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ABSTRACT: In the current work, some metallabenzenes with
one and several fused rings were analyzed in terms of their
electronic delocalization. These fused-ring metallabenzenes are
known as metallabenzenoids, and their aromatic character is not
free of controversy. The systems of the current work were designed
from crystallographic data of some synthesized molecules, and
their electronic delocalization (aromaticity) was computationally
examined in terms of the molecular orbital analysis (Hiickel’s rule),
the induced magnetic field, and ring currents. The computational
evidence allows us to understand if these molecules are or are not
aromatic compounds.

1. INTRODUCTION Figure 1 shows the different kind of metallabenzenoids

It was in 1825 when Faraday isolated benzene," the archetypal analyzed in the current work, classified according to the size of

of aromatic molecules. In 1979 (more than 150 years after the secondary ring (three-, five-, or six-membered ring).

Faraday’s work), Thorn and Hoffman predicted theoretically

that metallabenzenes and other conjugated metallacyclic i o W o M o / g A\
compounds (with six 7 electrons) would present an aromatic /' \ / E— \ / \ / o
behavior due to their electronic delocalization.” Metal- : A

labenzenes are benzenes with a CH unit of the aromatic ring s\/E

replaced by one metal fragment; both chemical units are

isolobal analogues [similar energy and shape of their frontier A B c D
molecular orbitals (MOs)].” Elliot, Roper, and Waters Figure 1. Metallabenzenoids with a second ring fused. Scheme (A)
reported the first metallabenzene (an osmabenzene) only 3 for M= Osand E =S, N, or O. Scheme (B) for M = Fe or Os and E =
years later (1982).*7° The next metallabenzene reported was O. Scheme (C) for M = Os and E = N or O. Scheme (D) for M = Os.
ferrobenzene, described by Stone et al.” Ernst et al. reported

molybdenabenzene,” and Bleecke et al. published the The first category of metallabenzenoids is the three-

9-1 membered fused-ring family (see structure A in Figure 1).
Some examples of this family were reported by Elliot et al. in
1989" and Rickard et al. in 2001;*° in their respective works,
they reported osmabenzene fused with one S atom (forming a
three-membered ring). The structural analysis of these

molecules suggests electronic delocalization of the metallacycle

experimental detection of iridabenzenes,”"" the second largest
group of metallabenzenes. The heterometallabenzenes are
generated when one CH unit in metallabenzene is replaced by
a heteroatom, such as oxygen, sulfur, or nitrogen,12 for

example, metallapylryliums,13’14 metallapyridines,15 and metal-

: 16 .
lathiabenzenes.”” Other sz;stlesms, such as dimetallabenzenes, (equalized length bonds). Furthermore, the typical chemical
have been synthesized. " The dimetallabenzenes are reactions such as nucleophilic aromatic substitution and
benzenes with two CH wunits of the six-membered ring electrophilic aromatic substitution were observed.”' Similarly,

replaced with two transition metal fragments.

Fused-ring metallabenzenes are known as metallabenze- Received: February 3, 2021
noids. Unlike the “classical” metallabenzenes, where the Accepted: March 23, 2021
electron delocalization of the majority of them are relatively Published: April 2, 2021

well established but still under discussion, the electronic

delocalization of fused-ring metallabenzenes has not been
confirmed yet due to limited data.
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Figure 2. Structures of systems analyzed in the current work. The bond lengths are reported in A. Only bond lengths of the delocalized rings are
depicted. The values in parentheses and italic type numbers are the bond lengths reported for the experimental rings.

osmabenzenes with O and N substitutions™ present typical
bond lengths of aromatic compounds (length equalization).
Thus, it could be concluded, experimentally, that double fused-
ring osmabenzenes exhibit the chemical characteristics of an
aromatic compound such as electrophilic aromatic substitu-
tion.””

The second category of metallabenzenoids is the family of
osmabenzenes fused with five-membered rings (depicted as B
and C in Figure 1). It was also experimentally reported that
this set presents typical aromatic reactions™* such as electro-
philic substitution”> and geometrical characterization of an
aromatic-like system such as planarity and bond length
equalization.’ In this set, two different structures for the
fused ring are depicted: the molecule labeled as B in Figure 1
has only one heteroatom denoted as E. When M = Os and E =
O, the name of this molecules is osmabenzofurane, and this
family was previously synthesized by Clark and co-workers.”®
The metallabenzenoid denoted as C in Figure 1 was reported
by Wang et al. in 2013 with M = Os and E = N and O.*” There
is a lack of theoretical calculations about their aromatic
character. Nevertheless, the authors classified this set of
molecules to higher 7-electron metal aromatic compounds
without any further information.

Finally, the third category of metallabenzenoids is depicted
as D in Figure 1. This category corresponds to metal-
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lanaphthalenes. Osmanaphthalene was synthesized by Chu et
al. in 2019. In that work, they reported the possible aromatic
behavior of osmanaphthalene based on structural parameters
(planarity and bond lengths) and typical '"H NMR shifts for
aromatic compounds.”’

In general, the participation of the metal’s d atomic orbitals
in the electronic delocalization is the main difference between
the aromaticity of the classic organic rings and the aromaticity
of the metallacycles.

In all cases mentioned above, the aromatic character of the
molecules is still under discussion, and the electronic
delocalization, as previously mentioned, has not been
confirmed yet due to limited data. It has been shown that
metallabenzenoids have a degree of aromatic character (always
less than benzene) based on geometrical parameters (planarity
and bond length equalization) and the characteristic 'H NMR
shifts.

Computationally, nucleus-independent chemical shifts, or
NICS,”** are widely employed as an aromaticity criterion:
negative values indicate a diatropic behavior associated with
aromatic compounds. In metallabenzenes, NICS values must
be carefully interpreted due to the anisotropy of the metal
fmgments,w’31
NICS values.*”

which can generate false or more negative

https://doi.org/10.1021/acsomega.1c00632
ACS Omega 2021, 6, 9887—-9897
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Table 1. Selected Dihedral Angles of 2, 4, and 6
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M= OS(PHs)z(NCS)z M= OS(PH3)2(NCS)2 M= OS(PHS)(CS)
Dihedral Angle Dihedral Angle Dihedral Angle
M-C1-C2-C3 12.2° M-C1-C2-C3 21.0° M-C1-C2-C3 10.2°
M-C5-C4-C3 16.9° M-C5-C4-C3 5.2° M-C5-C4-C3 6.1°
C1-C2-C3-C4 4.3° C1-C2-C3-C4 0.5° C1-C2-C3-C4 4.4°

“Angle measures are absolute values. The column titled “dihedral” represents the dihedral angles of each system.

Ring 1

P

ML

& F

Figure 3. Qualitative MO diagram for 1. Only the 7 space is represented. H and L represent HOMO and LUMO, respectively. For completeness,
the MOs without 7 interest have been incorporated as black lines, while red lines relate the MO figure with the diagram.

The number of well-characterized metallabenzenes remains
low and restricted to Os, Ir, and Pt metals.*® These compounds
show significant optical or electronic properties,”* playing an
important role in the nonlinear optical properties and having
potential application in electro-optics and photonics.

In the current work, the electronic delocalization of some
metallabenzenoids has been studied by employing in silico
methodologies based on the magnetic response of the
molecules (vide infra). The systems were selected from
synthesized molecules (crystallographic data).

The aim of this research is the confirmation of the electronic
delocalization importance in the stability of this set of fused
metallacycles. Some previous studies include monocyclic
metallabenzenes analyzed by Periyasamy et al.”> and some
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five-membered metallacycles studied by Islas, Poater, and
Sola.***

2. RESULTS AND DISCUSSION

2.1. Structural Details. 2.1.1. Geometry Details. The
systems analyzed in the current work are depicted in Figure 2.
Only bond lengths of the delocalized rings are indicated in A.
For all the systems, the analyzed rings were the six-membered
rings (6 MRs), except for 10 and 11, in which the five-
membered rings (5 MRs) were the analyzed rings. Also, in
Figure 2, the bond distances (in parenthesis and italic) of the
experimental rings are depicted for comparison. The rings’
bond lengths of the optimized geometries were in agreement
with their experimental counterparts.””*>*%*”3*3% The osma-

https://doi.org/10.1021/acsomega.1c00632
ACS Omega 2021, 6, 9887—-9897
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benzenes 1, 3, and 4 are monocycles, and they presented
similar lengths in their Os—C bonds (around 2 A). Also, the
C—C bonds of the delocalized rings were in agreement with
the experimental counterparts. In the fused osmacycles, 2, 5, 6,
8, and 10, and in the fused ruthenium cycle (7) and the
ferrocycle (9), the metal—carbon bonds lengths were also
around 2 A.

All the geometries presented planar rings, except for 2, 4,
and 6. In Table 1, some selected dihedral angles are reported,
where the groups [Os(PH,),(NCS),] and [Os(PHj;),(CS)]
are represented by M for better depiction. These rings were
slightly distorted, but they were analyzed by B and
magnetically induced current density (MICD) methodologies.

2.1.2. Electron Structure Details. The number of 7z
electrons involved in metallabenzenes has been under
discussion. Some authors observe the shape of the highest
occupied MO (HOMO), lowest unoccupied MO (LUMO),
HOMO - 1, and HOMO — 9, which are homologous to the 7
MOs from benzene.>” Thorn and Hoffmann, in their original
work,” suggested a six-7 electron structure to follow Hiickel’s
rule for metallabenzenes, while systems such as rhodabenzene
have 10-7 electrons,™ following Hiickel’s rule. In the
metallabenzenoids with fused rings, a deep observation of
the electronic structure was made, alongside the energy
decomposition analysis. The z-electron counting for this set,
as well as for metallabenzenes, is not a trivial task. In this
counting, all the MOs that involve 7 symmetry over the rings
(totally or partially) were taken into account. All systems under
discussion presented a clear # MO structure homologous to
that of benzene (or furan in 5 MRs), and they followed
Hiickel’s rule with 3, 5, 7, or 9 z-type doubly occupied MOs,
that is, 6, 10, 14, and 18 7 electrons, respectively. Figure 3
shows the MO diagram for 1, where the 7 space depicts five
occupied MOs with 10 7 electrons, following Hiickel’s rule
with n 2. All MO diagrams are in the Supporting
Information, and the MO under interest as well as Hiickel’s
rule for all molecules is condensed in Table 2.

Table 2. £ MO Description for All Molecules”

Hiickel b4

molecule (n) electrons 7-ocupied MO
1 2 10 H-1, H-4, H-6, H7, H-10
2 3 14  H-4 H7, H-8 H-9, H-10, H-12, H-18
3 3 14  H-3, H-4, H-6 H-8 H-9, H-15, H16
4 2 10 H-4, H-6, H-8, H-10, H-16
3 3 14 H-2, H-S, H-6, H-8, H-9, H-11, H-13
6 3 14  H, H4, H7 H-8 HO9, H-12, H-13
7 1 6 H-3, H-8, H-18
8 1 6  H-3 HS8 H-I8
9 3 14  H H-2, H-3, H-8, H-9, H-10, H-12
10 4 18 H, H-2, H-6, H-7, H-10, H-11, H-12,

H-13, H-15

“Where the n from Hickel’s rule is presented, along with the #
electrons involved as well as the 7-occupied MOs.

As expected, molecules 7 and 8 completed Hiickel’s rule
with n = 1 because the principal ring is furan and not benzene
as in other systems. Furthermore, the fused ring does not have
a planar structure and does not contribute to the 7 space under
discussion.

Molecules 1 and 4 completed Hiickel's rule with n = 2
similar to a classical metallabenzene with 10 7 electrons.
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Molecules 2, 3, §, 6, and 9 expanded their 7 space with the
fused ring and completed Hiickel’s rule with n = 3. Finally, 10
presented the bigger fused ring, resulting in a bigger 7z space
with n = 4. 10 also is a perfect example of Clar’s rule, as
explained previously by metallatricycles, due to its polycyclic
aromatic hydrocarbon-like structure, while all the other
systems studied are not.*! Thus, it can be concluded that,
from Hiickel’s rule, all the systems of the current work could
be considered as aromatic molecules with different 7 MOs.

To explore the possible Mobius character of the systems and
the Mobius aromaticity, the Mauksch and Tsogoeva relation-
ship was used.*” Not only the HOMO but also the whole 7
space was observed. As expected, some metal contributions to
7 MOs belong to phase dislocation, but none of them
contribute above 10% to the # MO (except for 9 with 30%
Mobius character and 70% 7 character). The contributions of
d orbitals to the HOMO are mainly from d,2—2 and d,,
orbitals, which belong to ¢ symmetry. Thus, none of the
molecules exhibit a defined Mobius behavior but present a low
Mobius character in the low-lying 7 MOs.

To quantify these interactions in the MO diagrams, an
energy decomposition analysis was done, where two fragments
were selected, each fragment with singlet spin multiplicity. The
first fragment corresponds to the metal and their ligands (ML)
and the second fragment to the ring and their ligands (ring).
The interactions computed, as referred to in the Computa-
tional Details section, are collected in Table 3. Molecules 6 and
9 had the highest orbital contribution to interaction energy.
This AE,; was higher than AE,. due to the interaction
between the metal and oxygen in the second ring. All other
molecules presented a slightly higher electrostatic contribution
than the orbital one, except molecule 2, where the ratio
electrostatic/orbital was about 6/4.

Due to the possible double interaction of ML with both
rings, a visual inspection of the NOCVs is mandatory and
useful to understand the interaction between each ML
fragment and the ring. Figure 4 shows the first NOCV for 1.
This NOCV corresponds to the deformation density of the
orbital part of EDA, Ap2™. This deformation has ¢ symmetry
and presented two important blue zones (“accumulation of
electron density” zones). In Figure 4, the color code indicates
that the charge flows from red zones to blue zones (from the
metal to C and S), though C and S also gave electron density
to the metal. This donation to the central zone indicates o-
bond formation. The same situation was depicted for all
molecules in the o symmetry of the deformation density
NOCV (see the Supporting Information).

In some cases, the formation of those sigma bonds requires a
reorganization of the electron density from the metal d orbitals.
Figure S (left) shows the reorganization from the d,, symmetry
density to a dxz_yz—like NOCYV combined with a flux of charge
from both rings to ML fragments. Figure S (right) depicts the
7 symmetry of the NOCV, showing the flux charge from the
d,, -like density to the p, of the rings.

Furthermore, the flux charge between the ML and the rings
can expose backdonation, as depicted in Figure 6. A o-bond
was formed between the metal and carbon from the six-
membered ring, while a backdonation is required to form a o-
bond between the metal and oxygen of the five-membered
fused ring. Thus, in all cases where the fused ring has a bond
between the metal and oxygen or nitrogen, a backdonation
process was observed.

https://doi.org/10.1021/acsomega.1c00632
ACS Omega 2021, 6, 9887—-9897
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Table 3. EDA for All Molecules”

molecule net charge ML charge ring charge
1 0 0 0
2 0 0 0
3 1 2 -1
4 1 2 -1
S 1 1 0
6 0 0 0
7 1 1 0
8 1 1 0
9 0 0 0
10 0 1 -1

AE,, AE, AEy AEg; AE;,

544.64 —380.42 —327.29 —10.35 —173.19
53.76% 46.24%

444.36 —374.21 —266.80 —11.04 —207.69
58.38% 41.62%

366.39 —416.99 —411.70 —8.51 —471.04
50.32% 49.68%

386.63 —444.82 —418.6 -9.2 —485.99
51.52% 48.48%

684.94 —485.53 —479.78 —12.65 —292.79
50.31% 49.69%

566.26 —350.06 —408.71 —10.35 —203.09
46.13% 53.87%

355.81 —270.94 —243.34 —10.58 —169.05
52.69% 47.31%

575.00 —403.65 —379.90 —10.35 —236.90
50.35% 49.65%

508.07 —299.23 —404.57 —11.73 —207.46
42.53% 57.47%

537.28 —486.68 —447.58 —-8.51 —405.72
52.09% 47.91%

“Energy is presented in kcal/mol. The charge of each fragment (ML = metal and its ligands) is depicted as well as the total charge.

Bond
Formation
/
Bond . 4
Formation

FluxX e

Figure 4. First NOCV (contour isovalue 0.003 au.) for 1.

Hydrogen atoms were omitted for clarity.

The first and the second NOCYV for all molecules depict the
o symmetry as well as the 7 symmetry, exposing the bond
between the metal and the six-membered ring. In the fused
rings with direct interaction with the metal, a backdonation
from oxygen or nitrogen is required, while in the 7 symmetry, a
d-type adapted density from the metal gives electron density to
the 7 space of the rings. All NOCVs are collected in the
Supporting Information.

2.2. Electronic Delocalization. 2.2.1. Induced Magnetic
Field. The induced magnetic field was employed in this set of
metallic cycles. As mentioned in the Computational Details
section, its z-component or B™ was used in the current work.
The more negative B™ values are, the more diatropic the
system is. It was appreciable that the diatropic response of the
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rings is around 1 A over and below the molecular plane. All the
molecules analyzed in the current work presented negative
values of B™, indicating a diatropic behavior associated with
aromatic compounds (see Figure 7). Benzene* and borazine™*
were employed as references of aromatic and “weak-aromatic”
molecules, respectively. (Borazine is used as a reference of
weak aromaticity in this work because it is not as equally
delocalized as benzene due to the difference in electro-
negativities of boron and nitrogen atoms.)** All the metal-
labenzenoids analyzed in this work presented a higher diatropic
behavior if their B™ values were compared with borazine’s
values. The benzene values at R = 0 (molecular plane) and R =
1 (1 A over the molecular plane) were —7.2 and —10 ppm,
respectively. All the systems showed smaller B values than
benzene, except 3 and 9. The system labeled as 3 had the same
value as benzene at the molecular plane, but it was smaller in
other points.

Around 2.5 A above or below some systems, the presence of
phosphine groups ensured that the B values decrease; this is
due to the high electron density around the P nuclei and their
contribution to the diamagnetic response when an external
magnetic field was applied, especially in the systems 2 and 9.
This phenomenon is observed in the asymmetry of the plots
(Figure 7): the low symmetry of the plot was generated by the
orientation of the phosphine groups. In Figure 8, this situation
in 9 is depicted; the blue arrows signalize the zones where the
B™ values were computed close to the phosphine groups. In
spite of these values, both systems could be labeled as diatropic
systems.

2.2.2. Magnetically Induced Current Densities. The 4-
component relativistic calculation of the MICD was previously
exploited by Bast, Jusélius, and Saue in the DIRAC package®
and is related with the aromaticity of a system.*® The two-
dimensional (2D) plots exhibit the current density of a system
in the molecular plane as well as at 1 a, above the molecular
plane. Figure 9 shows that for 1, in the inner part of the
metallabenzene, a clockwise current is depicted, while in the
outer part, a counterclockwise flux is sustained. This behavior
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Figure S. NOCV of S. (left) Reorganization of the electron density is depicted in ¢ symmetry and (right) 7 symmetry Apg

0.003 a.u. and the charge flows from red zones to blue zones.
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Figure 6. First NOCV (sigma symmetry) for 6. Contour isovalue =
0.003 a.u. The flux charge goes from red zones to blue zones.

is analogous to that of the benzene molecule (our aromatic
reference). The total current strength density is diatropic,
suggesting an aromatic behavior of the system.

In this sense, all molecules were cataloged with a diatropic
local current density in the metallabenzene part. The second
fused ring did not present a diatropic local current density but
presents an inner paratropic current (the streamlines of MICD
from all molecules were collected in the Supporting
Information). To have a complete picture, the strength of
the current density was conveniently measured in a plane that
bisects the bond between carbon atoms in positions 3 and 4 in
the metallabenzene ring, and it is extended in step sizes of 0.1
ag up to 15 ay, avoiding the cores due to the high diatropic
response of atomic nuclei.

Figure 10 shows the strength current path of each molecule.
Negative values reference paratropic behavior. The integration
plane was extended through the z axis to 8 A (R value in the
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plot represents the steps of integration), where the first steps
showed the o nature of the ring current strength.

As predicted by the MO analysis and B™, all molecules
could be considered as delocalized systems according to the
ring current criterion. Molecule 9, as expected by B, had the
largest value in current density (26.00 nA/T). This could be
attributed to the atom size (Fe), allowing the delocalization
above the molecular plane, combined with the phosphine
groups in both sides above the ring, as explained previously for
2 and 9. These phosphine groups were unavoidable, and as
expected, close to atomic nuclei, a big diatropic response is
observed, that is, the current density can be very large and
nonuniform, overestimating the diatropic integration on the
molecule. The phosphine groups were avoided in other
molecules such as 4 and 6. Both of them presented lower
values of strength current compared with borazine. All the
other molecules presented less strength current than benzene
but higher than borazine. Finally, 6 presented a local paratropic
strength close to the molecular ring but a total diatropic
strength current density.

3. CONCLUSIONS

The geometries of all the systems analyzed here are in good
agreement with their experimental counterparts. All molecules
present a 7 MO structure homologous to that of benzene. Also,
the systems follow Hiickel’s rule (4n +2 7 electrons, with n =
1,2,3,4), but aromaticity is a multi-scale property, and several
criteria were employed in the analysis of the electronic
delocalization of the systems. Furthermore, the analysis was
focused only on one of the several rings in the fused systems
due to the lack of diatropic current densities in the fused ring.
The ¢ bond as well as the 7 bond was formed between the
metal and the rings. A classical bond is observed between the
metal and carbon from the ring. Nevertheless, for the second
ring, if there is oxygen or nitrogen, a backdonation is required
to form the sigma bond. Otherwise, in the 7 symmetry, a d-
type adapted density from the metal gives electron density to
the 7 space of the rings.

According to the induced magnetic field (B™) results, all the
molecules could be cataloged as diatropic systems. All of these
are more diatropic than borazine, the weak-aromatic
compound used as the reference in this work. However,
phosphines groups could “interfere” in this measurement (such

https://doi.org/10.1021/acsomega.1c00632
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Figure 7. B™ profiles are depicted and split into two sets for clarity. The orientation of the molecules has been described in Scheme 1: the
molecular plane was placed on the xy plane, perpendicular to the z axis. The external magnetic field was oriented parallel to the z axis.

as in 2 and 9) due to the diatropic contribution of atomic
nuclei; for this reason, the MICD analysis was performed.

MICD suggests that a total diatropic behavior in all the
systems, the strength of the current density at 4-component,
would give a more accurate interpretation of the diatropic
response in the magnetic regime. The non-planar rings in 4
and 6 are diatropic with the B results, but the MICD values
indicate a weakly aromatic response if the total strength
current is integrated. If the current path integration is
observed, close to the molecular ring plane, an antiaromatic
behavior is depicted. Thus, locally, it can be cataloged as
antiaromatic, but the total strength current suggests a low
diatropic response, showing a weakly aromatic behavior. On
the other hand, it is expected that 9 behaves less aromatically
than benzene if phosphine groups are not taken into account;
this has been previously observed in pyramidal benzene
structures.”’ Nevertheless, 9 would probably have a higher
aromatic character than borazine due to geometrical effects. All
the other molecules are clearly aromatic systems, with their
respective diatropic ring current and positive integral values of
strength current density.
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4. COMPUTATIONAL DETAILS

All crystallographic data were obtained from their file
published previously by their respective research groups. The
crystallographic data were modified in order to reduce the
computational cost, changing phenyl or other bigger groups by
hydrogens. These new models were optimized in the
framework of amsterdam density functional (ADF 2014)
code®” with the MO06-L functional*® and the all electron TZVP
basis of Slater-type orbitals for the metal atom and the TZVP
basis set for the non-metal atoms,*’ alongside the inclusion of
Grimme’s D3 dispersion correction.™

These optimized models were used as the basis to construct
the MO diagram to explain Hiickel's rule for aromatic
compounds based on a relativistic wave function at the M06-
L functional using the Kohn—Sham formalism.>" Also, the
zero-order regular approximation®” was employed to take into
account scalar relativistic effects. This MO construction was
based in the fragments ML (metal with its ligands) and the
rings, which helps us to understand the interaction between
the fragments through an analysis of bonding energies,
combining a fragmented approach to the molecular structure
with the decomposition of the interaction energy between
fragments according to the Morokuma—Ziegler analysis (EDA

https://doi.org/10.1021/acsomega.1c00632
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Figure 8. The blue arrows signalize the zones where the B™ values
were computed close to the phosphine groups in 9. The pink spheres
marked with X represent the points in the space where B was
calculated.

decomposition scheme). This interaction between fragments
was decomposed as

where AE ., AE

paw AEee AEqy, and AEy, represent Pauli repulsion,
electrostatic interaction, orbital-mixing terms, and dispersion
correction, respectively‘ﬁ’54
This Morokuma—Ziegler analysis was combined with the
extended transition state theory with the natural orbital of
chemical valence (ETS—NOCV)>” to have a better description
of the AE_, in order to set up the interaction between the
metal and the ring(s). Each fragment of the EDA is
represented by a set of NOCVs, extracting the deformation
density, Ap, in the NOCV representation as a sum of
complimentary pairs of eigenfunctions (y_, ;) with their
respective eigenvalues.

Ap=p.— () +p)) =D Ap,

=2 Ak(_l//_kz + sz)

where k goes over NOCV pairs and A and B belong to each
fragment. The visualization of deformation density provides
information of the density charge flows, as well as the
symmetry involved. In this work, the density charge flows from
the red zones (Ap < 0) to the blue zones (Ap > 0).
Furthermore, energetic estimations can be done for each Ap,.
Thus, the orbital interaction component AE_ is expressed as

AEorb = Z AEorbk = Z Ak(_Firks + FES)

where the +FL} are the diagonal matrix elements from the
Khon—Sham transition state with their respective eigenvalues.

The MICD,* which is related with aromatic behavior, was
calculated using the linear response function®® and the
perturbing operator for the magnetic field. The MICD was
plotted in the streamline representation of the current density
using PyNGL>’ and was computed in DIRAC 17°° at the
density functional theory level of theory with the B3LYP
functional.**~®" The 4-component Dirac-Coloumb Hamilto-
nian*® has been used alon§side the unrestricted kinetic balance.
The cc-pVDZ basis set®>** was employed for all atoms, except
for metal atoms. For the latter, the uncontracted and special
Dyall double-zeta basis set was employed.®* The integration of
the MICD has been done using the 2D Gauss—Lobatto
quadrature where the plane was extended from the molecular
center to 15 a, (8 A) with a step size of 0.1 a, giving rise to a
strength current path, as explained by Sundholm and Gauss.*®

The shielding tensors employed for the induced magnetic

AEy = AEg,, + ABq, + AEy + AEg, field (B™) calculations were computed with the ADF 2014
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Figure 9. MICD for 1. Left: MICD plotted at the molecular plane, and right: MICD placed at 1.0 a, from the molecular plane. Line intensity is
proportional to the norm of the current density vector. The diatropic current goes in the counterclockwise direction. The blue circle belongs to the

metal atom.
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package using the basis set TZ2P including the scalar
relativistic effects and the ls;)in—orbit contribution for the
sake of completeness. The B™“ was computed with the formula

6. 0. o s Bmd

XX xy xz |0 Nz x
ind — ind
B" = GBeXt = O-yx ny 6)/2 0= Gyz = B;,n
Oy Oy O 1 — O ind

Bz

where o represents the shielding tensor and B™ represents the
external magnetic field applied perpendicular to the xy plane
and its module is equal to 1 T (IB*| = 1 T).%® The B™ (or z-
component of the induced magnetic field) is employed as an
electronic delocalization criterion.®® This scalar is equivalent to
the negative of the zz-component of the shielding tensor, and it
is equivalent to NICSzz. This methodology has been employed
in different types of molecules including other metalla-
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cycles.*™” In the current work, the metallacycle was placed
in the xy plane and the ring’s geometric center was positioned
in coincidence with Cartesian coordinates’ origin. Several
points were appointed on the perpendicular direction to the
molecular plane for the tensor shielding calculations as Morao
and Cossio,”” and Jusélius and Sundholm®® proposed in 1999
(see Scheme 1: the black spheres represent the points in the
space where the shielding tensors were computed).
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