Thas article 15 hcensed under a Creative Commeons Attnibution-NonCommercial 3.0 Unported Licence

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2023, 14, 379

I ROYAL SOCIETY
PPN OF CHEMISTRY

Comment on “The oxidation state in low-valent
beryllium and magnesium compounds” by M.

Gimferrer, S. Danés, E. Vos, C. B. Yildiz, I. Corral,
A. Jana, P. Salvador and D. M. Andrada, Chem. Sci.

2022, 13, 6583

Sudip Pan

@ and Gernot Frenking

*abc

We challenge the assignment of the oxidation state +2 for beryllium and magnesium in the complexes
Be(cAACPP), and Mg(cAACP®), as suggested by Gimferrer et al., Chem. Sci. 2022, 13, 6583 in a recent
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study. A careful review of the data in the ESI contradicts their own statement and shows that the results

support the earlier suggestion that the metals are in the zero oxidation state. The authors reported
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In a recent study by Gimferrer et al.,' the authors report
quantum chemical calculations of di-coordinated beryllium
and magnesium compounds ML, (M = Be, Mg) with various
ligands L, which have been synthesized by different groups in
recent years. The focus of the work lies on the assignment of the
oxidation state of the metal atoms in the compounds
Be(cAACP'P), and Mg(cAACP'P), with the ligands cAAC (cyclic
Alkyl Amino Carbene) that carry bulky Dip (2,6-diisopropyl-
phenyl) substituents. The beryllium complex Be(cAACP™P), was
isolated by Braunschweig and co-workers who also analyzed the
bonding situation and suggested that it is the first example of
a stable beryllium compound in the zero oxidation state Be(0).?
The magnesium homologue Mg(cAACP'P), was postulated as an
intermediate that quickly rearranges to a more stable species.?
Using a variety of methods, Gimferrer et al.® question the
assignment of the zero oxidation state and propose that
Be(cAACP'P), and Mg(cAACP'P), are actually M(+2) (M = Be, Mg)
compounds where the ligands bind as anionic diradicals with
a doubly charged metal ion.

We have carefully reviewed the work, and found erroneous
data and contradictions between the numerical results and the
conclusions in the paper. There is also a confusing mixture of
statements about the electronic structure and bonding situa-
tion in low-valent compounds and the importance of the dir-
adicaloid character in the molecules. In addition, we
encountered some misleading statements about the EDA
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wrong data for the excitation energies of Be and Mg to the !D (np?) state. We also correct some
misleading statements about the EDA method.

method, which we want to clarify. Finally, we noticed that the
authors did not consider the possibility that the metal atoms
could be in the formal oxidation state +1. We will focus in our
comment on the beryllium compound Be(cAACP'P),.

Fig. 1 shows the bonding scenarios for the compounds
M(cAACPP), (M = Be, Mg) that were considered by Gimferrer
et al.' The authors say in the introduction that the model of
dative interactions shown in Fig. 1 is unlikely, because the
electronegativities of Be (1.57) and Mg (1.31) are much lower
than for C (2.55). This argument does not consider the elec-
tronic state of the metal atom, which may significantly change
the effective electronegativity of the atom. This was already re-
ported a long time ago by Hinze,* who showed that electro-
negativity strongly depends on the atomic orbitals. He derived
electronegativity values for the atomic valence orbitals respon-
sible for atomic electronegativities, which may differ signifi-
cantly from the average value that was used by the authors. A
striking example is the related boron complex (BH)(cAAC"'P),,
which was isolated and structurally characterized by Bertrand
and co-workers in 2011.> The bonding analysis clearly showed
that it is a boron(i) complex that is best described by dative
bonds (cAACP'P)— (BH) < (cAAC"'P) where the carbon atoms of
the ligands are donors and boron is an acceptor.

The authors then state that the model of dative bonding
shown in Fig. 1a would require excitation energies of 178.3 kcal
mol " and 399.9 kcal mol ™" for the Be and Mg atoms to acquire
the atomic valence state 'D with doubly occupied (n)p> AOs,
respectively, citing a study by Moore and Russell (their ref. 24).°
The values are wrong! The cited work gives the binding energies
in atomic valence orbitals of the atoms but not the double
excitation energies. A value of 399.9 kcal mol ' for the
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Fig. 1 Schematic description of the metal-ligand orbital interactions in Be(cAACP®), and Mg(cAACP™®), using (a) neutral fragments and (b)

charged fragments.

Table 1 EDA-NOCYV results of E-cAACP™ (E = Be and Mg) at the B3LYP-D3(BJ)/TZ2P level of theory taken from ref. 1 °

Be(cAACP™P), Mg(cAACPP),
E(L), Be’ ('D, 25°2p) + (cAAC), Be*" ('S, 25°2p?) + (cAAC),>~ Mg° ("D, 35°3p?) + (cAAC), Mg (S, 35s°3p?) + (cAAC),>~
(CsS) (05S) (Css) (CSS)
N —287.1 —847.9 —222.6 —647.2
AEpou; 157.4 105.8 197.1 98.4
N ~10.5 (2.4%) ~10.5 (1.1%) ~16.1 (3.8%) ~16.1 (2.1%)
N —202.6 (45.6%) —449.4 (52.4%) —210.7 (50.2%) —466.8 (60.4%)
AEq1 —231.4 —401.4 —193.0 —241.6
JN - 0.0 —42.4 —01 —482
N —231.4 (52.1%) —443.8 (46.5%) ~193.1 (46.0%) —289.8 (37.5%)
Aoy o’ —18.3 (7.9%) —45.7 (10.3%) ~13.8 (9.8%) —41.9 (14.4%)
ABgrops, f  —51.9 (22.4%) —90.3 (20.3%) —18.6 (9.7%) —28.4 (9.8%)
ABorpr’ ~150.7 (65.1%) —211.6 (47.7%) ~152.0 (78.7%) ~119.5 (41.2%)
AEorrest ~10.4 (4.5%) ~53.9 (12.1%) —8.6 (4.4%) —51.8 (17.9%)
(s2) 0.571 0.571 0.942 0.942

% The lowest AEypcorr Value for each system is highlighted in bold. Energy values are given in kcal mo

17", ® The value in parenthesis gives the

percentage contribution to the total attractive interactions AEejsea¢ + AEou, + AEgisp. © The values in parenthesis give the percentage contribution

to the total orbital interaction AE . corr

excitation energy of the magnesium atom 'S(3s%) — 'D(3p?)
would be much higher than the ionization energy of Mg (176.3
keal mol ') which is physically unreasonable. We checked the
literature and found that the experimental excitation energy to
the 'D (2p?) state of Be is 162.5 kcal mol " (ref. 7) and that the
excitation energy to the 'D (3p®) state of Mg is unknown,
because it strongly interacts with the 3s and 'D series.® Since the
experimentally known promotion energies to the excited states
of the third-row atom Mg are lower than for the second-row
atom Be,” it can be concluded that the excitation energy to the
'D (3p?) state of Mg is <162.5 kcal mol~'. More importantly, the
alternative binding model proposed by Gimferrer et al.* requires
a dramatically higher extraction energy of 634.9 kcal mol " for
the double ionization of Be and 523.0 kcal mol " for Mg,” which
is only slightly reduced by the electron affinity of the cAACP™P
ligands (2 x 18.4 kcal mol').> The data indicate that the
bonding model of dative interactions shown in Fig. 1a needs
a significantly lower promotion energy than the model of dir-
adical binding displayed in Fig. 1b.

Gimferrer et al' analyzed the actual interactions in
Be(cAACP™P), and Mg(cAACP'P), with the EDA-NOCV (energy

380 | Chem. Sci., 2023, 14, 379-383

decomposition analysis with natural orbitals for chemical
valence)'®" method. Table 1 shows the numerical results,
which were given in their ESI (Table S8)." Crucial information
about the most appropriate interacting fragments is provided
by the orbital term, which indicates the energy change during
the bond formation. Fragments which give the lowest energy
change for the orbital interactions are the most suitable species
to describe the bonding interaction. This has been shown to be
very useful for elucidating the nature of the chemical bonds in
a large variety of main-group molecules, transition metal
complexes as well as lanthanide and actinide compounds.*> The
authors divided the orbital term without explanations in
contributions as AE,, and AE, pr giving a total value AE,.
corry Which is irrelevant for the assignment of the most suitable
fragments and which are misleading nominations, because the
data come from DFT calculations. The orbital interactions come
from the Kohn-Sham orbitals and not from the Hartree-Fock
orbitals.

Table 1 shows that the neutral fragments M + (cAAC), give
a significantly lower orbital interaction than the doubly charged
fragments M>" + (cAAC),”". The smaller energy contribution of
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Fig.2 Deformation density of the orbital interaction AE,,,-. between
Be®* and (cAACP™®)22~ as shown in Fig. S41 of ref. 1. The color code of
the charge flow is red — blue. The value of [vaB| = 1.8 gives the
amount of the charge reorganization.

AE,, is the reason why Braunschweig and co-workers assigned
the oxidation state zero to Be in Be(cAAC"'P),.> Gimferrer et al.!
suggested that one should use the density change rather than
the energy change as a criterion for the choice of the oxidation
state, saying that the electron flow to the empty p, AO of Be*" is
only 0.42e when doubly charged fragments are used, while 1.49e
is transferred from the occupied p, AO of Be(0) when one uses
neutral fragments. But a careful inspection of the data gives
a different result. Table 1 shows that the largest orbital term for
the interaction of the doubly charged fragments comes from
AE 1., which amounts to —211.6 kcal mol™* and contributes
47.7% to the total orbital interactions. Fig. 2 shows the associ-
ated deformation density, which is provided as Fig. S41 in the
ESI provided by the authors. It clearly shows that the orbital
interaction describes the formation of the C-Be-C 7t bond,
which is depicted by the blue region of charge accumulation.
The calculated charge migration amounts to 1.8e, which is
much higher than the charge migration between the neutral
fragments (1.5e¢). Gimferrer et al' mentioned the charge
migration of 1.8e stating that “75% of the electron flow is
associated with the internal reorganization of the fragment
density, which certainly has an important energy impact, but
has no influence of the oxidation state”. But the deformation
density clearly reveals that the electron flow of 1.8e is associated
with the charge flow from the occupied ligand orbitals to the
vacant C-Be-C 7 orbital but not with an internal reorganization
of the fragment density! The cited statement of Gimferrer et al.*
is in conflict with their own results and contradicts their
suggestion to use the density change and not the energy change
as a criterion for choosing the oxidation state. The deformation
density in Fig. 2 clearly shows that AE,,.. is associated with the
formation of C-Be-C . It follows that even the size of the
charge rearrangement suggests that the neutral fragments Be +
(cAAC), are the best choice for describing the bonding in
Be(cAACP'P), and that the oxidation state of beryllium is Be(0)
and not Be(+2).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The EDA-NOCV method is a very sophisticated approach for
analyzing the nature of the chemical bond.” It has been the
subject of critical comments by some workers,'* which has been
clarified in a recent study.” The authors state that “EDA cannot
distinguish an electron-sharing interaction from a spin-polar-
ized one (diradicaloid)” citing a previous study by them.'® The
goal of EDA is to analyze the electronic structure in the form of
energy components that can be interpreted in a physically
meaningful manner. This information is very useful to under-
stand chemical bonds in terms of bonding models based on
covalent (orbital) interactions, electrostatic (Coulomb) interac-
tions and Pauli repulsion. Subtle differences, such as between
electron-sharing interactions and spin-polarized interactions,
fall outside the scope of EDA, and it is improper to criticize the
method for not providing information about a particular
property that is not the target of EDA. Clarifying notes about the
EDA have recently been given in the literature."” EDA uses the
electronic structure of the respective method for an energy
analysis. Information about the open-shell and closed-shell
nature of the wavefunction, which may have a diradicaloid
character due to a small HOMO-LUMO gap, comes from the
electronic structure method which is used but not from EDA.
EDA is as good as the quantum theoretical method on which it
is based. But this issue is irrelevant to the assignment of the
oxidation state, which is a model that is based on well-defined
rules. The same holds true for EDA-NOCV. Models are not right
or wrong but more or less useful. It is odd when the authors
question the reliability of the KS-DFT and the energy-based EDA
criterion for assigning the valence state of the metal atoms in
Be(cAAC"™P), and Mg(cAACP'P),, when they are using arguments
that are in conflict with their own data.

The comments by Gimferrer et al.' could lead to the
impression that the EDA-NOCV method using DFT calculations
may not be used for molecules with multi-reference characters
or open-shell singlet states. This is not necessarily the case.
Such systems must be carefully tested for the reliability of the
DFT approach, which may or may not be valid. A pertinent
example is the bonding situation in the calcium complex Ca-
CO,, which was recently reported.”” The complex has an open-
shell singlet ground state, where the bonding interactions take
place between a Ca* (4s") cation in the doublet ground state and
a doublet ground state CO,  anion. The EDA-NOCYV calculations
using standard DFT calculations provided deep insights into
the nature of the chemical bonds.

Since the paper by Gimferrer et al.* focusses on the topic of
oxidation state, it is useful to cite the revised definition given by
the TUPAC which states “The OS of a bonded atom equals its
charge after ionic approximation. In the ionic approximation,
the atom that contributes more to the bonding molecular
orbital (MO) becomes negative.”*® Inspection of the MOs of
Be(cAAC™P), shows that the largest coefficient of the cAACP™P «—
Be —cAACPP 7 bonding MO is at beryllium (see Fig. S11,
occupation 1.80, in the ESI), which suggests that Be(0) is the
appropriate formal oxidation state of the metal atom. It is
important to realize that the formal oxidation state of an atom is
not identical to the atomic charges and the real electronic state
in a molecule. This is sometimes confused. A famous example is

Chem. Sci., 2023, 14, 379-383 | 381



Chemical Science

the debate in the 90s, when Snyder questioned the assignment
of the oxidation state Cu(m) in [Cu(CF3),] .*> A more recent
example concerns the oxidation state in the coordinatively
saturated metal carbonyls M(CO); of group 2 (M = Ca, Sr, Ba)
which were recently synthesized and theoretically analyzed with
the EDA-NOCV method.*** Following the Dewar—-Chatt-Dun-
canson model of chemical bonding, all carbonyls are M(0)
complexes, but the EDA-NOCV method showed that the best
description for the metal-CO interactions comes from M' +
(CO), 2004

Gimferrer et al.* report a large number of numerical results
using a variety of methods which suggest that the electronic
structures of some of the investigated complexes have a dir-
adicaloid character due to a low singlet-triplet gap which are
assigned as open-shell singlets. They also report a global reli-
ability index R(%) measuring to which extent the formal OS
model matches the actual electron distribution, which varies
between 59 and 100% (Table 1 in their paper). But the reported
bond dissociation energies (BDEs) given in Tables S5-S7 of the
ESI of their work show very similar BDE values at different levels
of theory, which question the value of the R(%) data. The
authors also report the results of the EOS (Effective Orbital
State)** method, which is based on atomic fragments that are
defined in different ways and can lead to different results. For
example, the EOS analysis using the Mulliken or Lowdin
approaches gives Be(0) for Be(cAAC™®) whereas the NAO and
QTAIM procedures suggest Be(+2)." Another concern is the EOS
result that the magnesium atom in Mg(cAAC™®) is Mg(0) while
in Mg(cAACP™) it is Mg(+2). A drastic alteration in the nature of
the Mg-cAAC® bond from Mg(0) to Mg(+2) by changing the
rather remote substituent R is questionable. Another puzzling
feature is the complete omission of the possibility that the
metal atoms have the oxidation state +1. In the paper by
Braunschweig and co-workers it was shown that the EDA-NOCV
results of Be(cAACP'P) using singly charged fragments give
slightly higher values for the orbital term AE,; than using
neutral fragments.> We repeated the calculations at the same
level of theory as the authors but with the inclusion of disper-
sion interactions, which had not been considered. We found
that the AE,, values using singly charged and neutral frag-
ments become nearly equal, which means that Be(cAAC”'P) may
be described with the oxidation states Be(0) or Be(+1) but clearly
not with Be(+2).

In summary, we note that the assignment of the oxidation
state +2 for beryllium and magnesium in the complexes
Be(cAACP'P), and Mg(cAAC"™P), as suggested by Gimferrer et al.
is not valid and that the conclusion is not supported by their
own data. A critical inspection of their data corroborates the
earlier assignment of the oxidation state zero. The authors re-
ported wrong data for the excitation energies of Be and Mg to
the 'D (np?) state, which are the electronic reference state of the
metal atoms for the dative interactions with the cAACP
ligands.

Data availability

Full data are in this main text or in ESI of the original paper.
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