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ABSTRACT: In the current work, the analysis of the electronic delocalization of some
metallacycles, based on borazine, was realized by employing magnetic criteria, such as the
induced magnetic field and magnetically induced current densities, and electronic criteria,
such as adaptative natural density partitioning and the analysis of molecular orbitals. The o

current metallaborazines were generated from isoelectronic substitutions. The main
question is whether the electronic delocalization increases or decreases. The results

showed that metal-N bonded borazines could be cataloged as delocalized compounds.
On the other hand, the metal—B bonded borazines could be cataloged as nonaromatic (or A
weak aromatic) compounds based on the results of this analysis.

1. INTRODUCTION

The history of borazine begins in 1926 when Stock and
Pohland synthesized this molecule from the reaction of
ammonia and diborane.! It was Wiberg, in 1948, who
proposed the pseudonym “inorganic benzene”.” Chemically,
borazine is more susceptible to addition reactions, but some
groups have reported some electrophilic reactions.”* Bor-
azine’s electronic delocalization has been widely studied
employing different methodologies based on the energetic,
magnetic, and structural criteria.’ ™'’ Borazine has been
cataloged as benzene’s inorganic analogue because both
molecules present hexagonal planar rings, bond length
equalization, and 67 electrons (the criteria for aromatic
compounds), and one conclusion of these analyses is that
the 7 electrons in borazine are not delocalized as the =&
electrons in benzene due to the electronegativity difference
between the nitrogen and boron atoms. Some authors
extended the analysis of the electronic delocalization in other
boro-azo compounds. For example, in 2015, Srivastava and
Misra reported the analysis of the electronic delocalization in a
“carborazine” ring and its derivates that are six-membered ring
analogues to borazine but with two carbons replacing one
boron atom and one nitrogen atom (positions 1 and 4). This
incorporation increases the electronic delocalization compared
with borazine.® In 2020, Anstoter et al. modeled the
aromatization of (BN),H, azabora-annulenes. In particular,
they found that “borazocine”, [B,N,Hg]*", has a diatropic
character (compared with benzene), and it could form
coordinated compounds such as sandwich complexes.”’ An
interesting analysis about the nature of the chemical bond of
borazine was realized by Kalemos. In that work, the author
analyzed the excited states of the fragments BH and NH to
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form the ground state of borazine (the author also analyzed
boraxine and carborazine with the same methodology).22 The
author also established the importance of the resonance
structures that differ in the way the 67 electrons are initially
placed on the parental centers.”

On the other hand, metallabenzenes are benzenes with a CH
unit substituted by a metal fragment,””** both units are
chemical analogues, in agreement with “isolobal analogy”
proposed by Hoffmann.”> This theory establishes that one
chemical unit can be replaced by another one with a similar
shape and similar energy of their respective frontier molecular
orbitals. In metallabenzenes, the d atomic orbitals of the metal
atom participate in the electronic delocalization.”> The
existence of these compounds was theoretically predicted by
Thorn and Hoffmann in 1979.°° In their work, they proposed
that electronic delocalization is the mechanism that stabilizes
the metallacycles. Three years later, in 1982, the first
metallabenzene was synthesized by Roper et al. and its
planarity (associated with aromatic compounds) was con-
firmed by X-ray diffraction.””

In the current work, the electronic delocalization of
hypothetical systems proposed in silico, generated by the
combination of metallabenzenes and borazines, metallabor-
azines, was studied. These compounds are formed by the
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Figure 1. Optimized structures studied in the current work.
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borazine ring with a metal fragment in the ring (vide infra).
The question is: Can the incorporation of a metal fragment
(bonded to N or B) increase the electron delocalization of
weakly delocalized borazine?

The idea of metallaborazines is not fully new, some of them
have been already synthesized. In 1992, Koch et al. tried to
synthesize a titanium borazine, but the compound obtained
was not a planar ring and included two Ti atoms replacing two
boron atoms (molecular formula: PhB(MeN),(TiCl,),). The
structure obtained was described by the authors as a
“geometrical body whose surface consists of four, bent,
irregular squares or as a tetrahedron..”. And the reason for
the nonplanar structure is the strong intramolecular Ti—N
interactions.”® One year later, in 1993, Koch et al. synthesized
and reported the X-ray structure of a tellurium-substituted

borazine, with the molecular formula MeN[PhBN-
(Me)],TeCl,. The structure shows that the tellurium atom is
bonded to the borazine’s nitrogen atoms and it is a nonplanar
ring (close to the “boat” geometry).” It was in 2018 when
Less et al. reported the synthesis of an aluminum-substituted
borazine. The ring is a planar structure, and the metal atom is
bonded to borazine’s nitrogen atoms. They also reported a low
aromatic behavior.*

2. RESULTS

2.1. Structural Results. 2.1.1. Geometrical Analysis. Two
types of borazines were optimized: M—B type (with the metal
atom bonded to boron atoms) and M—N type (with the metal
atom bonded to nitrogen atoms); see Section S for more
information. In Figure 1, the geometries of the optimized

https://doi.org/10.1021/acsomega.1c02257
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Table 1. Selected Dihedral Angles”
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“The measures are the absolute values of the angles. Here, Os = Os(PH,),Cl,, Re = Re(CO),, Ir = Ir(PH,),CO, and Pt = Pt(C H;).

cycles are depicted with the complete metallic fragment (metal
and ligands). Osmium cycles were not planar after the
optimization and they were not studied as aromatic
compounds. Planar or quasi-planar rings are related to
delocalized systems. Rhenium and platinum cycles were planar
cycles. Iridium cycles were quasi-planar, especially the IrB cycle
that presented a 13° dihedral; but despite this, they were
analyzed with magnetic methodologies (vide infra). Some
dihedral angles of all of the cycles are condensed in Table 1. In
Figure 2, the metallic centers were simplified for a better
interpretation, and the bond lengths of the (quasi)planar cycles
are depicted (osmium cycles were not considered). All of the
B—N bond distances were in the range of 1.426 A, and the
bond length was computed in borazine at the same level of
theory. The values in the Ir cycle varied due to the orientation
of PH; and CO linked to Ir metal; also, this spatial orientation
decreased the symmetry of the ring. For this reason, four B—N
bond distances were reported in IrB and IrN systems. As a
reference system, borazine is also depicted.

It is easier to see the difference between the planarity of all
of the rings if they are superposed. In Figure 3, the overlayed

geometries of the metallaborazines are depicted, and it was
clear that there was no significant structural difference in the
selected rings.

In some calculations (vide infra), the metallaborazines
proposed in the current work were compared with the
computational models of the synthesized aluminum—borazine
(AlI-N) and tellurium—borazine (Te—N). The geometries
analyzed are depicted in Figure 4, and they were optimized at
the same level of theory as the other rings.

2.1.2. Electron Structure Details. The electron structure
analysis was tackled by three different and complementary
methodologies: the adaptative natural density partitioning
(AANDP)®" and the molecular orbital construction with two
closed-shell fragments: the metal ligand (ML) in the singlet
state and the ring in its singlet state. These fragments were
used to calculate the energy decomposition analysis combined
with the extended transition state theory with the natural
orbitals of chemical valence (ETS—NOCV).** Besides the
electron structure details, another electron density-based
descriptor was used, i.e., the electron density of delocalized
bonds (EDDB).****

https://doi.org/10.1021/acsomega.1c02257
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Figure 2. Selected bond lengths of the rings are depicted. The units
are in A. In this image, Re = Re(CO),, Ir = Ir(PH,;),CO, and Pt =
Pt(CsH), and only the (quasi)planar structures are depicted.
Borazine is incorporated for reference.

Figure 5 shows the MO analysis for rhenaborazine in its two
possible configurations Re—B type and Re—N type. The Re—B
molecule presents only two doubly occupied molecular orbitals
with 7 symmetry (H-S and H-7), which come from the ring
fragment. On the other hand, the Re—N molecule presents
three doubly occupied molecular orbitals as a combination of
occupied MOs from the ring and the LUMO from the ML
fragment; this LUMO is a linear combination of 24.5% of p,
and 19% of dz. These three molecular orbitals of Re—N
resembled those from the classical aromatic system, following
Hiickel’s rule for 4n + 2 & electrons.

This trend was followed in all of the systems studied (see
MOs in the Supporting Information), and it was found that all
M-—B-type molecules have 4nm electrons, while M—N-type
molecules have (4n + 2)7 electrons. For the M—B-type
molecules, the 4nm electrons were associated with Hiickel
antiaromatic topology due to the almost inexistent partic-
ipation of the metals’ d atomic orbitals. Furthermore, in the
M—N-type molecules, the contribution from the occupied
orbitals came from a linear combination of p, and d orbitals
adapted by symmetry from the metal. Also, for the previously

synthesized system (Al and Te borazines) of M—N type, the
trend of (4n + 2)x electrons is also depicted (with n = 2), as
predicted by the in silico M—N-type models.

The orbitals adapted by symmetry from the metal give
insights into the possible Mdbius nature of the systems. The
Mauksch and Tsogoeva relationship was used,” and not only
the HOMO but also the whole 7 space was observed. ReB and
IrB have no contribution of d orbitals from the metal to the -
type MOs. In contrast to the other M—B-type metallaborazine,
PtB presents the first contribution of d orbitals from the metal
to the z-MO structure. The d,, AO from the metal contributes,
in phase, to the LUMO structure of the metallaborazine,
meaning a Hiickel conjugation.

On the other hand, the M—N type presents an important
contribution from the metal d AOs. For ReN, the contribution
of metal to the n-type molecular orbitals mainly comes from
the LUMO fragment of ML. This LUMO fragment is
composed of d,-type AO, which is in phase with the ring,
giving rise to a pure Hiickel conjugation.

For IrN, in all of the MO of interest, the d, and d,,
contribution was observed. The H-2 of Irida-N-borazine also
has a contribution from p, AO of the metal. The higher
contribution always comes from d,, rather than d,,. This linear
combination of atomic orbitals, according to their weights, has
more Hiickel characteristics than Mobius characteristics.

For PtN, this is the first molecule of the set under study that
presents a pure Mobius conjugation but is not large enough to
be considered a Mobius aromatic molecule. While all of the
structure has the contribution of d,, AO from Pt, the HOMO
has a higher contribution of d,, AO from Pt. This d,, AO has a
phase inversion, giving rise to a d-conjugation Mdobius MO
with a contribution of 20% but 80% Hiickel characteristics.
Despite this d-conjugation Mébius MO, the other two MOs
have Hiickel conjugation.

Notwithstanding the presence of d-conjugation M&bius MO
in Ir and Pt—N borazine, all M—N borazines could be
characterized as Hiickel aromatic systems. In contrast to the
synthesized TeN, there is no important participation of d
molecular orbitals in the 7 molecular orbital analysis.

The AINDP calculation allows the analysis of the bonding
pattern in molecules. Also, the 7 space was observed with the
AdNDP analysis, once again; the Re systems are depicted in
Figure 6, while the other plots are given in the Supporting
Information. Figure 6 shows the AANDP analysis for Re
systems; for ReB (bottom), the o space suggested that there
was not a ¢ bond between Re and the ring. It was found that it
had only four ¢ bonds instead of six, as shown in ReN (top).
The 3c—2e is shown for both molecules in Figure 6, and ReB
did not contain the metal contribution in their orbitals,
whereas ReN did. While there was only one 4c—2e for ReB,
there were five of them for ReN, suggesting a delocalized
system. Finally, there was not a 6c—2e orbital for ReB, while
there were two of them for the ReN system, showing a higher
m-delocalized nature on the system. The last two orbitals from
ReB (three in the ReN system) resemble those molecular
orbitals observed in Figure S.

In contrast to ReB, all of the M—B-type molecules presented
60 X 2c—2e with ON = 1.9. The nature of the orbitals for M—
B-type molecules did not contain the metal contribution, while
the M—N-type molecules always contained the metal
contribution in their AANDP orbitals in the 3c—, 4c—, S5c—,
and 6c—2e search. Thus, the AdnDP analysis provided the 7
nature of the systems, suggesting a completely delocalized

https://doi.org/10.1021/acsomega.1c02257
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Figure 4. Computational models of the synthesized metallaborazines.

structure for the M—N-type molecules, while the M—B-type
molecules did not due to the lack of metal orbital participation
in the 7 orbital contributions.

A part of contribution of the ML to the ring was observed
through the MO analysis and the AANDP analysis. A

quantitative approximation of these interactions was depicted
by energy decomposition analysis (EDA calculation) combined
with the ETS—NOCV. Table 2 reports all EDA data, where the
percentages of AE for electrostatic and orbital interactions are
depicted in kcal/mol. All M—B-type systems had a bigger
electrostatic interaction contribution (above 60%) compared
with the M—N-type molecules, which had larger values for the
orbital interaction contribution (above 50%). A low dispersive
contribution to the energy interaction was observed for all
systems analyzed. Thus, high ¢ and 7z contributions to the
orbital energy in the M—N-type molecules are expected as well
as the formation of stronger covalent interactions between the
metal and the N ring. The percentages of energies involved for
electrostatic and orbital contributions for the M—N type in
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Figure S. Qualitative molecular orbital analysis for Re—B-type (left) and Re—N-type (right) cycles. Only the MOs of interest are depicted.
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Figure 6. Adaptive natural density partitioning (AdNDP) analysis for
ReN and ReB systems; ON: occupation number.
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silico proposed systems are in agreement with those exposed
by the synthesized ones.

To analyze the symmetry and the deformation density of
AE_, which helps to understand the chemical bonds between
the fragments, the NOCV was carried out. In the NOCV
scheme, the deformation density flux (charge density flux) goes
from red zones to blue zones. As predicted by AANDP analysis,
there was no evidence of the ¢ bond between Re and the B
ring (Figure 7, left), there was only charge transfer from the
ring to the ML fragment, in ¢ as well as in the 7 space without
the concentration (blue zones) of electron density in the
bonding zone. On the other hand, the Re—N molecule
presented that charge flows from p, orbitals in the nitrogen
zones and from the d, orbitals from the metal to the bonding
zone. These d,, orbitals are in phase with the ring, giving rise to
a Hiickel conjugation instead of Mobius-like aromaticity. This
charge flow also indicates the o bond (Figure 7, right). In the
space, a clear contribution from the rings (p, nitrogen) goes to

the metal (d,,) but this does not mean a d,, contribution from
the metal.

For the other molecules, NOCV is presented in the
Supporting Information; for Ir and Pt borazines, a ¢ bond is
present in the M—B-type as well as M—N-type molecules as a
blue zone between the fragments. The ¢ bond is a result of
symmetry-adapted linear combinations of the p orbitals from
nitrogen or boron, and the d orbitals from the metal in the
ring. While the o space shows a clear ring formation of Ir and
Pt borazines, the 7 space shows a flow from the 7 orbitals in
the ring to the metal, increasing the concentration of charge
density around the metal atom. Furthermore, in the M—N
type, the ¢ symmetry of the deformation density has greater
values (or is stronger) than the 7 symmetry, which explains the
formation of the ring followed by the delocalized 7 interaction
of the molecules in the M—N-type systems as well as in the
experimental AIN and TeN molecules. Furthermore, the
symmetry of the deformation density around the metal
resembles a d,-like orbital, avoiding a phase inversion in the
m symmetry of the ring, while in the M—B type, the 7—6
interaction is more important than ¢ stabilization, giving rise to
a greater electrostatic interaction in these systems than the
orbital one.

For completeness, the EDDB as a DFT-based descriptor is
shown in Figure 8. As expected, and previously reported,***
benzene presents a fully chemical resonance over the system.
This is also observed for borazine, which presents a low
aromatic behavior but a delocalized electron density. In
contrast, ReB does not present a delocalized electron density
over the ring as expected according to the herein descriptors.
Nevertheless, Re—N presents a low, but still, delocalized
electron density over the ring. This pattern is extended to all
M-—B-type molecules, with a nondelocalized electron density,
while M—N-type molecules present the delocalized pattern in
different magnitudes; the less but still delocalized is Ir—N (see
all figures in the Supporting Information). The models of the
already synthesized AI-N and Te—N borazines do not present
this electron density delocalization; instead, the electron
density is localized over the nitrogen but it still presents a
low diatropic current density, suggesting a very low aromatic
behavior, which is in full agreement with B,™ (see Section

Table 2. EDA for All Molecules”

metal net charge ML charge ring charge
ReB -1 1 -2
ReN 1 1 0

IrB -1 1 -2
IrN 1 1 0

PtB -1 1 -2
PtN 1 1 0

AIN 0 0 0

TeN 0 0 0

AEPau
513.82

400.66

S71.585

267.49

566.95

343.16

648.55

573.37

AEg, AEoy, AEp; AE,
—629.97 —373.98 —5.06 —495.19
62.75% 37.25%

—284.74 —370.3 —4.37 —258.75
43.48% 56.52%
—657.11 —377.20 -5.75 —468.28
63.54% 36.46%
—196.42 —305.21 -5.75 —239.66
39.15% 60.85%
—753.94 —334.42 —-3.45 —525.09
69.27% 30.73%
—263.12 —299.69 —4.37 —224.25
46.76% 53.24%
—308.53 —550.12 -3.17 —213.26
35.93% 64.07%
—327.11 —484.25 —5.18 —243.17
40.32% 59.68%

“Energy is presented in kcal/mol. The charge of each fragment (ML = metal and its ligands) is depicted as well as the total (net) charge.
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ApY™P= -195.08 kcal/mol

Apgrb=

-38.66 kcal/mol

Ap2rb= -229.45 kcal/mol

3 £

Ap:’,’b= -95.44 kcal/mol

Figure 7. NOCV analysis for ReB (left) and ReN (right). Charge flows from red zones to blue zones. Isovalue = 0.003 au. The fragments selected

are CsHg and ML*.
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Benzene Borazine Re-B Re-N
Figure 8. EDDBs for benzene, borazine, ReB, and ReN. Isovalue = 0.015.
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Figure 9. 2D plot of the MICD at 2a, from the molecular plane in different systems: (A) borazine, (B) ReB, and (C) ReN. Blue circles in (A)
belong to N atoms, while those in (B) and (C) represent the metal atom. Line color is proportional to the intensity of the vector.

2.2.2). This response could be associated with the higher
electronegativity of nitrogen atoms.

2.2. Electronic Delocalization Analysis. 2.2.1. Magneti-
cally Induced Current Densities (MICDs). The MICD?” was
computed using the four-component Dirac Hamiltonian where
the induced current is related to the aromatic character of a
system™ (see Section 5). The current density plots were
extracted at the molecular plane, la;, and 2a, from the
molecular plane. In all cases, at the molecular plane, an external
diatropic flux was observed, a paratropic flux in the inner part
of the ring, and diatropic currents around each atom. This

19635

behavior was consistent with the borazine current density (see
the Supporting Information).

At 1a, from the molecular plane, for all M—N-type systems,
a ring current flowing above the ring was observed; this
diatropic current was still present and easier to visualize at 2a,
from the molecular plane. On the other hand, for all M—B-
type systems, the total ring current above the ring was not
present. However, local diatropic ring currents were exhibited
over the metal center as well as nitrogen atoms, while in the
inner part of the ring, a paratropic current was exposed. Figure
9 shows, as an example, the total MICD for (A) borazine, (B)
ReB, and (C) ReN molecules at 2a, from the molecular plane.

https://doi.org/10.1021/acsomega.1c02257
ACS Omega 2021, 6, 19629—19641


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02257/suppl_file/ao1c02257_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02257?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02257?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02257?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02257?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02257?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02257?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02257?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02257?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02257?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02257?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02257?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02257?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02257?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Borazine exhibited a clear diamagnetic current density over
the ring as well as the ReN molecule. The ReB molecule did
not exhibit a ring current density; instead, a localized diatropic
response over Re and N was observed. All molecules studied
here exhibited the same behavior, i.e., for the metal—B systems,
there was not ring current density but a localized diatropic
response over the metal and nitrogen atoms. For the metal-N
systems, a ring current density was depicted. In all cases, the
diatropic response was higher in the metal atom, followed by
nitrogen and boron, as expected.

According to the MICD 2D plots, the M—N-type systems
presented a total diatropic current over the ring. They did
exhibit a delocalized nature in the electron density, while the
M-—B-type systems did not. To quantify the strength of the
ring current, a 15a, x 15a, plane was conveniently placed
bisecting the bond between atoms 3 and 4 in the ring (where
the metal represents atom number 1). It is important to recall
that the strength current density is plane-dependent and was
computed through the two-dimensional Gauss—Lobatto
quadrature. It means that it is convenient to avoid nuclei as
well as to place the plane close to metal atoms due to the
diatropic behavior. Thus, the further plane is that that bisects
the bond between atoms 3 and 4 (if metal is 1).

Figure 10 presents the integration values through the path
over the selected plane. As usual, borazine presented a low

Re-B Ir-B Pt-B Al-N Borazine — - —
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Figure 10. Strength current path of each molecule studied. Borazine
and benzene were incorporated as references of aromatic and weak
aromatic molecules, respectively.

diatropic strength current. Around borazine, the M—B-type
metallaborazines are shown. The values of the total strength
current (Table 3) are diatropic, as the total diatropic values
corresponded to the high values associated with diatropic
currents around each atom in the ring. For the M—N-type
delocalized cases, the values for Re, Ir, and Pt were close for
the benzene system with a reference value of 13.09 nA/T
(Table 3) for the same plane used in the metallaborazines,
while for a symmetric bisected C—C bond, the value
corresponded to 9.55 nA/T at the same level of theory.
Thus, the electronic delocalization for M—N-type metal-

laborazines increases, while the atomic weight of the metal
decreases. As observed in EDDBs, the already synthesized Al
and Te—N borazines do not present a clear delocalized
electron density pattern, and as a consequence, a low diatropic
current density is depicted and a low strength current density is
computed. These magnetic results of the experimental
borazines are in full agreement with B, ie., the magnetic
response is more alike borazine than in silico M—N borazines
here presented.

2.2.2. Induced Magnetic Field (B™). The isosurfaces of the
z-component of the induced magnetic field, also known as
B " are depicted in Figure 11. The blue and red regions are

i.z.

Borazine

Figure 11. Isosurfaces of the z-component of the induced magnetic
field, or B, computed in benzene and borazine, the M—B-type and
M-—N-type molecules proposed in this work. The value of the
isosurface is IBM™| = 13.8 ppm. The blue and the red regions are
associated with the diatropic and paratropic regions, respectively. The
pink spheres represent the boron atoms.

related to the diatropic and paratropic responses, respectively.
All of the systems proposed in the current work were analyzed
with this methodology, except for the osmium rings, which
were not planar structures, and as consequence, they were not
considered as possible aromatic compounds. Also, benzene, the
archetype of the aromatic compounds, was analyzed as the
reference of delocalized molecules. In Figure 11, the isosurface
associated with benzene’s response was homogeneous around
the molecular ring. In the same lines, borazine was analyzed as

Table 3. Total Strength Current Density in nA/T for All Molecules Studied”

molecule Bz Pt—N Ir-N Re—N Re—B Pt—B Al-N borazine Te—N Ir-B
nA/T 13.09 10.61 10.31 8.81 7.02 5.89 4.68 3.95 2.78 2.36
“Bz corresponds to benzene and is sorted from more to less delocalized.
19636 https://doi.org/10.1021/acsomega.1c02257
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a reference, and it was clear that the electronegativity
difference between the nitrogen and boron atoms generated
“diatropic islands” around the nitrogen atoms, denoting that
electronic delocalization in this inorganic ring is not so
homogeneous as benzene’s response. The M—B-type mole-
cules presented, in their respective B isosurfaces, the same
diatropic islands around their nitrogen atoms, denoting that
electronic delocalization was similar to the borazine isosurface.
The presence of the metal fragment did not impact the M—B-
type molecules’ magnetic response. At the center of the M—B
rings, it was possible to recognize small paratropic regions. On
the other hand, the M—N-type molecules presented a more
homogeneous response around the ring skeleton. The
diatropic response was better distributed if they were
compared with borazine and M—B-type molecules. But this
magnetic response was not comparable in extension and shape
with benzene’s response. In the M—N-type molecules, the
boron atoms were found out of the diatropic regions, as a
consequence of the electronegative difference between nitro-
gen and boron atoms. The shape and distribution of the
diatropic regions were indicative that M—N-type molecules
were slightly more delocalized.

Also, the profiles of B™ and nucleus-independent chemical
shifts (NICS)*" were plotted and are depicted in Figure 12.

Zo_r-._B‘”dz / ppm

Ir-N

Pt-B Pt-N
— -Al-N — -Te-N
—Borazine ——Benzene
-35
4 | NICS / ppm
3 .
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Pt-B Pt-N
— —AIN — —Te-N
——Borazine —— Benzene

Figure 12. Profiles of the (a) z-component of the induced magnetic
field and (b) nucleus-independent chemical shifts. The units are in

Computational models of the synthesized aluminum—borazine
and tellurium—borazine were included in the profiles’ plots for
comparison with the in silico metallaborazines. The values of
B™ show a high difference between the aromatic benzene and
the in silico and in vitro metallaborazines. All of the
metallaborazines and borazine could be considered as low
aromatic compounds. The M—N-type molecules were slightly
more diatropic compared with the M—B-type. The paratropic
values observed in both plots were generated by more localized

o electrons. This increase in the values of B and NICS was
- 1
also observed in benzene for the same reason.*

3. DISCUSSION

The analysis of the electronic delocalization in the two subsets
of metallaborazines was carried out by complementary
theoretical methodologies.

In the molecules labeled as M—B-type borazines, the
computed BM generated three diatropic islands over the
more electronegative regions, i.e, N and M atoms, denoting
nonhomogeneous electronic delocalization (comparable with
borazine’s response), associated with low aromatic com-
pounds. The MICD results supported the low aromatic
response of the M—B-type borazines. The bond length
difference in the analyzed rings was negligible, in agreement
with the nonaromatic character. Also, the EDDB analysis of
M-—B-type molecules showed a low delocalized response
similar to borazine. But the electronic analysis (MO’s and
AdNDP) supported the idea that M—B-type borazines were
antiaromatic systems following the Hiickel’s rule of 4nrw
electrons. Thus, it is possible that the magnetic response gave a
false positive for the nonaromatic response due to the higher
concentration of the diatropic response in some regions, giving
rise to a total diatropic response (negative values of B and
positive strengths for MICD). This set of molecules were
categorized as antiaromatic systems as the electron analysis
indicated as well as the reinterpretation of the magnetic
response.

Nevertheless, in the M—N-type borazines, the electronic
delocalization was more homogeneous. The response of these
systems was slightly more diatropic than borazine’s B and
MICD analysis. This aromatic magnetic response was
supported by the electron structure analysis, where all
molecules followed Hiickel’s rule of (4n + 2) 7 electrons.
But all of the M—N-type molecules were not comparable with
benzene’s response.

It is important to mention that the accumulation of electron
density around nitrogen atoms could generate a cyclic electron
delocalization through the boron atoms.”

4. CONCLUSIONS

It was observed that the inclusion of a metallic fragment did
not increase the electronic delocalization significantly when
they were compared with borazine.

Finally, if electronic delocalization is the mechanism that
stabilizes metallabenzenes, this phenomenon is favored when
the metal is bonded to the nitrogen atoms (M—N-type
borazines) according to the results, in agreement with the
experimentally reported aluminum—borazine and tellurium—
borazine systems.

5. METHODOLOGY AND COMPUTATIONAL DETAILS

Two types of cycles were proposed: one was the M—N-type
and the other one was the M—B-type. The M—N-type
nomenclature indicates the metal fragment, M, was bonded to
the nitrogen atoms, and the M—B-type was the boron
analogue. In the current work, M = Os(PHj;),Cl,, Re(CO,),,
Ir(PH;),CO, and Pt(C Hjy).

The in silico construction of the metallaborazines was
realized following the next methodology

e Some metallabenzenes were selected (see Table 4).
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Table 4. Inorganic Rings Proposed after the Isoelectronic Substitution

D )

o s
& E ®

Metallabenzene

M-B type

M-N type

Cly(PH5),0sCsHs™*

Clz(PH3)zoSN2B3H572

Clz(PH3)zoSNngH5

OsB OsN
(COZ)4ReN2B3H5’1 (COZ)4ReNSBZH5+1
(CO,)aRe(l)CsHs ReB ReN
CO(PHs),IrN,BsHs™* CO(PHs),IrN3B,Hs™
CO(PH3),Ir(1)CsHs IrB IrN
5 1 5 +1
5. : N -(CsHs)-Pt(N,B3Hs) N -(CsHs)-PtN3B,Hs
1°~(CsHs)-Pt(1)(CsHs) PtB PtN

e The general formula of the metallabenzenes is MC Hj.
In the ring, the five carbon atoms (C; fragment) have 20
valence electrons.

e The M—B-type rings were formed replacing the five
carbons with two nitrogen atoms and three boron atoms,
completing the 19 valence electron fragment B;N,.
Hence, it was necessary to include an extra electron to
fulfill the 20 valence electrons. Thus, the ByN,™
fragment was generated, which was isoelectronic to Cs
and allowed the isoelectronic substitution in MCsH;.

e The M—N-type rings were formed by replacing the five
carbon atoms with three nitrogen atoms and two boron
atoms, building the B,N; fragment, which had 21
valence electrons; consequently, it was necessary to
remove one valence electron. The result was the 20
valence electron fragment B,N;", which was isoelec-
tronic to Cy (see Scheme 1).

Eight inorganic compounds were proposed following this
isoelectronic substitution scheme and are summarized in Table
4.

All of the structures were optimized employing the M06-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.*’ The inclusion of the dispersion correction
(Grimme D3)** was done. All these calculations were
produced in ADE-2014." All of the geometries were minima
in their respective potential energy surfaces (PESs).

These optimized models were used as basis to construct the
molecular orbital (MO) diagram, to explain Hiickel’s rule for
aromatic compounds based on the relativistic wave function at
the M06-L functional using the Kohn—Sham formalism.*’
Also, the zero-order regular approximation (ZORA)* was
employed to take into account scalar relativistic effects. This
MO construction was based on the ML fragments (metal with
its ligands) and the rings, which helps 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 decomposition scheme). This inter-
action between fragments was decomposed as follows

AEInt = AEPau + AEEle + AEOr’b + AEDis

Scheme 1. Isolobal Substitution Employed in
Metallabenzenes is Depicted”

a O @

@E i@
1

Cs
20 valence electrons

BZN3+1

20 valence electrons

B3N,

20 valence electrons

isoelectronic
substitution

M = Os(PHs),Cl,, Re(CO,)., Ir(PH5),CO and Pt(CsHs)

“The organic ring Cs was replaced with its inorganic (boro-azo)
versions.

where AEp,, AEg. AEqu, and AEp, represent the Pauli
repulsion, electrostatic interaction, orbital-mixing terms, and
dispersion correction, respectively.*®*’

This Morokuma—Ziegler analysis was combined with the
extended transition state theory with the natural orbitals of
chemical valence (ETS—NOCV)>” to have a better description
of AEy,, to set up the interaction between the metal and the
ring(s). In this work, the density charge flows from the red
zones (Ap < 0) to the blue zones (Ap > 0). For a complete
description of the ETS—NOCV methodology, please read the
Supporting Information file.

The induced magnetic field, or B™ was computed with the
following formula
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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 shieldin§
tensors for the isosurfaces were computed with deMon2k’
employing the PBE functional®"*” in conjunction with the
Jorge-atzp basis>> and the GEN-A2 auxiliary functions.”*
Isosurfaces of the z-component of the induced magnetic
field, B™, were employed as a measure of the magnetic
response and it is equivalent to the z-component of the
NICS* (also known as NICS,,). B™ and B™ have been
employed in several kinds of molecules such as borazine> and
other metallacycles.”>>* Also, the profiles of B™ (and NICS)
were computed for a numerical comparison between the
molecules. The profiles’ tensors were computed with the
Gaussian 09 program®’ with the PBEO functional®"*** and
the Jorge-atzp basis.” For all of the cases, the rings were placed
perpendicular to the z-axis of the Cartesian coordinate system
and B®™ was oriented parallel to the same axis.

Adaptative natural density partitioning (AANDP)*" analysis
was performed emgloying the MO6-L functional and the
LANDL2Z basis set’' to obtain the respective wave functions
as implemented in the Gaussian 09 program. These wave
functions were used in the AANDP 2.0 program developed by
Boldyrev and co-workers.”” The AANDP method analyzes the
first-order reduced density matrix and it represents the
electronic structure in terms of n-center—two electron (nc—
2e) bonds to recover both Lewis bonding element lone pairs
(1c—2e), or chemical bonds (2c—2e), and delocalized bonding
elements, which can be associated to electronic delocalization.
For a complete view of the delocalized nature of the electron
density, the electron density for delocalized bond (EDDB)
function has been used with the same level of theory as
AdNDP. This wave function produces the EDDB function for
the electrons delocalized through all chemical bonds in the
molecule, and the visualization was implemented with
isovalues of 0.01S.

The magnetically induced current density (MICD),”” which
is related to the aromatic behavior, was calculated using the
linear response function® and the perturbing operator for the
magnetic fleld. The MICD was plotted in the streamline
representation of the current density using PyNGL64 and was
computed in DIRAC 17°° at the DFT level of theory with the
B3LYP functional.”~® The four-component Dirac—Coloumb
Hamiltonian has been used alongside 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.”
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