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The nature of magnetically induced current densities (MICD) of metallabenzenes and related
compounds has been examined with relativistic DFT calculations to assess the magnetic aromaticity of
the molecules. The origin of the total MICD has been analyzed in terms of individual molecular orbital
(MO) contributions. Our study reveals that the o-framework of the molecules always makes a
diamagnetic contribution to the MICD. On the other hand, n-MOs and Craig—M&bius type n-MOs, ie.,
MOs in which the d,,/d,, orbitals of the metal centers change the phase of the wave function akin to a
M&bius twist, may not make a diatropic contribution. We have identified metallabenzenes with multiple
magnetic aromaticities. In the case of iridabenzenes, o-MICD has been found to decrease dramatically
from Ir(n) to Ir(v) systems. Furthermore, a brief examination of some recently synthesized
metallapolycycles has shown that the metal center in a given ring can strongly modulate the aromaticity
of neighboring rings. Finally, the finding that relatively minor perturbations in the ligand environment of
the metal can substantially influence the aromaticity of metallabenzenes and related molecules
underscores the protean character of metallaaromaticity and the need for even wider-ranging
investigations. Considering the conflicts between magnetic response and ground-state aromaticity
criteria (energetic, structural, and electronic criteria), we propose that the term aromatic be used for

Received 17th October 2022,
Accepted 1st November 2022

DOI: 10.1039/d2cp04846a
labeling a molecule if and only if all criteria confirm aromaticity. In other words, neither magnetic nor

rsc.li/pccp ground-state criteria are necessary and sufficient conditions for labeling a molecule aromatic.

benzene, are 6m-aromatic species obeying the Hiickel (47 + 2)
rule.” This notion was first challenged by Schleyer and Wang, as
mentioned in a review by Bleeke® referring to their personal

Introduction

The concept of metallaaromaticity arose from the proposal of
Hoffmann and Thorn that a CH group in benzene could be
replaced by an isolobal transition metal fragment." Soon after-
ward, the first metallabenzenes, including 1 in Fig. 1, were
synthesized and characterized by Roper and co-workers.” Since
then the chemistry of metallacycles has developed substantially
on both experimental and theoretical fronts.>”” Despite con-
siderable advances on the experimental side, many simple
questions regarding the nature of metallaaromaticity are not
known. The first question concerns how many electrons in
metallabenzenes are responsible for the aromaticity. This is a
matter of dispute even for some of the simplest of metallaaro-
matics, including metallabenzenes. In their original work,
Hoffmann and Thorn suggested that metallabenzenes, like
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Fig. 1 The structures of metallabenzenes studied; compounds 1 to 3 are
osmabenzenes, 4 and 5 are iridabenzenes, and 6 and 7 are platinaben-
zenes. The charges of all systems are neutral except that of molecule 2
which is negatively charged and 6 which is positively charged. Roman
superscripts indicate oxidation states on the metals.
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communications. According to Schleyer and Wang’s interpreta-
tion, which was later confirmed by a series of works by Zhu
et al,*' metallabenzenes are 4n-n Craig-Mébius aromatic
systems.! Zhu and his co-workers further extended the concept
of metallaaromaticity to the o-framework of organometallics,
including metallacyclopropanes.’>™ On the other hand, a
recent analysis by Fernandez and Frenking on a derivative of
rhodabenzene suggests that at least that particular molecule is
a 10m-electron Hiickel-aromatic.'® In the latest study on the
number of active electrons of the metallabenzenes, Boldyrev
and his coworkers concluded on the basis of AANDP analysis'’
that six electrons are responsible for aromaticity, as expected
from the Hiickel rule and as suggested by Hoffman and Thorn.

In a recent study, we analyzed the patterns and the strengths
of magnetically induced ring currents in a number of osma-
cycles at the scalar and 4-component relativistic levels.'® An
unforeseen finding in that study was that osmabenzene 1
(Fig. 1) appears to sustain a strong c-diatropic current despite
the presence of the n-electrons of the benzene framework. This
conclusion was drawn on the basis of the topology of the
current density, a tool that was then applied for the first time
to metallaaromatics. Given the continuing debate on the elec-
tronic structure of osmabenzene 1,%'%'°2% here we have dis-
sected the contributions of individual molecular orbitals to the
global ring current for a series of osmabenzenes, iridaben-
zenes, and platinabenzenes with different metal oxidation
states®® and d-electron counts (Fig. 1). We have also used the
ring current criterion to briefly examine the effect of both 3d-
and 5f-elements on the aromaticity and antiaromaticity of some
polycyclic systems (Fig. 2), a hotly debated topic in the current
literature.>**

In this work, we aim to explore the nature and origin of
magnetically induced electronic currents in metallacycles. We
further propose a general definition for the aromaticity of these
systems that can be extended to all aromatic molecules to unify
all four criteria of aromaticity, i.e., energetic, electronic, struc-
tural, and magnetic, even though the origin of magnetic
response properties are different from the other criteria of
aromaticity.>**
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Results and discussion

All results presented herein involve magnetically induced cur-
rent densities, which provide the most accurate measure of
aromaticity as far as the magnetic criterion of aromaticity is
concerned. The ring current intensities were computed with
DFT using the PBEO functional, triple-{ basis sets, and a fully
relativistic Dirac-Kohn-Sham treatment for all species, as
detailed in the Methods section.

How many active orbitals does a metallabenzene have?

Table 1 lists the strength of the magnetically induced current
density (MICD), the formal charge, and the number of electrons
in the metal d orbitals in molecules 1-7 (Fig. 1). Comparing the
total MICD of these molecules to that of benzene
(12.2 nA T~ )*® suggests that the molecules are moderately to
strongly magnetically-aromatic (MICDs between 5.7 and
12.4 nA T~ ). Besides MICD, the sum of the contributions of
different valence MOs to the MICD and the number of MOs
with diatropic currents are listed. The difference between the
total MICD and the sum of valence shell contributions to the
MICD is attributable to the contribution of the core electrons.

Table 1 indicates that the number of 6-MOs with diatropic
character is generally significantly higher than the number of n-
or Craig-Mobius type n-MOs. Craig-Mobius MOs are m-type
MOs in which a d, orbital of the metal center changes the
phase of the wave function akin to a Mdbius morphology and
have an odd number of nodes along the ring."' A further
general trend appears to be that the contribution of -MICD
is non-zero and net-diatropic. On the other hand, the contribu-
tion of the n-MOs or the Craig-Mébius ©-MOs'' to the total
current is zero or even paratropic in some cases. The net
diatropic o-current typically originates from small contribu-
tions of many 6-MOs. Thus, if one relies on the symmetry of
MOs, the alleged magnetic aromaticity of metallobenzenes has
multiple origins. If we arbitrarily set the bar for the definition
of the magnetic aromaticity of a molecule equal to one-third of
benzene’s current intensity, .e. ~4 nA T ', then 1 would be
classified as purely magnetically c-aromatic, 2 and 5 would be

8 9

10

Fig. 2 The structures of 8, an open-shell hexa lithio spiro vanadacycle,29 9, an open-shell urana-polycycle, and 10, its closed-shell thorium
counterpart.*® Hydrogens are removed for more clarity. Compound numerals are shown in boldface.
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Table 1 Molecular charges, the number of d-electrons (d"), the intensity of magnetically induced current density (MICD) in nA T~ and its orbital

components, and the number of active diamagnetic orbitals (NADO)

Molecules 1 2 3 4 5 6 7
Charge 0 -1 0 0 0 +1 0

da" 4 4 4 6 4 6 6
MICD 9.05 6.84 9.46 12.07 5.71 5.73 8.39
MICD,, — —0.42 4.36 —1.54 0.26 4.68 5.98
MICD4 9.50 1.32 1.88 4.74 1.41 1.95 1.79
MICDcraig-Mmébius 3.74 5.82 3.26 8.90 4.74 —0.74 1.40
NADO 2TcMm, 150 6T, 70 4ATcp, ST, 90 4Ty, 3T, 140 ATcm, 110 3n, 50 3n, 11c

classified as Craig-Mobius aromatic, 3, 6, and 7 would be classi-
fied as solely magnetically n-aromatic, and 4 would be classified as
magnetically o- and Craig-Mobius double-aromatic. The relative
contribution of different types of MOs to the total MICD appears to
vary fitfully from molecule to molecule, apparently defying any
generalization.

As previously shown,'® molecule 1 sustains a strong o-ring
current. The diatropicity of Craig-Mdbius MOs in 1 is more
than 30% that of the 6-MOs, close to the chosen threshold of
4 nA T~' but not enough to unambiguously call the molecule
magnetically double-aromatic. An examination of the relevant
MOs reveals that a single c-MO (HOMO-3) sustains a strong
diatropic current of 14.8 nA T~' which is even larger than the
total MICD (Fig. 3). It is worth repeating that the total current of
benzene is about 12 nA T~ ' for comparison. Molecule 1 is
unusual from another point of view as well: the core electrons
are strongly paratropic. Although the total current of the
majority of systems studied approximately equals the contribu-
tions from different valence MOs, the MICD due to the valence
MOs of 1 is 4.19 nA T " higher than the total MICD of the
molecule. This finding suggests that the core orbitals are

strongly active in a magnetic sense and sustain a paratropic
MICD. The metal oxidation state in all the osmabenzenes
studied is +IV and all the systems sustain diatropic
c-currents to some degree but in general not as strong as 1.
Furthermore, except for 3, the contributions of the ©-MOs to the
MICD of the other osmabenzenes are essentially zero. Molecule
3 exhibits magnetic m-aromaticity (MICD,, = 4.36 nA T~ ') in
addition to a notable diatropic contribution from its Craig-
Mébius type n-MOs (MICDcy = 3.26 nA T ') and a small
contribution from the o-framework (MICD, = 1.88 nA T ).
Yet, the strongest diatropic contribution of a single MO of
molecule 3 originates from a low-energy c-MO (HOMO-—14)
and amounts to a current density of 3.76 nA T~ " (Fig. 3). In
contrast to 3, molecule 2 sustains a weak paramagnetic
n-current (MICD, = —0.42 nA T~ '). This current, however, is
too weak for the molecule to qualify as a magnetically
n-antiaromatic system. In spite of the same metal oxidation
state in the various osmabenzenes examined, the current
density of the o-, n-, or Craig-Mobius MOs appear to exhibit
rather capricious variations across the molecules and do not
appear to evince any discernible trends.
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MOs with the largest contribution to the MICD of each molecule and their symmetry.
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In iridabenzenes 4 and 5, the oxidation states of the metal
atoms are different, +III and V, respectively. Although both
systems are magnetically Craig-Mobius aromatic, the MICD of
the Ir(u) complex 4 (MICD = 12.07 nA T ) is over twice that of
the Ir(v) complex 5 (MICD = 5.71 nA T™ "), i.e., the lower metal
oxidation state results in higher magnetic aromaticity. Further-
more, a single Craig-Mobius MO (HOMO—1, Fig. 3, MICD¢gy =
8.42 nA T~ ") in 4 accounts for nearly 70% of the total current
intensity of the molecule. In iridabenzene 5, the strongest
diatropic current arises from a single n-type MO, a contribution
of 3.42 nA T~', which is nearly 60% of the total MICD of the
molecule. However, this strong diatropic current is masked by
the strong paratropic currents from other n-MOs so n-MOs
together make a negligible contribution (0.26 nA T™') to the
total current density. The major insight from the iridabenzenes
is that the metal oxidation state makes a key difference to
overall MICD; the Ir(m) complex sustains a stronger MICD than
the Ir(v) complex.

The metal oxidation state is the same in both platinaben-
zenes 6 and 7. The largest contribution of a single MO to the
diatropic ring current originates from a higher-energy n-MO of
similar topology in both platinabenzenes (the HOMO—1 in 6
and the HOMO in 7, see Fig. 2). Platinabenzenes 6 and 7 are
chemically very similar, differing only in the point group
symmetry and charge. Yet, they exhibit significant differences
in aromatic behavior. C,, 6 sustains a moderately diatropic
n-current (MICD, = 4.68 nA T ') with a minor contribution
from ©-MOs (MICD; = 1.95 nA T '), albeit with the
Craig-Mobius n-MOs making a net paratropic contribution
(MICD¢y = —0.24 nA T~Y). On the other hand, C, 7 exhibits a
much stronger diatropic current (see Table 1) with a positive
contribution also from the Craig-Md&bius n-MOs. As a result, 7
sustains an overall stronger current density (8.39 nA T )
relative to its close relative 6 (MICD = 5.73 nA T ).

How do metals affect their neighboring rings?

Recently, two open-shell metallaaromatic systems®**° were

characterized as aromatic on the basis of the NICS
criterion.*® NICS has proved unreliable in the case of transition
metal and actinide compounds,*****® which has been attrib-
uted to interference from local paramagnetic currents around
the metallic centers with the ring current. NICS cannot distin-
guish the former, a local effect, from the latter, the true
measure of magnetic aromaticity. A key question now is how
this local effect influences nearby rings in a polycyclic system.
Here, we have computed the current density for three polycyclic
systems - two open-shell molecules 8 and 9 and a closed-shell
counterpart of 9, molecule 10 (Fig. 2 and Table 2).
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The chiral molecule 8 was suggested to be a Craig-Mdbius
aromatic species by Huang et al. recently.”® However, it sustains
a weak diatropic current passing around the 5-membered
vanadacycle that is consistent with simple nonaromaticity.
Interestingly, the benzene rings of the system are nonaromatic
as well! In this species, the large NICS values are the result of
the local electronic current around the vanadium center, as
previously discussed.>¢293%3¢

Molecules 9 and 10 have been suggested to contain an
antiaromatic cyclobutadiene ring and an aromatic benzene
ring, based on NICS computations.®® The nature of the aroma-
ticity in the metallacycles, however, was not discussed by the
authors. The uranium-bearing ring of molecule 9 sustains a
weak diamagnetic current indicative of nonaromaticity. The
neighboring butadiene on the other hand sustains a ring
current of —8.27 nA T ', consistent with the previous antiaro-
matic description. The benzene ring adjacent to the butadiene,
however, is substantially dearomatized in response to the
neighboring antiaromatic ring. The negative NICS values at
the center of the benzene®® thus appear to reflect the strong
local paramagnetic currents around the uranium atom - a
common occurrence in metallaaromatics — and the local effect
of the cyclobutadiene’s paramagnetic current outside the per-
iphery of the ring.*® The magnetically induced ring current of
the closed-shell 10 is stronger than that of its counterpart 9.
The thorium heterocycle and the phenyl ring in 10 thus sustain
a sufficiently large diatropic current so as to qualify as weakly
aromatic, but the central cyclobutadiene with a ring current of
—3.1 nA T seems best described as borderline antiaromatic.>®
In 10, the benzene ring also conserves its magnetic aromaticity
based on the diatropicity of the ring current that is 8.3 nA T,
~70% of the free benzene molecule.

When should we call a molecule aromatic?

A relevant discussion to the present work is the usefulness of
the concept of aromaticity for metallic species and the rele-
vance of the magnetic response properties to the aromatic
character of a molecule. In recent years several researchers,
including us, have criticized equating magnetic response prop-
erties to aromatic character because the presence of a ring
current does not necessarily correlate with the stability of a
molecule, especially for high-energy molecules.>* On the other
hand, IUPAC defines aromaticity by energetic stability, struc-
ture, and the presence of induced ring current in a molecule.*
We suggest calling a molecule aromatic if and only if it satisfies
all criteria of aromaticity, i.e. both ground-state aromaticity
criteria, i.e., energetic, structural, and electric, as well as the
magnetic response properties. This means that each criterion is
necessary but not sufficient for assessing a molecule as

Table 2 Magnetically induced current densities (MICD) in nA T2, Total MICDs computed via quantum theory of atoms in molecules (QTAIM)*” analysis

on scalar-relativistic wavefunctions are given in parentheses

Molecules 8(5—MR] S(Bcnzcnc] 9(5—MR) 9(4—MR] 9(Bcnzcnc) 10(5—MR] 1O(A—MR) 10(Bcnzcnc)
MICD 3.31 2.69 2.33 —8.27 3.92 5.43 (3.8) —3.13 (-3.8) 8.28 (9.2)
27960 | Phys. Chem. Chem. Phys., 2022, 24, 27957-27963 This journal is © the Owner Societies 2022
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aromatic. Therefore, neither high-energy systems that sustain a
diatropic ring current*”> nor stable molecules that do not
sustain a ring current®® should be labeled as aromatic. This
proposal will help to tighten the broad range of aromatic
molecules that nowadays is like a zoo of exotic systems. The
lack of induced current density eliminates molecules like 8 or 9
from the list of aromatic species as it does exotic systems such
as [{Th(CgH,)Cl,}5]>~ despite their stability that permits their
synthesis, separation, and characterization.”® Nevertheless,
these species can still benefit from resonance to be more stable
compared to their other isomers.*® On the other hand, mole-
cules like the famous Al,>~ which is the global minimum on its
potential energy surface and sustains a strong ring current is
unambiguously an aromatic species.*!

Conclusions

In light of our reexamination of metallabenzenes and
related molecules, metallaaromaticity emerges as a protean
world, where the nature of magnetic aromaticity in metallaben-
zenes appears to vary willfully from one molecule to the next.
We have identified all three possible types of magnetic aroma-
ticity, i.e., o-, m-, and Craig-Mobius aromaticity, within a small
sample space of 7 molecules. While a comparison of two
iridabenzenes emphasizes the importance of oxidation state,
or d-electron count, on the nature and magnitude of the
aromaticity, minor structural changes also appear to engender
substantial changes in the aromaticity of osma- and platina-
benzenes, even for a given metal oxidation state. A more
extensive study thus seems clearly warranted so we might
better understand the patterns and logic underlying this
kaleidoscopic world.

We have analyzed the aromaticity of one closed-shell and
two open-shell polycyclic metallacycles. We have shown that
neither of the open-shell species sustains a strong enough
ring current on any of their constituent rings to be described
as aromatic. On the other hand, the cyclobutadiene ring in one
of the open-shell polycyclics (9) is weakly antiaromatic. In
contrast, the closed-shell molecule 10 harbors aromatic urana-
cycle and benzene rings with an intervening nonaromatic
cyclobutadiene.

It is worth emphasizing that the divergent results on the
number of active electrons contributing to the aromaticity of
metallabenzenes reflect deep-seated differences among differ-
ent aromaticity criteria.>¢**2%2%3 Two broad criteria center
around ground-state (energetic, electronic, and structural) and
response (magnetic) aromaticity.®® The present results once
again confirm the validity of this distinction. However, here
we suggest that neither ground-state criteria nor magnetic
criteria of aromaticity are necessary and sufficient for describ-
ing a molecule as aromatic. We recommend calling a molecule
aromatic if and only if it satisfies both the ground-state and the
magnetic response (current density) criteria. We believe that
this suggestion will effectively circumscribe the number of
molecules that can be labeled “aromatic”.

This journal is © the Owner Societies 2022
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Computational methods

All structures were optimized at the PBE0***"/def2-QzZVPP*®
computational level with corresponding core potentials (ECPs)
for the heavy metals using the Gaussian 09*° suite of programs.
The nature of local minima was identified via the Hessian of
the energy and frequency analysis. The structures of molecules
8, 9, and 10 were taken from the relevant references with no
additional optimization. The structures were used for analysis
via the ReSpect (Relativistic Spectroscopy)®® package version
5.2.0 (2019). To assess the nature of aromaticity, magnetically
induced currents were computed using the PBE DFT level using
all-electron basis sets ucc-pTVvZ®' for light atoms and
Dyall-VTZ*> for metal atoms. To compute the current density,
preliminary SCF computations were performed using a one-
component Kohn-Sham Hamiltonian with scalar one-electron
relativistic second-order Douglas-Kroll-Hess (KS-DKH2)**
corrections to generate an initial-guess wavefunction. The
initial-guess SCF was then used in the four-component matrix
Dirac-Kohn-Sham Hamiltonian (mDKS)>* computations, which
provided the final results for the magnetic response currents. In
the MDKS calculations, the SO (spin-orbit coupling) integrals
were switched off so only the mass-velocity and Darwin correc-
tions of the relativistic effects were covered and thus the identity
of the orbitals remained intact for further analysis.

The magnetically induced currents were computed with a
magnetic field oriented perpendicular to the plane of the rings
that encompass the metal atom. The contribution of the total
current, as well as each molecular orbital, was computed by
means of a rectangular plane of integration (10 A x 10 A) that
originates approximately from the center of the ring and cuts
through the C,-Cg bond relative to the metal. The plane was
defined as originating 5 A below the ring to 5 A above the ring of
the molecules, where the electron density and hence the ring
current are expected to be essentially zero.**>**® Quantum
theory of atoms in molecules®” partitioning was used to mea-
sure the MICD in molecule 11 to compare the results of the
choice of the integration plane. The results were found to be
reasonably close, although the QTAIM analysis was performed
on a scalar relativistic wavefunction. This analysis was per-
formed using the AIMAII package.®”
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