ray Geometrical distortion. Distance H,gost — M = 1.8-2.3 | Difficulty to localize

diffraction A (2329 A).7" hydrogen atoms. Limited to

Distance Hpposw —X larger | agostomers that may be
than the corresponding value | isolated as crystals.
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for the free ligand.
Change in the angles
between the atoms.7

Table 17: Comparison of different experimental approaches that may be used to characterize agostic
bondings.

b. Choice of representative experimental criteria that may describe the strength of
agostic bondings

Among above-mentioned characterizations, only vibrational frequencies and geometrical parameters
can easily be obtained for all the types of agostic bondings, either directly experimentally, or by means
of a combined experimental and theoretical investigation.
The (harmonic) vibrational shift of the H-X stretching mode, ,A w(H-X), caused by the agostic
bonding, is an obvious tool to investigate the strength of the interaction. This shift is defined as
follows:
A w(H-X) = @(H-X)fTe lisnd _ i pg_xyreostic compound

The shift may depend on the nature of the X atom. In order to compare agostic bondings involving
chemically different X atoms, we suggest to use a normalized parameter:

Aw(H-X)

(D(H — X)free ligand

Additionally, geometrical parameters such as angles and distances were already proposed to

characterize agostic bondings.7 The angles between the atoms will obviously depend on the system,
and will not be directly linked to the agostic character of the bonding.

As already mentioned, the values of the angles cannot be used to compare the agostic character of
bondings, in the set of compounds chosen for the present study, because their initial geometries are too
much different from each other (Figure 1). The H,zs—M distance will decrease, concomitantly with
the increase of the H,g«—M distance, during the formation of an agostic bonding. On the other hand,
these two distances will be strongly affected by the nature of the X atom. In a first approximation, we

can suggest that the ratio between d:{';(stic and d:g_ ‘;;tic, :I'—::; will not strongly depend on the nature
of X.

Thus, two normalized experimental parameters may be used to compare the strength of agostic
bondings, :Z:; and — (H{;())(fl:e_ji) Sana- A simpler way to compare agostic bondings in a same family of
complexes involving only one chemical type of H-X as agostic bondings, is to directly use the
dZ‘q_ ‘;(Stic and 4 w(H — X) experimental parameters.

¢. May statistical parameters obtained from the ELF/QTAIM study be used to
qualitatively estimate the agostic bonding strength?

Once it was checked that the criteria summarized in the Scheme 2 are consistent with the existence of
an agostic bonding, several statistical parameters appear to be particularly relevant to qualitatively
compare the strength of agostic bondings.

First of all, the contribution of the metallic center in the protonated agostic V(H) basin, My, is an
obvious important parameter.

On the other hand, this parameter depends on the whole structure of the metallic complex. As a
consequence, a direct comparison of the My, values will not allow to rigorously quantify the agostic
character of bondings. To overcome this limit, we propose to introduce a normalized parameter, the
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normalized metal contribution in the V(H) basin(Nl\,[V (H)). Its value is calculated by the ratio between
the metal contribution in the V(H) basin and the total population of the V(H) basin:

_ Mva
Myan = 7y X100 (13)

The main advantage of this normalized parameter toward the My, value, is to take into account the
variation of the number of electrons in the V(H) basin that may be induced by other atoms in the
vicinity of H.

Figure 4 shows the variations of My and NMV an 382 function of the (2:_";; ) ratio. The last point in the
plots of the metal contribution corresponds to the hydride atom. This point was not included in the
curve of the covariance. For all the other studied systems, all the values were taken into account in the
plots.

As already pointed out, the complexes selected for the present study cover a wide range of chemical
families, owing to the nature of the metallic center, the nature of the ligand involved in the agostic
bonding, the nature of co-ligands and the geometry of the complexes. Because of these chemical

differences, a relative spread of the of the Myg, and NMV(H) was expected. Given this point, a
satisfactory linear correlation is observed for Mya and N, ® with the ratio of the distances. The
coefficient of the linear regression clearly confirm that NMV " is a suitable criterion to compare agostic

bondings in compounds belonging to different chemical families. Furthermore, the linear dependence
observed demonstrates that NMV(H) can indeed be used to qualitatively characterize the agostic

character of the bonding.
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Figure 4: Variation of the My and NMV(H) parameters as a function of the 2""{ ratio, with X =B or C,
H-M

and Ny, = 7ol x100.

As mentioned earlier, the electron density at the bond critical point of the X-H bond is also an
indication of the o-donation to the metallic center and thus of the strength of the agostic bonding.
Once again, if directly used, this parameter will depend on the system under investigation. As a
consequence, the direct comparison of the p(BCPx.i) may be a suitable way to classify the strength of
agostic bondings for a series of complexes belonging to a same chemical family of compounds,
whereas the definition of a normalized value may be useful to compare agostic bonding in a set of
complexes belonging to different chemical families. To this extent, we suggest to use the ratio
between the p(BCP) for the X-H bond in the agostic complex and the p(BCP) for the X-H bond in the
free ligand:

p(BCP(X - Hagostic ))
p(BCP(X— Hfree ))

Figure 5 illustrates the possibility of using:

» direct H-X distances to characterize the strength of agostic bondings inside a same chemical
family of compounds;

» reduced frequencies of the H-X stretching mode to characterize the strength of agostic
bondings bonding in a set of complexes belonging to different chemical families;

» reduced p(BCP) for the H-X bond to classify the interaction with a metallic center.
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Figure 5: Variation of the reduced QTAIM parameter as a function of the: A) dy_yx

Finally, the X-H bonds can be divided into four categories, depending on the strength of the M--H
agostic bonding probably formed with a metallic center. Once the existence of the agostic bonding is
ascertained based on criteria presented in the Scheme 2, four main estimators can be used to evaluate
the strength of the interaction:
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, ::_"; and — (HA_)%(fI::I(i)gand; alternatively these parameters may
be obtained by geometry optimization and theoretical calculations;
> the NMV - normalized parameter, based on ELF/QTAIM calculations;
p(BCP(X—H agostic ))
P(BCP(X—H free )

> two experimental parameters

> the

normalized QTAIM parameter.

In Table 18, a global classification is proposed to estimate the strength of an agostic bonding, based on
these four parameters.

Characterization
of the M--H ) . N
interaction Anagostic Weak Me':dlum Medium Strong Pre-hydride
Criterion agostic agostic
dy_x <0.5 0.5-0.7 0.65-0.8 >1
dy-m
Aw(H-X) >0.90 0.90 - 0.70 <0.65
(D(H _ X)free ligand
NMV(H) <1 1-5 5-15 >20
>0.90 0.90-0.70 <0.65
p(BCP(X— Hagostic ))
p(BCP(X - Hfree ))

Table 18: A qualitative classification of the strength of agostic bonding based on three criteria.

VII. Conclusion

Herein we presented a topological quantitative investigation of 0 C-H interactions. It was shown that
the agostic character of the bonding can be compared even in the case of

» complexes around a different metallic center,
complexes containing different ligands and co-ligands,
0-, -, y-, and n’~CCH agostomers,

mono- and bis-agostic species,

YV VYV V

inter- and intramolecular agostic bonding.

Thus the present method makes it possible to compare the agostic character of interactions that take
place in systems that do not belong to a same chemical family, by means of a simple topological
approach. The large set of compounds presented in this article shows that the methodology proposed
here can lead to an unambiguously determination of the agostic character, both qualitatively and
quantitatively of a wide range of chemical compounds.

Furthermore, the topological description of intramolecular 0 C-H and 0 B-H interactions, as well as
intermolecular 0 B-H interactions, is similar, thus suggesting that the use of the same "agostic" term
for all these interactions, is appropriate.
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It has been evidenced that any X-H:--M agostic bond could be fully analyzed using three topological
descriptors obtained easily with ELF method within the free TopMod code. We have to pay a
particular attention on the stability and quality of the wave function derived from an optimization
procedure. Indeed, the ELF topological analysis is actually an a posteriori approach whose reliability
depend on that of wave function in hand.

The most relevant descriptors are:

1. The existence of a protonated trisynaptic basin, labeled as V(H,,),

2. Three contributors participate on the averaged population of this basin: M/X/H,

3. The first and second descriptors are actually similar. We suggest them explicitly in order to
underline the trisynaptic character of this basin which accounts for the 3c-2e interactions.
Nevertheless, we also suggest the use of dimensionless descriptors to qualitatively estimate the
strength of agostic bondings:
> the ratio between the metal contribution and the total population of the protonated basin, in

order to emphasize the importance of the relative metal contribution. This NMV(H) = I\:[XS;) x100

ratio allows to quantitatively classify the agostic character of bondings;
p(BCP(X - Hagostic ) .

» the ratio of the electron densities at the BCP, in order to take into account
p(BCP(X - Hfree ))

the weakening of the X-H bond due to the interaction with the metallic center.
4. We suggest to use the above-mentioned descriptors in combination with two other criteria, ideally
derived from experimental data. Indeed, experimental or, if not available, theoretical data, may be

used to determine two additional reduced parameters that suitably describe the strength of agostic
bondings:

> the weakening of the H-X bond due to the agostic interaction is characterized by a shift in the
A w(H-X)

m(H_x)freeligand reduced

frequencies of the vibrational stretching mode of the H-X bond. The

frequency parameter may be obtained from experimental IR spectra, or from (harmonic)
calculations;

dy- . . . .
» the d" X reduced distance may be obtained or derived from X-ray structures. This reduced
H-M

distance is increasing within the strength of the agostic bonding.
5. The covariance between two basins: the agostic protonated basin and the metallic core basin
C(M). This quantity provide a measure of association between two quantities: C(M) and V(H,y).
For agostic bondings for which the ratio NMV ® is similar, the agostic character of the bondings

increase with the | C(M) | .

Finally, we would like to emphasize the mutually complementary aspect of the topological results
obtained with QTAIM and ELF analysis.

VIII. Computational details

The ELF calculations have been done using TopMod software.24 °° Furthermore, the AIMAII software
was used for the quantitative study of the topological QTAIM data. *°

All the necessary wih files for the topological investigations have been obtained using the Gaussian 09
RevD.01 quantum chemical package. Calculations have been performed using different density
functionals (B3LYP, PBEO and TPSSh) as well as several basis sets (6-31++G(2d,2p), 6-
311++G(2d,2p), TZVP, and LanL2DZ) as implemented in the Gaussian 09 package. In addition, the
Def2-TZVP, Def2-TZVPD, LanL2TZ(P), and LanL2TZ(F) basis sets of Ahlrichs et al.,”’ obtained
from “EMSL Basis Set Exchange Library”.”® Furthermore, in order to take into account the dispersion

34

Page 34 of 39



Page 35 of 39

Physical Chemistry Chemical Physics

contribution in some model compounds (mono- and bi-agostic model structures), geometry
optimizations have been done using wB97XD range separated hybrid functional® (Table 16) and also
with B2PLYPD3 double hybrid functional including the D3 version of Grimme’s dispersion with the
original D3 damping function.'® In order to ensure that an optimized structure corresponds to a true
minimum, a frequency analysis was performed. Concerning the geometrical structures of the studied
complexes, additional data on the optimized geometries are available in the Supporting Information.
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