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Abstract

Quantum chemical calculations and NBO, ETS-NOCV, QTAIM and ELF interpretative approaches have
been carried out on C-donor ligand-stabilized dihydrido borenium cations. Numerous descriptors of
the C-B m-bond strength obtained from orbital localization, energy partitioning or topological
methods as well as from structural and chemical parameters have been calculated for 39 C-donor
ligands including N-heterocyclic carbenes and carbones. Comparison of the results allows the
identification of relative and absolute descriptors of the m interaction. For both families of
descriptors excellent correlations are obtained. This enables the establishment of a m-donation
capability scale and shows that the interpretative methods, despite their conceptual differences,
describe the same chemical properties. These results also reveal noticeable shortcomings in these
popular methods, and some precautions that need to be taken to interpret their results adequately.



Introduction

Chemical bonds, among other “fuzzy” chemical concepts,™? are not univocally defined and their
guantification is not straightforward because they are not a quantum mechanical observable.
However, chemical bonding is a key concept in chemistry, a cornerstone of this science.®* In that
context, numerous approaches have been developed in order to describe, classify and measure
chemical bond. Experimentally, it is difficult to quantify a chemical bond, even if widely known
indicators exist. The bond length, which from the chemist's point of view should be approximately
correlated to its strength, can indeed be empirically related to a bond index™ or compared to the
sum of the covalent radii of the atoms involved.® The activation barrier associated to the rotation
around the bond allows to differentiate a single bond (free rotation) from a double bond (strong
rotation barrier).

The advent of theoretical and computational chemistry has made it possible to have straightforward
access to these parameters by calculation, and simultaneously has led to the development of
methods for bond analysis. These methods use different approaches to describe the molecular
system under study.m A first representation can be made from the molecular orbitals used to
describe the wave function. The bond order for m-bond in the Hickel framework defined by
Coulson,® the Wiberg Bond Index (WBI)* and the Mayer bond order™™® are prominent examples
derived from this approach.*” Bonding analysis can also result from different procedures leading to
localized molecular orbitals™™ or natural orbitals,™ leading to methods such as the Localized
orbital bonding analysis (LOBA) method™®'” and the well-known natural bonding orbital (NBO)
method.!*®!

A second group of methods is based on the real-space partition of the molecular space using various
functions such as the electronic density, the Pauli kinetic energy density, the reduced density
gradient or the single-Exponential decay detector. These functions are used in the Bader’s Quantum
theory of atoms in molecules (QTAIM) method,™ the electron localization function (ELF)
method,®?" the non-covalent interaction (NCI) index® and the density overlap regions indicator
(DORI) analysis,'”® respectively. An interesting picture of the chemical bond can also be obtained
through the variations in isotropic magnetic shielding around a molecule, or with the charge
displacement analysis method.*"!

Chemical bond analysis can also be performed using energy decomposition approaches, such as the
symmetry-adapted perturbation theory (SAPT) scheme,”?® the extended transition state (ETS)*”* or
the energy decomposition analysis (EDA)[ZQ] methods, the latter being possibly combined with the
natural orbitals for chemical valence (NOCV) theory.BO]

Finally, although force constants are known not to properly match the bond strengths,m] derived
methods such as the concept of adiabatic internal vibrational modes,®? or the local stretching
force® and compliance constants® also provide noteworthy chemical bond descriptors.

These many interpretative methods are widely used in the literature to provide insights into the
nature of chemical bonds.**** However, this plethora of methods, while of value in providing
complementary visions of the same subject,***® is also troublesome, in the sense that contradictory
descriptions can result, leading to many controversies in the literature, whether it is to describe for
example alkaline earth-“"*" or metal-ligand bonds,**** multiple bonds®*** weak bonds,***" or
rotational barrier of single bond.®®* In many cases too, there is no significant discrepancy between
two different approaches, but the agreement between the calculated parameters that are supposed
to describe the same chemical property using different methods is far from perfect. A noteworthy



example is given in a recent study in which the internal n-donation to the carbene center within 15
N-heterocyclic carbenes (NHC) has been estimated through NBO and ETS-NOCV approaches.[64]
Despite the relevance of the two selected descriptors, the coefficient of determination (R?) is not
more than 0.89. If such computational approach is a powerful tool to qualitatively predict the trend
comparing chemically similar systems, it raises questions about the reasons for the observed
differences.

Depending on the theoretical model used, the numerical differences between several bond
descriptors may result from many factors, such as the comparison of descriptors which might not be
related to the same chemical concept, the misuse of methods, the misinterpretation of the results or
the existence of conceptual problems in the definition of the descriptors. It is currently difficult to
distinguish between these different assumptions and opinions may differ,®®® even if numerous
efforts have been made to compare various methods, to analyze their differences and to propose
unified approaches.” 7%

The ability to establish cross correlations (or lack of correlations) between different approaches
would, however, provide a better knowledge of the nature of the calculated descriptors, of the
chemical concept under investigation, and could help in the development of future interpretative
methods. In this context, the focus of the present work lies on the modeling, through various
theoretical approaches, of the m-interaction between neutral divalent carbon-donor compounds and
cationic BH," moiety. Borenium cations R,BL" are well-known boron Lewis acids.”" These boron
species have been used in numerous catalytic processes.”>”® They are stabilized through electronic
n-donation from the m-cloud of the boron substituents,”®”’® and neutral divalent carbon-donor
compounds, such as normal NHC,®%®*! mesoionic NHC®® and carbones,”®” have been used for this
purpose (Scheme 1). For dihydrido borenium (R = H), only their two-electrons o-donor L ligand
provide partial mitigation of their electron deficiency and their stabilization requires strong m-
donor.®®% DFT studies on C-donor ligand-BR," borenium reveal a short CB bond reflecting a partial
double-bond character due to C—B m-electronic transfer.®#%*#°Y1 Beyond structural parameters,
various theoretical indicators have been used to analyze the electronic structure of these and other
related compounds,®**” among them the nature of the highest occupied and lowest unoccupied
molecular orbitals (HOMO/LUMO), the atomic charges, the energy associated to the o- and =-
donation through energy decomposition analysis of the B-C bond, and the Wiberg bond index
between these two atoms. Only few studies have used such indicators to compare the bonding
situation in borenium complexes. The comparison of the bonding in various complexes between
carbones (PPh;),C and EH,® (E® = Be, B, C**, N**, 0%) has been performed with the ETS-NOCV
approach.lgo] Recently, a combination of energy decomposition analysis methods has been used to
clarify the theoretical measurement of the m-interactions strength within main group-NHC
complexes, including NHC-borenium complexes. 5] Based on these previous studies, C-donor ligand -
dihydrido borenium complexes, in which the m-interaction between the two fragments is limited to
the C—B m-donation, appear as ideal models to assess the relevance of n-bond descriptors.
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Scheme 1. Schematic description of the orbital-based o- (blue) and n- (red) interactions in neutral
divalent carbon-donor — BH," (X/-BH,") complexes

Result and discussion
Geometrical structures

39 divalent carbon compounds, including normal NHC (1-2, 4, 6, 8, 10, 12, 14, 16, 20-24, 26-28, 30-
33), mesoionic NHC (9, 11, 13, 15, 17-19, 25, 29), cyclic alkyl amino carbenes (cAAC 3, 5, 7),
carbodiphosphoranes (35-36) and carbodicarbenes (34, 37-39), have been selected, so as to ensure a
wide variety of geometrical structures and electronic properties (Scheme 2).°***' Most of them, but
5, 7, 17, 23-24, 26-28 and 32, are unsubstituted or “parent” molecules, preventing steric
interference in the electronic analysis of their BH," complexes. The divalent carbon atom of 1-39 is
linked to two atoms, noted Y, and possesses a lone pair located in the Y-C-Y plane. 1-39 bind to the
BH," moiety to form the borenium cations X-BH," (X = 1-39). Geometry optimization of X-BH," (X = 1-
39) at the DFT B3LYP/TZVP level (see the Supporting Information for the computational methods)
leads to minimum on the potential energy surface for which the BH, and Y,C moiety are coplanar or
almost coplanar,™ except for 3, 5 and 7 (vide infra). This planar conformation will be noted
hereafter as X/-BH,". In addition to the o-B-C bond formed by the donation of the in-plane lone pair
of the carbon atom to the vacant sp’-orbital of the boron atom (Scheme 1), this planarity supports
the existence of a partial m-bond, the strength of which is supposed to depend on the nature of the
n-system of the divalent donor ligand. The X//—BHz+ conformation of X-BH," (X = 3, 5, 7) is a transition
state for the rotation around the C-B bond, whereas the BH, and Y,C moiety are perpendicular (Y-C-
B-H dihedral angle around 90°) in the ground state. This conformation is noted as X'-BH," in the
following. This result suggests weak m-donation capability for 3, 5 and 7. Furthermore, in addition to
o- and w-donations, it is likely that there are other weak electronic or steric interactions between the
BH, and the C-donor ligand in the X-BH," complexes.
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Scheme 2. X-BH," (X = 1-39) borenium cation studied in this work.
mbonding descriptors based on chemical insight

From the chemist's point of view, a double bond differs from a single bond by several features, in
particular a shorter bond length and a significant energy barrier associated with the rotation around
the bond. To estimate these characteristics, we calculated the energy barrier AE,, associated with
the rotation around the C-B bond, i.e. the energy required to go from X"-BH," to X*-BH," (Scheme 2).
In all cases except 3, 5 and 7, X"-BH," is a transition state for this rotation and AE,o: has a positive
value which range from 5 kJ/mol for 2 to 172 kJ/mol for 39. For 3, 5 and 7, a negative value is
obtained (between -29 and -13 kJ/mol) (see Table S1). This wide range of values confirms the
structural diversity of compounds 1-39 in terms of m-donation capability. At the same time, the
change from X//-BH2+ to X*-BH," induces in most cases, except for 1-5 and 7, a slight increase in the
B-C bond length, in line with the cancellation of the n-transfer to the vacant p... orbital, which is
responsible for the partial double bond character.
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Figure 1. Correlation plots for X-BH," complexes computed at the B3LYP/TZVP level between: the
energy barrier AE,,; associated with the rotation around the C-B bond vs. the C-B bond length (dc.g)
in X”-BH," (A); AE, vs. the change in the C-B bond length (Adc.s) when going from X”-BH," to X*-BH,"
(B) and X-BH; (C); Adcs when going from X”-BH," to X*-BH," vs. to X-BH; (D). Linear regression
equation, coefficients of determination (R?), maximum absolute deviations (Max), mean absolute
deviations (MAD), root mean square deviations (RMSD) and normalized RMSD (NRMSD) are
reported.

In agreement with the chemical expectation, Figure 1A indicates that there is a rough match
between the C-B bond length (dcs) in X//-BH{' and the energy barrier AE,, associated with the
rotation around the C-B bond. This correlation is only fairly good (R? = 0.86), indicating that these
descriptors do not measure exactly the same chemical property. This discrepancy may be due to the
fact that dc includes both the 6- and the m-interactions whereas AE,; characterizes only the latter
and measure an evolution from X//—BHZ+ to X*-BH,". In order to mitigate these differences, the C-B
bond elongation Adcg during the rotation of the BH, group has been considered (Figure 1B). A
correlation is again obtained, but it is not better than the one observed previously (R’ = 0.84). A
similar correlation (R = 0.82, Figure 1C) is obtained by considering the C-B bond elongation when
the H™ anion is added to X”-BH," to form the donor-acceptor X-BH; complex. The larger C-B bond
length in X-BH3; compared to X*-BH,*, as well as the moderately good correlation between Adcs to
reach these two complexes from X//—BH2+ (R? = 0.81, Figure 1D), indicate that these two ways of
considering a purely o-bond are not equivalent. It is likely that the interaction between X and the
rotated BH," or BH; groups in these complexes is not only a c-interaction, but also includes other
component such as an electronic transfer from the X o-system to the vacant p-orbital of the rotated



BH," group in X*-BH," (vide infra). This first approach therefore does not provide an unbiased
measure of the m-donation capability of X.

7~bonding descriptors based on the NBO approach

In the framework of the NBO analysis, the C—B m-donation in X//—BHZ+ complexes can be
characterized through several indicators. First, we compute the WBI which is known to have good
agreement with empirical bond order. Values of WBI between 0.83 (2//—BH2+) and 1.43 (39//-BH2+)
have been obtained (Table S2). Comparisons between WBI and the C-B bond length show similar
trend, but with moderate correlation (R? = 0.82. Figure S1). A better correlation is observed between
WBI(X”-BH{) and AE,, (R? = 0.90, Figure 2A). For X"-BH," complexes for which approximately a
single C-B bond is expected, the WBI ranges as anticipated from 0.84 to 0.92. A revised w-bond order
can be estimated by calculating the difference between the WBI obtained for X//—BHZ+ and X*-BH,"
(AWBI)."* AWBI lies between -0.06 and 0.50, which confirms the diverse t-donation capability of 1-
39. Small negative values are obtained for 3, 5 and 7 for which the “perpendicular” conformer is
more stable than the planar one. The AWBI parameter, which accounts for both the interaction in
X//—BHZ+ and X*-BH," complexes, as is the case with AE,, leads as expected to an improved but still
imperfect correlation (R” = 0.92, Figure 2B).
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Figure 2. Correlation plots for X-BH," complexes computed at the B3LYP/TZVP level between various
descriptors obtained with the NBO method.

WBI has been originally built as a quantitative measure of the electronic population occupying
bonding molecular orbital.”! Similarly, the electronic population of the pyac orbital,**** noted as
pop(//pvacB), is expected to measure the n-donation strength from X to BH," in X//—BH2+ complexes.
Indeed, by construction, the p,..- orbital is utterly empty for the BH," fragment alone, whereas in the
X//—BHZ+ conformation, its population can only come from the m-type orbitals of the X moiety.



Pop(//pvacB) values range from 0.027 to 0.457 electron (see Table S2), again illustrating the diversity
of m-donation properties of ligands 1-39. The NBO6 program includes a module that allows to
remove specific electronic interactions and to measure their energy contribution (see Computational
Methods for details). This “deletion” energy, noted E//de|, has also been computed for the X//—BHZ+
conformer by removing the p...° orbital, thus cancelling any possibility of -electronic donation from
X to BH,". It is noteworthy that pop(//pvacB) and E//de. correlate almost perfectly with each other (R? =
0.99, Figure 2C). These NBO electronic population and energetic parameters therefore measure the
same chemical property. By construction of these descriptors, we assume that they measure the
intrinsic strength of the m-interaction. Even if they seem to reliably quantify the m-donation
capability of the divalent C-donor ligand, showing as expected a significantly higher n-donation for
carbones compared to most N-heterocyclic carbenes, at this stage, it is not possible to guarantee
that these NBO-based indicators are reference data for intrinsic m-bond strengths. This outstanding
linear correlation is nevertheless expected to be restrained to bonds between two defined atoms,
here boron and carbon atoms, and probably cannot be extended to all bonds (see Computational
Methods in the SI). To a lesser extent, the WBI allows also a suitable quantification of the intrinsic -
bond, as very good correlation between the C-B bond WBI and either pop(”py.c’) or E 4 is observed
(R*>>0.975, Figure S2).

The above parameters calculated with the NBO method do not correlate satisfactorily with the
previously calculated descriptors based on chemical insight. Indeed, an R’ value of 0.91 is obtained
when comparing AE.; and pop(”pu.c’) or E” 4 (Figure S2). This reveals the conceptual difference
between the intrinsic and the relative strength of the m-interaction. The latter, measured by AE,,
results from the energy difference between the planar (X/-BH,") and the perpendicular (X*-BH,")
conformations. To confirm this assumption, the X*-BH," conformers have been used to compute the
pop(puac’) and E'ge values (Table S3). In the X*-BH," conformation, the py.° orbital is coplanar with
the X moiety and perpendicular to the B-C bond, inducing non-zero overlap between this p orbital
and the o backbone of X. The pop(‘p...’) values, which range between 0.006 and 0.071 electron,
reveals weak in-plane m-type electronic donation from X to p..’, in agreement with our previous
assessment. The deletion of this p orbital leads to E'4, which nicely correlate with pop(*pusc’) (R> =
0.94, Figure S3). Assuming that the interactions between the B-H bonds and the o-system of X in X/
BH," and those between the B-H bonds and the m-system of X in X"-BH," are weak (or similar), and
that the B-C o-bond strength is weakly affected by the rotation of the BH, group, AE,; is expected to
be equivalent to the difference between E”y, and E*4. This is nicely confirmed by the very good
correlation obtained between AE,,; and (E//del - E*) (R* =097, Figure 2D). The descriptors AEg =
£/ 4o = E4e and Apop(pvac’) = pop(//p\,acB) - pop(ipvacB) are therefore reliable measures of the relative
strength of the m-interaction, whose reference is AE,.; (see also Figure S3). This also supports our
hypothesis that E//de| and pop(//pvacB) are good descriptors of the intrinsic m-bond strength. It should
be noted that the absolute values of AE,,; and AEg, are different, the former being significantly lower
than the latter. Features of the NBO approach, which allows only bonding interactions to be
calculated and does not cover antibonding contributions,’®® explains the systematic overestimation
of AEge (vide infra).

m~bonding descriptors based on the ETS-NOCV approach

The ETS-NOCV method allows to calculate the energy and to identify the nature of the different
orbital interactions between two fragments. Diagonalization of the deformation density matrix due
to bonding provides eigenvectors named natural orbitals for chemical valence (NOCVs). Pairs of
NOCV, having opposite eigenvalues v; and -v; and for which an energy AE; is associated, are



obtained. They enable to visualize the deformation of the density associated with each interaction
and to determine its nature. Therefore, the total orbital interaction between fragments is
partitioned into several chemically interpretable interactions (NOCV;) for which energy (AE;) and
charge transfer (v;) are quantified.

NOCV, NOCV, NOCV,
G interaction T interaction min-Plane jnteraction

38//-BH,*

39//-BH,*

Figure 3. Deformation densities associated with the orbital interactions in X//—BHZ+ (X =20, 38 and
39). The charge flow of the electronic density is green — red. For X=38 and 39, H atoms, except BH,,
have been omitted for clarity. Isosurface value: 0.003 a.u.

All X”-BH," complexes showed similar features regarding the description of the bonding between C-
donor and borenium within X//—BH{'. Three main contributions accounting for about 90% of the total
orbital interaction (Table S4) can be identified in the deformation density (Figure 3). The first pair of
NOCV, NOCV,, is the strongest contribution. It corresponds to a o-type interaction which can be
described as the X—BH," o-donation. The second deformation density NOCV, displays a m-type
interaction: the © charge flow from the C-donor ligand to the vacant p orbital of the boron atom
suggests that it corresponds to the n-donation. The third contribution NOCV; corresponds to a m-
type interaction located in the Y,C-BH, plane.

Surprisingly, neither the flow of electron density associated with the n-donation, Aq//,T = u//z, nor the

energy associated with the m-donation interaction, AE = AEY,, provide a very good correlation with
pop(//p\,acB) or E//de,, respectively (Figures 4A and S4). Do these non-perfect correlations illustrate a
disagreement between the NBO and ETS-NOCV methods? It should be noted that the m-type
interaction corresponding to the second deformation density has been shown to include not only
the contribution of the w-donation but also the m-polarization of the C-donor fragment, i.e. the
reorganization of m-electron density inside X due to the formation of the o-bond.”™ Thus, the
previous non-satisfactory correlations could also be explained by a misinterpretation of the ETS-



NOCV results. To investigate this hypothesis, the ETS-NOCV 7t-donation energy (AE”,) calculated for
X"-BH,* complexes by deduction from AE”, has been adjusted. The corrected ETS-NOCV n-donation
energy (AE//7t «orr) is obtained by deduction of the m-contribution calculated by the same approach for
X-H* complexes from AE//n (Table S5 and Figure SS).[95] Satisfyingly, a much better linear correlation
is obtained between AE//n corr and E”de.. The only outlier is the 38//—BH2+ complex and by excluding this
complex the correlation is excellent (R? = 0.99, Figure 4B), which validates the hypothesis and
demonstrates that the intrinsic strength of the w-interaction, previously defined from the NBO-based
indicators, can also be calculated by the ETS-NOCV method provided that the polarization of the
fragments is taken into account. Similarly, a strong quadratic correlation is obtained between
pop(//p\,acB) and Aq”,T corr = U//z - Vy(X-H") (R? = 0.99, Figure S4). This confirms our assumption to
consider these indicators as reference data for the intrinsic m-bond strength. From a chemical point
of view, these results confirm the m-donation capability scale of the divalent C-donor ligands
calculated with the NBO method.
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Figure 4. Correlation plots for X-BH," complexes between various descriptors obtained with the NBO
and ETS-NOCV (A and B) or QTAIM (C and D) methods. The brown square corresponds to X = 38 and
is not included in the trendlines for A and B.

+

Analysis of deformation densities enables to explain the discrepancy observed for complex 38"-BH,
with the ETS-NOCV method. With respect to the bisector plane of the X”-BH," complexes, which is
perpendicular to the complex plane and goes through the B-C axis, the deformation densities
corresponding to the o- and m-interactions (Figure 3) are symmetrical, in the sense that they involve
both moieties of the C-donor ligand in an equivalent manner. This characteristic is observed for all
complexes, except 38”-BH," for which the charge depletion of one moiety of 38 is observed only for
NOCV,, whereas the other part is involved only in NOCV, (Figure 3). Moreover, with respect to the
plane defined by the C-BH, moiety, the inflow part of the deformation density in NOCV, for 38”-BH,"



is not perfectly symmetrical, contrary to what is observed for all other complexes. These
visualizations suggest that NOCV,; and NOCV, do not fit exactly with purely o- and m-interactions,
respectively, but that o- and m-interactions are partly combined in these two NOCVs. Thus, the o-
interaction in 38”—BH2+ would be underestimated, while the m-interaction would be overestimated,
explaining its outlier behaviour.

The same polarization correction approach can be used to estimate the relative strength of the =-
interaction through the ETS-NOCV method. To that end, the ETS-NOCV w""®"-donation energy
(AELnin,p.ane) has been calculated for X*-BH," complexes (Table S6 and Figure S5). Without correction
of the polarization, E//de| - E'4 and AE,,, correlates modestly with AE//n - AElnm_pbne (R =0.91 and
0.87 respectively, Figure S4). The correlation is improved significantly by applying a polarization
correcting on AE//,[ and AEinin_mane (R2 = 0.97 and 0.94, Figure S4). It should be noted, as already
mentioned above, that this approach neglects hyperconjugation in both X”-BH," (7" "®" interaction
between o(B-H) and o(C-Y) bonds) and X*-BH," (interaction between the 1 system of X and o(B-H)
bonds) complexes. The intensity of these interactions corrected for polarization has been computed
through the ETS-NOCV approach (Tables S4-S6). These interactions are not only relatively lows and
roughly similars for all complexes (the maximum value is 36 klJ/mol for 33-BH,") but also they
approximately compensate for each other, which justifies this approximation.

Unlike AEg4e = E//de. — E'4e Which is overestimated compared to AE,; (vide supra), AE//7T corr — AElm_mane
corr has approximately comparable absolute values compared to AE,, (Figure S4). Consequently, the
ETS-NOCV absolute energy values, when the polarization of the fragments is taken into account, are
more reliable than those obtained by the NBO method. The former should therefore be preferred if
reasonable absolute measures of the relative and intrinsic m-bond strengths are requested.

m-bonding descriptors based on the QTAIM approach

The QTAIM method provides a partition of the molecular space into atomic basins. The molecular
graph and the electronic density contour map in the molecular plan of 33/-BH," is depicted in Figure
5A. This method affords the possibility of estimating the m-bond strength using different descriptors,
which can be either local or global. Local chemical indexes include the charge density p and the
ellipticity & derived from characteristics of the density at the bond critical point (bcp), and the
Delocalization Index (DI) corresponds to the global index. It is well known that py, and DI can be
used to estimate the bond order.® ' More precisely, a logarithmic relationship was proposed
between py, and the bond order estimated by DI:*% p| = exp[A(pobcp — B)]. At the B3LYP/TZVP level
of calculation, the data points for the C-B bond in the 39 X”-BH," complexes fit reasonably well to
this equation with A = 10.4644, B = 0.1725 and R® = 0.92. A quadratic regression slightly improves
the correlation with R? = 0.94 (Figure S6). Comparison between indexes p//bcp or DI’ and those
previously calculated clearly shows that the delocalization index provides more valuable
information. This is reflected in a good linear correlation between DI and E//de| (R?=0.94, Figure 4C).
Other measures of the intrinsic strength of the m-interaction, such as pop(//p\,acB) and AE//,T corr Bive
similar correlation with respect to DI (respectively R? = 0.95 and 0.94 excluding 38"-BH,", Figure S6).
Conversely, other indicators, such as dc.s, AE//T[ or AE,.. for which a lower performance for estimating
the intrinsic strength of the m-interaction has been shown above, give lower correlations (R =0.88,
0.92 and 0.92, respectively, not displayed). Similarly, ADI, calculated as the difference between the
delocalization indexes DI and DI* computed respectively for X//—BHZ+ and X*-BH,", turns out to be a
good measure of the relative strength of the m-interaction, as revealed by the good correlation
between ADI and AE, (R? = 0.96, Figure S6).



Figure 5. . QTAIM molecular graph (blue points and bold black lines represent bond critical points
and bond paths, respectively. The bcp of the C-B bond path is highlighted) and contour map of p in
the molecular plan of 33”-BH," (A); contour map of p of 33”-BH," in a xz plane containing the point a
corresponding to the largest negative &, value along the C-B bond path (B), the carbon-boron bcp
(C), the point b of the C-B bond path defined by &.(b) = 0 (D) and the point c corresponding to the
largest positive g, value along the C-B bond path (E) (see Figure S7 for the variation of &, along
the C-B bond path for 33//—BH2+); isosurface (0.80) ELF representation for 33//-BH2+ (color code:
magenta = core, green = disynaptic valence, light blue = protonated disynaptic).

The ellipticity of the electron density at the bond critical points, €y, is @ parameter computed in the
framework of the AIM analysis.'®” This parameter provides a quantitative measurement of the
anisotropy of the electron density at the bcp. This measure of the deviation of the charge
distribution of the bond from axial symmetry is provided by the ratio between the two negative
curvatures A; and A, of p at the bond critical point: ey, = A1 / Ay — 1 (with |A;| > |X;]). Therefore, the
ellipticity has been logically associated with the m character of bonds. For a single bond, €, = 0
because A; = A,. For double bonds, the decrease of the density in the direction of the m-system
should be smaller than that in the o-plane of the bond. Consequently, the nt-direction defines the A,
curvature which leads to g, > 0, €y, being at maximum for bonds of order 2. On this basis, it seems



satisfactory to obtain a significant linear correlation between g, and E//de. (R?=0.92, Figure 4D). This
trend is however highly surprising because an ellipticity close to zero is obtained for molecules which
possess a large m-interaction whereas molecules with low E//de| values show large &y, values.

In order to explain this unexpected result, we focus our study on 1//-BH2+, 21//—BH2+ and 37//-BH2+,
which respectively show small, medium and large m-interaction. The calculation for these complexes
of the ellipticity g(d) = A4(d) / A,(d) — 1 (with |A4(d)]| > |A,(d)]) along the C-B bond, at the distance d
from the C atom, reveals two maxima around d = 0.4 and 1.1 A separated by a minimum value close
to zero and located near the middle of the C-B bond (Figure 6). A similar result is obtained for the
planar conformation of CH,-BH," which possesses a pure 5-CB bond as its n-system is empty. On the
other hand, this result differs strongly from what is obtained for the CC double bond in CH,=CH, or
the CB double bond in CH,=BH,", for which a single maximum is calculated along the bond.

These findings are explained by a thorough examination of the negative eigenvalues A,(d) and A,(d)
(1A1(d)| > |Az(d)|) of Ap(d) along the bond. For the sake of clarity, the curvature of p(d) along the &t
direction is named A,(d), while the curvature in the plane of the molecule along the axis
perpendicular to the bond is noted A inpiane(d). We also define cor(d) = Ar inplane(d) / Ar(d) — 1. For
CH,=CH, and CH,=BH,", as expected, A,(d) = A.(d) at the bcp and its neighbourhood, which means
that g(d) = e.r(d) (Figure 6). However, this is not the case close to the bond ends where A,(d) = A,(d)
and g(d) # g.orr(d). More precisely, .(d) turns negative, which is an indication that the decrease of
the density is faster in the w-direction than in the plane of the molecule. We assume that this is due
to the proximity of the C-H and B-H o-bond. Similar behaviour is observed for X”-BH,* complexes as
illustrated by the contour map of p at various planes perpendicular to the B-C bond (Figures 5B-E
and S7). This assumption enables us to explain the 2 maxima of g(d) obtained for CH,-BH,", which do
not reflect any m system of the molecule but the presence of the C-H and B-H bonds at both bond
ends. As the C-B bond is polarized, due to the low boron electronegativity, the bcp is located
approximately at 2/3 of the CB bond, on the boron side, i.e. in the region of greatest influence of the
B-H bonds. &, is thus large even if the C-B bond in CH,-BH," is not a double bond. The influence of
the rising m-donation from 1”7-BH," to 21”-BH," and 37"-BH," is thus clearly visible when calculating
€.orr(d) along the B-C axis, with an increasing maximum located on the C atom side. The local
character of g, does not allow this feature to be distinguished, and, on the contrary, this descriptor
can be misleading because it does not distinguish the direction of the curvatures A, and A,. Attempts
to use g.(d) as a m-bond descriptor were unsuccessful. With respect to E//de., the best correlation,
using the maximum of €(d), gives only a poor correlation with R = 0.79 (Figure S6).
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Figure 6. Variation of ellipticity indices g(d) = A4(d) / A,(d) — 1 (with |A4(d)]| > |A,(d)]) (red cross) and
€corr(d) = Arin-piane(d) / Ar(d) =1 (blue square), calculated at the distance d from the C atom along the
C-B or C-C bond for A) 17-BH,", B) 21”-BH,", C) 37”/-BH,", D) CH,”-BH,", E) CH,=BH,” and F) CH,=CH,.

m~bonding descriptors based on the ELF approach

The topological analysis of the electron localization function (ELF) provides a partition of the
molecular space into core and valence basins (Figure 5F). This method allows the study of chemical
bonds as a one-to-one correspondence between the valence basins, and lone pairs or Lewis-type
bonds has been achieved.™ The ELF method was previously used to study the interaction between
NHC and main group fragments."®™% |ntegration of the electronic density over the basin
corresponding to the C-B bond, V(C,B), is used to calculate the population of the C-B bond in x/-
BH,", pop//[V(C,B)]. As expected, this population reflects the intrinsic m character of the bond, as
shown by the correlation with E”de.. The best fit is obtained with a logarithmic relationship (R? = 0.94,



Figure S6). Calculation of the difference in the population of the C-B bond in X//-BHZ+ and X*-BH,",
Apop = pop//[V(C,B)] - popl[V(C,B)], gives a much weaker correlation with respect to AE, (R° = 0.81,
Figure S6), showing that Apop is not a good descriptor for measuring the relative strength of the -
interaction.

Conclusion

In the course of this work, the comparison between five modeling approaches based on DFT
calculations (Optimized structure, NBO, ETS-NOCV, QTAIM and ELF) for estimating the magnitude of
the m-donation has been achieved. Chemical systems, combining various divalent C-donor ligands
with a BH," borenium group, have been designed. They include a partial CB n-bond resulting from a
m-donation that is not biased by any other m-interaction between the two fragments and toward the
boron atom. The intensity of the n-bond has been estimated from a wide selection of indicators and
compared with each other. The different modelling methods enable the calculation of m-bond
descriptors which correlate very well with each other (R’ between 0.94 and 0.99) and therefore
appear to describe the same chemical property. They thus give a quantitative scale of increasing n-
donation ability of X ligands from 1 to 39. This scale indicates that carbodiphosphoranes and
carbodicarbenes ligands are the most n-donor compounds while saturated NHC, those including mt-
withdrawing substituents and cAAC ligands are the weaker n-donors.

Such excellent correlations require adjustments from the standard calculations commonly used in
the literature, in particular for ETS-NOCV and QTAIM approaches. The use of these methods without
these corrections leads to lower correlations (R* < 0.92), or even to disagreements that may suggest
that these methods diverge, which is not the case. In detail, the conclusions are as follows:

e A m-bond is characterized by 2 families of indicators: intrinsic and relative n-bond strength
descriptors. Correlations between these two families are moderate (R” around 0.90).

e Intrinsic indicators describe the intensity of the m-bond in the molecule under study,
whereas relative indicators measure the difference between the molecule with the &-
interaction and the same molecule in a conformation which prevents this interaction.

e The reference relative indicator is the rotational barrier around the n-bond AE,,. The bond
lengths give at best an approximate indication of the strength of the n-bond.

e The NBO method provides three descriptors with moderately good (Wiberg Bond Index WBI)
to very good (atomic m-population and NBO energetic analysis through the deletion of
selected NBOs) performance to measure the n-bond strength. However, the absolute value
of the m-bond energy is systematically overestimated by this approach.

e The m-donation-type NOCV eigenvalue and energy failed to give reliable measure of the =-
bond strength. A significantly enhanced accuracy is obtained by correcting the previous
values from the polarization of the m-system associated with the m-interaction, showing that
NOCV chemical interpretation should be made with caution.

e Although the ETS-NOCV approach does not usually require symmetrical molecules to
dissociate o- and m-contributions, a case has been identified where this method fails and
mixes - and m-interactions.

e The Delocalization Index (DI) provided by the QTAIM approach reproduces accurately the =-
bond strength, contrary to the density value at the bond critical point pyc,, Which gives less
relevant correlations. The ellipticity ey, fails drastically for these dative n-bonds, due to the
influence of the neighboring o-bonds which reverse the role of the eigenvalues of the
density curvature.



e The bond population given by the ELF method gives a reasonable correlation, but only for
the intrinsic m-bond strength.

This understanding of the strengths and weaknesses of the calculation methods will help in the
appropriate choice of indicators to be used. These chemical and computational insights should
enable the design of more n-donor ligands. However, all these correlations have been obtained for a
single type of m-interaction between C and B atoms. Further work will be carried out in the future to
investigate whether or not these correlations could be extended to other bonds, in particular for the
NBO method.
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ni-bond quantification: Using relevant molecular descriptors is the key to describe the electronic
structure. Their comparison was conducted for the me-bond of carbene-borenium complexes,

revealing the carbene m-donating capability and the strengths and weaknesses of the NBO, ETS-
NOCV, QTAIM and ELF methods.
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