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In this study, we investigated a series of dicationic halogenated cycloalkanes with the general formula
ChHnXa2t (n = 4,5, 6, and 7, and X = Br and 1), where halogen substituents are positioned on each
carbon atom, forming a cyclic structure. To assess potential c-aromaticity within the halogen atom
rings, we employed magnetically induced current density (MICD) calculations, the electron density of
delocalized bonds (EDDB) and aromatic stabilization energy (ASE), as an energetic descriptor. Our results
revealed significant c-electron delocalization throughout the halogen atom rings, consistently supported
by all applied aromaticity indices. This way, we showed that nonaromatic, neutral halogenated
cycloalkanes can be converted into c-aromatic dicationic species through conventional oxidation
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Accepted 1st November 2025 observed in the prototypical double aromatic system Cglg>*. Interestingly, the observed o-aromaticity
found in the studied dications does not always conform to Huckel's rule. These results can be

rationalized in the context of selection rules governing virtual transitions between occupied and
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Introduction

The concept of aromaticity traces its roots to the discovery of
benzene by Michael Faraday two centuries ago. Since then, the
idea has undergone significant development, evolving into a
fundamental concept in chemistry. Aromaticity profoundly
enhanced our understanding of molecular electronic structures
and reactivity in both ground'™ and excited states.>® Traditionally,
aromaticity was associated with organic, conjugated (poly)cyclic
compounds. A key extension of the concept was recognition that c-
electrons, like m-electrons, can also participate in cyclic delocaliza-
tion, leading to the notion of c-aromaticity.”* In 1979, Schleyer
introduced the idea of double aromaticity, proposing that the
cationic species C¢H;' could exhibit both - and c-aromaticity
simultaneously.’> This hypothesis was later confirmed by the
successful synthesis of CgH;" by Nelson and Kenttimaa.'* The
concept of double aromaticity was further corroborated by Sagl and
Martin through their synthesis and characterization of the dication
Cels>".M Their seminal work demonstrated that the cationic Celg>*
is a stable system with a singlet ground state, displaying both n-
and c-aromaticity according to the geometric and magnetic proper-
ties. The double aromaticity of Cels>" was a subject of extensive
computational studies.™” More recently, Saito et al.'® experimen-
tally characterized the hexakis(phenylselenyl)benzene dication, a
molecule composed of a t-aromatic benzene core surrounded by a
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c-aromatic selenium ring. Double aromaticity can occur in a range
of molecular structures, some of which do not necessarily contain
a benzene ring.'**' These discoveries revealed the significance of
double aromaticity as a powerful tool for rationalizing the structure
and stability of a wide variety of systems,”>** including boron
clusters® > and monocyclic carbon clusters.

In our recent study,®’ we demonstrated that the carbon atom
ring size is the primary factor governing the appearance of
oxidation-induced oc-aromaticity in periodo-derivatives of
monocyclic conjugated hydrocarbons, resulting in double aro-
matic character. This structural parameter determines the
distance between iodine atoms, and, consequently, the extent
of overlap between their in-plane lone pair orbitals. Further-
more, we found that the oxidation of the periodo-derivatives of
polycyclic conjugated hydrocarbons can induce c-aromaticity
in the iodine-based macrocyclic rings, even in the presence of
significant nonplanarity in the carbon-based core polycyclic
unit. Notably, c-aromaticity has primarily been observed in all-
metal systems. Motivated by our recent study,® the present
work explores the possibility of c-aromaticity in oxidized halo-
genated cycloalkanes, where halogen atoms are arranged to
form a cyclic structure. Specifically, we investigated a series of
dicationic halogenated cycloalkanes with the general formula
C.H,X,”* (n=4, 5, 6,and 7, and X = Br and I), as illustrated in
Fig. 1. Our research addresses the following central questions:
(a) can oxidation of nonaromatic halogenated cycloalkanes
induce c-aromaticity analogous to that observed in the proto-
typical double aromatic system Cglg**? (b) Is the aromatic
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Fig. 1 Structures of the dicationic halogenated cycloalkanes investigated in this study.

character of the central mono- or polycyclic carbon framework a
necessary condition for inducing oc-electron aromaticity in
halogen atom rings? It is worth noting that some of the
cycloalkanes, such as cyclopropane and cyclobutane, have been
proposed to exhibit c-electron aromaticity and antiaromaticity,
respectively.”®* However, while this topic has been much stu-
died, no compelling energetic evidence has been found to
support significant c-electron aromaticity or antiaromaticity
in these systems.?> Moreover, their magnetic properties appear
to be largely unaffected by c-electron ring currents.>® Our
selected systems offer a valuable platform to assess how the
ring size and geometry affect the c-aromaticity of doubly
oxidized species. We focus on bromine and iodine derivatives
based on previous findings that double aromaticity has been
observed only in perbromo- and periodo-benzene derivatives,
while analogous perfluoro- and perchloro-dications do not
exhibit notable c-electron delocalization.'>'” Previous studies
have also suggested that Hiickel’s rule,** traditionally applied
to m-conjugated systems, can be extended to certain c-aromatic
systems.” However, as will be shown below, the G-aromaticity
observed in the investigated dications (Fig. 1) does not always
conform to Hiickel’s rule. In this work, aromaticity was pri-
marily assessed through the analysis of magnetically induced
current densities (MICDs),*>>¢ supported by the electron den-
sity of delocalized bonds (EDDB)*”*® as an electronic aromati-
city index and by aromatic stabilization energy (ASE)>*° as an
energetic descriptor. Finally, we demonstrate that the obtained
results can be rationalized through the analysis of virtual
transitions between occupied and unoccupied molecular
orbitals.**! This approach offers insight into the relationship
between the molecular electronic structure and magnetic aro-
maticity and can explain why Hiickel’s rule may not universally
apply to c-aromatic systems.

Computational methods

Geometry optimizations and vibrational frequency calculations
for all studied molecules were carried out using the B3LYP/
def2-TZVP**™* level of theory, as implemented in the Gaussian
09 program package.*® The magnetically induced current density
(MICD) was computed at the same level of theory using the
diamagnetic zero (DZ) version of the continuous transformation
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of the origin of current density (CTOCD) method.*>*”~*° In the
resulting MICD maps, clockwise and counterclockwise current
circulations correspond to diatropic and paratropic currents,
respectively. These maps were generated using ParaView
software.’® Current strengths (I, in nA T~ ')*" were determined
by numerical integration of the current density through a
rectangle bisecting the bond of interest perpendicularly. Diatro-
pic and paratropic currents contribute positively and negatively
to the current strength, respectively. MICD calculations were
performed using an in-house FORTRAN program, which utilizes
Gaussian-wfXx files as the input. The def2-TZVP basis set includes
the Stuttgart fully relativistic effective core potentials (ECPs)>> for
iodine atoms to account for relativistic effects. Although relati-
vistic effects have shown to be noticeable in the MICD calcula-
tions for C¢Brgs and Cglg, they are not essential for obtaining
qualitatively correct results.>® Furthermore, it has been demon-
strated that the choice of functional and the size of the basis set
have only a minor influence on MICD results in per-halogenated
aromatic compounds.'”*!

The electron density of delocalized bonds (EDDB)*"*® was
calculated using the charge and bond order matrix obtained
from natural bond orbital (NBO) analysis,”* performed at the
B3LYP/def2-TZVP level of theory using Gaussian 09. EDDBy
values were calculated using the RunEDDB code.””

The aromatic stabilization energies®>® were estimated through
a series of properly constructed homodesmotic reactions.

Planarity deviations of the studied molecules were assessed
using the brute-force planarity index (BFPI),>® defined as the
average distance of all (or a specified subset of) atoms from the
best-fit plane obtained by minimizing that distance in the given
molecule.

Results and discussion

The top and side views of the optimized geometries of the
dications C,H,X,”" (n = 4, 5, 6, and 7, and X = Br and I) are
shown in Fig. S1 and S2. A detailed analysis of these geometries
reveals that both Br- and I-substituted derivatives exhibit very
similar structural features. The primary factor influencing the
geometry is the size of the central carbon rings, rather than the
identity of the halogen atom. Fig. 2 presents the key geometric
parameters of the iodinated species, while the corresponding

Phys. Chem. Chem. Phys., 2025, 27, 25422-25432 | 25423


https://doi.org/10.1039/d5cp03126e

Published on 03 novembra 2025. Downloaded on 12.6.2026 1:10:25.

PCCP

CH17

Fig. 2 Optimized geometries of dicationic iodo-cycloalkanes, showing
key interatomic distances (in A).
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data for the brominated analogues are provided in Fig. S3. In
CsHsIs>" and CgHgle*", all I-1 distances are equivalent, being
3.345 A and 3.564 A, respectively, while C,H,I,>" exhibits a
slight variation in I-I distances, ranging from 3.278 A to 3.366 A.
Despite these variations, all observed I-I distances are remark-
ably close to the reference value of 3.475 A, obtained at the same
level of theory for the prototypical double aromatic species
Cels>"*' Notably, in C,H41,*", the four-membered iodine ring
displays reduced symmetry, with two distinct I-I distances: a
longer one of 3.701 A and a shorter one of 3.256 A. An analogous
pattern is observed in the Br-substituted dications (Fig. S3),
where Br-Br distances are slightly shorter than the corres-
ponding I-I distances. Furthermore, the C-C bond lengths are
highly consistent among molecules with the same ring size and
appear largely unaffected by the nature of the halogen
substituents.

Another notable geometric feature of the studied dications,
evident from the optimized structures shown in Fig. S1 and S2,
is the strong tendency of both bromine and iodine atom rings
to adopt planar conformations. To quantify deviations from
planarity, the brute-force planarity index (BFPI)*® was employed
(Table 1). The BFPI values indicate that the four- and five-
membered Br- and I-containing rings are essentially planar,
while the largest deviation from planarity occurs in the six-
membered Br and I rings. Importantly, the four- and five-
membered carbon-atom rings in the dications are found to
be nearly planar, in contrast to their neutral counterparts. For
comparison, we also optimized the structures of the corres-
ponding neutral halogenated cycloalkanes, from which the
dications can be formally derived by removing two electrons
(Fig. S4 and S5). It is worth noting that some of these neutral
structures do not represent the most stable conformers. The
neutral structures were intentionally constructed to closely
mimic the spatial arrangement of halogen atoms found in
the corresponding dications. Fig. S6 compares the geometries
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Table 1 Calculated BFPI values (in A) for the carbon and halogen atom

rings of the studied halogenated cycloalkanes in their neutral and dica-
tionic forms

C-ring X-ring (X =1, Br)

Neutral Dicationic Neutral Dicationic
C,H,Br, 1.198 0.001 5.332 0.008
CsH,Br; 1.294 0.006 4.500 0.025
CeH,Br, 1.973 2.531 6.687 2.369
C,H,Br, 2.979 2.452 11.093 1.529
C,H,L, 1.198 0.000 4.737 0.001
CsH,I, 1.295 0.002 4.025 0.009
CeHelo 2.051 2.545 5.514 2.313
C,H,1, 2.595 2.490 7.655 0.820

and relative energies of the conformers presented in Fig. S4 and
S5, along with more stable conformers of the four- and five-
membered ring systems. Key bond distances and BFPI values
for the neutral species are presented in Fig. S7 and Table 1.
Upon oxidation, a significant shortening of both I-I and Br-Br
distances is observed. Generally, the carbon-carbon bonds also
contract, although to a noticeably lesser extent. Moreover,
oxidation substantially increases the planarity of both halogen
and carbon rings. The only exceptions are the six-membered
carbon rings, which retain similar geometries in both the
neutral and oxidized forms, as reflected by their comparable
BFPI values.

Fig. 3 and Fig. S8 show the overlap integral values between
the pre-orthogonal natural bond orbitals (PNBOs)>*
ponding to the in-plane lone-pairs on I- and Br-atoms. For each
halogen atom, both in the neutral and doubly oxidized species,
it is straightforward to identify PNBOs representing the in-
plane lone pair orbitals. Due to the central symmetry of the
molecules studied, these in-plane lone pairs on the iodine and
bromine atoms can be described as tangential p-atomic orbi-
tals. The PNBOs for C¢Hgls and CgHgls>" are illustrated in Fig.
S9. The planar or nearly planar conformations of the halogen
atom rings, combined with relatively short halogen-halogen
distances, facilitate significant overlap between the in-plane
lone pairs on halogen atoms in the dicationic form. The values
given in parentheses in Fig. 3 correspond to the overlap integral
values between the in-plane PNBOs in the neutral molecules.
These values confirm that oxidation induces such structural
changes that enhance the overlap between in-plane lone-pair
orbitals, which primarily correspond to the 4p and 5p atomic
orbitals on bromine and iodine, respectively.

Fig. 4 displays the canonical molecular orbitals (MOs)
describing the o-electron delocalization along the iodine ring
in CgHgls>". As demonstrated in our previous study,*' when the
overlap between iodine 5p atomic orbitals is sufficiently strong,
the highest-energy o-type MO can become the highest occupied
molecular orbital (HOMO) in the neutral precursor. Upon
oxidation, two electrons are removed from this orbital, and it
becomes the lowest unoccupied molecular orbital (LUMO) in
the resulting dication. Fig. 3 and Fig. S8 further illustrate that
the overlap between the in-plane lone-pair orbitals on halogen
atoms is indeed large enough to produce such c-type LUMOs in

corres-
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Fig. 3 Absolute values of the overlap integrals between in-plane lone pair PNBOs on iodine atoms in dicationic iodo-cycloalkanes. Values in

parentheses correspond to the neutral species.

all examined dications. These LUMOs consistently exhibit
strong antibonding character. As shown in Fig. 4, there are
ten c-electrons delocalized along the iodine ring in CsHels>", as
well as in CgH¢Bre>" (Fig. $10). Similarly, CsHsIs>" and
CsHsBrs** each possess eight delocalized c-electrons (Fig.
S10). Based on the analysis of the o-delocalized canonical

Y
7

LUMO

HOMO

HOMO-5

HOMO-6

Fig. 4 Canonical c-type molecular orbitals of CeHgle>* obtained at the
B3LYP/def2-TZVP level of theory.
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MOs in these systems, we found that, for each dication
C.H,X,”* (n =4, 5, 6,and 7, and X = Br and I), the number of
cyclically delocalized o-electrons follows the general formula 2n
— 2. For all examined dicationic species, the c-LUMOs have
clear analogues among the occupied o-MOs of the corres-
ponding neutral molecules (Fig. S11).

Visualizing the signed modulus of the calculated magneti-
cally induced current densities is particularly valuable for
nonplanar systems, especially those exhibiting central
symmetry.”” In these plots, diatropic currents are shown in
blue and paratropic currents in red. As an illustration, Fig. 5
presents the signed modulus of the current density for the
neutral and doubly oxidized species C¢Hgls and C,H,Br;. These
plots reveal a clear distinction in the current density distribu-
tion between the neutral and oxidized forms. In both dications,
CeHgle>" and C,H,Br,**, strong global diatropic currents are
observed along the perimeter formed by the halogen atoms. In
contrast, the corresponding neutral species exhibit only loca-
lized circulations around individual halogen atoms. Similar
global current density circulations are found in the five-, six-
and seven-membered rings formed by iodine and bromine
atoms in the dicationic species (Fig. S12). An exception is
observed in the case of the four-membered rings of C,H4l,>"
and C4H4Br,>", where the current density is not uniformly
distributed, but instead tends toward a slightly localized pat-
tern (Fig. S12). A more detailed depiction of the current density
distribution can be obtained by plotting the current density
vectors on the surface, which adopt the shape of molecules
(Fig. 6 and 7). Due to the pronounced nonplanarity of the
neutral molecules, these maps are sometimes less clear. As
shown in Fig. S13, the absence of global circulations and the
presence of the localized halogen-centered currents in CsHglg
clearly illustrate this behavior. Notably, the vector plots further
confirm that, with the exception of the four-membered ring
systems, the dicationic species display pronounced diatropic
circulations around halogen atom rings.

To obtain more quantitative insight into the induced current
densities, an analysis based on integrated current strengths was
performed. For polycyclic systems, such as the molecules
studied here, bond current strength profiles offer particularly
valuable information."” The bond current strength profiles for
both the neutral and doubly oxidized forms of the investigated

Phys. Chem. Chem. Phys., 2025, 27, 25422-25432 | 25425
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) and C;H,Br; (b). The

diatropic current density is shown in blue and the paratropic one in red. The isosurface value is set to £0.02 a.u.
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Fig. 6 Top and side views of the total current density maps plotted 1 Bohr above the surface, which adopts the bromine-atom ring shape in the

dicationic bromo-substituted cycloalkanes.

molecules are presented in Fig. S14 and S15. The bond current
strength profiles of the bromine and iodine derivatives reveal
the presence of paratropic currents inside the cycloalkane rings
and diatropic currents outside them. These opposing circula-
tions exhibit comparable intensities in both the neutral (blue
line in Fig. S14 and S15) and dicationic (purple line in Fig. S14
and S15) forms. Such current density distribution is a char-
acteristic signature of c-electron contributions to the current
strength of C-C bonds. This c-contribution vanishes at a
distance of approximately 2 A from the ring center. Beyond

25426 | Phys. Chem. Chem. Phys., 2025, 27, 25422-25432

this distance (r > 2 A), the current strength profiles indicate a
significant difference between the neutral and oxidized species.
While the neutral forms show negligible current density in this
region (for r > 2 A), the dicationic species exhibit strong current
densities originating from the o-MOs associated with the bro-
mine- and iodine-atom rings. These profiles demonstrate that
oxidation of halogenated cycloalkanes induces a significant
change in the magnetic response of the c-electron system along
the halogen atom rings, while the c-electron response along the
carbon-atom rings remains largely unchanged.

This journal is © the Owner Societies 2025
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Fig. 7 Top and side views of the total current density maps plotted 1 Bohr above the surface, which adopts the iodine-atom ring shape in the dicationic

iodo-substituted cycloalkanes.

The shape of the profile curves was used to define an
integration surface that separates the total currents into two
distinct contributions: one circulating around the carbon-atom
ring and the other around the halogen-atom ring. To achieve
this, the integration surface was divided into two regions (Fig.
S14 and S15). The first region, corresponding to the circulations
around the carbon-atom ring, extends from the ring center
(r = 0 A) to the position of the second minimum in the profile
curves (r ~ 2 A). The second region, corresponding to the circula-
tions around the halogen-atom ring, begins at the end point of the
first region and extends 15 Bohr beyond the ring center. The bond
current strengths calculated using this approach are summarized
in Table 2 and Table S1, alongside the corresponding EDDB values.
Generally, it is observed that as the size of the bromine- and iodine-
atom rings increases in the dications, the current strengths along
these rings become more pronounced. Additionally, the current
strengths in iodine derivatives are consistently greater than those in
the corresponding bromine derivatives. The bond current strengths
along the halogen atom rings in the studied doubly oxidized
halogenated cycloalkanes are comparable to the c-current strength

Table 2 Calculated bond current strengths (I, in nA T~ and EDDB (in a.u.)
values for the halogen atom rings in the studied halogenated cycloalkanes
in their neutral and dicationic forms. The numbers in parentheses repre-
sent the total number of c-electrons

I EDDB

Neutral Dicationic Neutral Dicationic
C,H,Br, 0.8 2.1 0.376 (8) 4.431 (6)
CsH;Brs 1.5 10.1 0.503 (10) 5.114 (8)
CeHeBryg 0.8 10.5 0.578 (12) 5.600 (10)
C,H,Br, 1.6 17.1 0.747 (14) 6.027 (12)
C,H,1, 1.1 4.9 0.377 (8) 4.430 (6)
C5H.I, 0.6 14.3 0.465 (10) 5.156 (8)
CeHglg 0.6 15.5 0.511 (12) 5.716 (10)
C,H,1, 1.7 23.0 0.676 (14) 6.093 (12)

This journal is © the Owner Societies 2025

of the I ring in C¢l>*, which, calculated at the same level of theory,
was found to be 18.7 nA T >

The EDDB values reveal a significant increase in electron
delocalization within the halogen atom rings of all studied
molecules upon oxidation. Moreover, this index confirms the
absence of cyclic delocalization within the halogen atom units
in all the parent non-oxidized molecules. Consistent with the
bond current strengths, the EDDB values steadily increase with
the ring size and are very similar for iodine- and bromine-atom
rings. Notably, the EDDB value of the I ring in CeHgls>" is even
larger than that of the I, ring in Cgl¢>".>" It is important to note,
however, that although the EDDB values increase with the ring
size, this trend does not directly correlate with the number of
o-electrons on the halogen atoms. For instance, CsH;Is>" and
CeHgls>" contain 8 and 10 c-electrons distributed among iodine
atoms, respectively; yet, the EDDB value of the Is ring in
CeHgls™" exceeds that of the I5 ring in CsHsls>" by only about
0.5 electrons. Fig. 8 displays EDDB surfaces that further corro-
borate the c-aromaticity of bromine- and iodine-atom rings in
the dicationic species, while there is no evidence of such o-
aromaticity in the neutral species (Fig. S16).

The bond current strengths along the carbon rings are not
significantly affected by oxidation (Table S1). These values indicate
relatively weak net circulations along the C-C bond in the mole-
cules examined. Notably, only the cyclobutane ring exhibits some-
what stronger net paratropic circulations, consistent with previous
studies.’®*® The EDDB values (Table S1) support the current density
analysis regarding the aromaticity of the carbon rings. The EDDB
results do not predict any significant change in the aromatic
character of the carbon cycles upon oxidation.

Finally, we investigated the energetic aspect of oxidation induced
c-electron aromaticity using a series of homodesmotic reactions
presented in Fig. 9. These reactions were designed to balance
changes in charges between neutral and oxidized species, and to
equally account for planarity distortions in both reactants and

Phys. Chem. Chem. Phys., 2025, 27, 25422-25432 | 25427
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Fig. 8 Top view of the o-EDDBy function isosurfaces (isovalue: 0.001 a.u.) for dicationic halogenated cycloalkanes.

products. The homodesmotic reactions were used to calculate the
aromatic stabilization energies (ASE).*° As shown in Fig. 9, all
dicationic compounds with five-, six- and seven-membered halogen
atom rings exhibit stabilization attributed to c-electron aromaticity.
This stabilization appears to vary monotonically with the ring size,
except for C,H,1,**. The relatively small ASE value observed for
C,H,I,>* may result from incomplete cancellation of planarity
deviations between the reactants and products, which is not always
straightforward to achieve. In addition, the smallest stabilization
from o-electron delocalization is observed for C,H,L>*, while in
C,H,Br,*, this effect is slightly destabilizing. These findings align
with the current density distributions for the four-membered rings
in these dications, which reveal pronounced localized circulations
(Fig. 6 and 7). According to magnetic, electronic and energetic
criteria, the dicationic C,H,X,>" species (X = Br and 1), although
exhibiting more pronounced oc-electron delocalization relative to
their neutral analogues, still need to be classified as c-nonaromatic.
These findings can be rationalized by the geometry of the four-
membered systems (Fig. 2 and Fig. S3), which, in their dicationic
forms, feature two relatively long distances between adjacent halo-
gen atoms. This leads to reduced overlaps between the in-plane lone
pairs on the corresponding halogen atoms, thereby preserving
stronger c-electron delocalization along the halogen-atom ring.
The series of molecules studied provides insight into how both
the size of the halogen atom ring and the number of c-electrons
involved in cyclic conjugation influence c-aromatic properties. As
demonstrated above, the dications containing four-, five-, six-, and
seven-membered halogen atom rings exhibit 6, 8, 10 and 12 o-
electrons, respectively, engaged in cyclic delocalization. The dications
C.HX,” (n=5,6,and 7, and X = Br and I) exhibit c-aromaticity,
suggesting that the observed aromatic behavior does not consistently
align with Hiickel's 4n + 2 rule.** In particular, this rule appears to
hold for rings composed of an even number of halogen atoms, but
fails when the ring contains an odd number of halogen atoms.
The obtained results can be interpreted through the CTOCD-DZ
approach, which offers valuable insights into the relationship

25428 | Phys. Chem. Chem. Phys., 2025, 27, 25422-25432
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between the electronic structure and molecular magnetic
aromaticity.*>*" A key aspect of this interpretation lies in the
selection rules governing virtual excitations: when the product of
the symmetries of the occupied and unoccupied orbitals involved
in a frontier transition matches the symmetry of an in-plane
translation (in-plane rotation), the transition contributes to diatro-
pic (paratropic) current density. In the case of annulenes possessing
a C, symmetry axis, each m-orbital can be characterized by an
integer known as the quasi-angular momentum m, which corre-
sponds to half of azimuthal nodes of the orbital. It follows that
rotationally and translationally allowed transitions are associated
with changes in m of Am = 0 and Am = %1, respectively. Applying
these simple selection rules to the frontier n-orbitals of annulenes
allows one to predict the direction of the induced ring currents:
4n + 2 annulenes sustain diatropic currents, while 4n annulenes
exhibit paratropic currents. This approach provides a fundamental
explanation for the origin of Hiickel’s aromaticity rule.®

To illustrate the differences between halogenated cycloalk-
anes containing an odd versus even number of halogen atoms
along their perimeter, Fig. 10 presents molecular orbitals
arising from the overlap of tangential p-atomic orbitals on
the halogen atoms. For simplicity, a fully symmetric model
assuming D, symmetry was employed, which omits the expli-
cit presence of hydrogen atoms. This idealized model can be
readily applied to the halogen atom rings in the studied
molecules, as well as to halogen atom rings in known doubly
aromatic species, as the periodo-benzene dication. Accordingly,
the orbitals depicted in Fig. 10a and b represent the c-type MOs
of CsH;Brs>"/CsHs15>" and CgHgBrs>"/CeHels”", respectively.

Fig. 10 shows that, in halogen atom rings with Ds;, and Dg),
symmetries, the set of tangential p-orbitals on the halogen
atoms spans the following irreducible representations:

rbs =g, +E| + A}

Prangential

e =By + By + Eiu+ Ay

Ptangential
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Fig. 9 Homodesmotic reactions employed to evaluate the energetic effect of o-electron aromaticity in the studied molecules. Optimized structures of
all species are shown. The corresponding Gibbs reaction energies (A,G, kcal mol™!) were computed at the B3LYP/def2-TZVP level of theory.

Notably, the quasi-angular momentum quantum number m,
defined as half of azimuthal nodal planes, is an integer when
the number of halogen atoms is even and a half-integer when

This journal is © the Owner Societies 2025

the number is odd. By counting nodal planes, one can straight-
forwardly determine the relative energy ordering of the result-
ing MOs. The predicted energy levels and orbital shapes from
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Fig. 10 Idealized representation of o-type molecular orbitals arising from the overlap of tangential p orbitals on halogen atoms in prototype systems
with Dsy, (a) and Dgp (b) symmetries. The quasi-angular moment quantum number m (corresponding to half of the number of azimuthal nodes —
indicated by red dotted lines) is given for each orbital. Translationally allowed HOMO-LUMO transitions are shown with straight arrows.

the simple symmetry-based model are in excellent agreement with
those obtained from DFT calculations (Fig. 4 and Fig. S10). When
the system oxidizes by removing two electrons from the HOMO
(a5 and ay, levels in Fig. 10a and b, respectively), the magnetic
response of the resulting dications is governed by virtual transi-
tions from the doubly degenerate occupied orbitals (¢] and e;, in
Fig. 10a and b) to the non-degenerate LUMO. These transitions
are transitionally allowed (Am = 1) and contribute solely to
diatropic current densities. This analysis can be generalized to
halogen rings of arbitrary size. For odd-membered rings (e.g., n =
3,5, 7,...), the 2n — 2o electrons fill (n —1)/2 doubly degenerate
molecular orbitals, all below a single non-degenerate LUMO level

a)

nis odd nis even

E m E m
n

2

n
2 4[ 4[ ﬂ_l
] o2
l {_ n_, . .

4
e

4+
++

©f= W

(Fig. 11a). For even-membered rings, the ¢ system consists of two
non-degenerate orbitals and (/2) — 1 degenerate pairs in between
(Fig. 11a). In both cases, the molecular magnetic response is
dominated by virtual excitations involving just four electrons from
the highest doubly degenerate level. The proposed energy-level
scheme for even-membered rings resembles the structure of
Frost-Musulin diagrams traditionally used to describe m-orbitals
in aromatic annulenes.®’ In contrast, odd-membered halogen
rings follow a “reversed” Frost-Musulin diagram used for annu-
lenes with odd ring size (Fig. 11b).

It is worth noting that, according to the proposed scheme in
Fig. 11a, one would expect a diatropic current density induced

b)

nis odd n is even

.
(SIN

Fig. 11 (a) o-Type molecular orbital energies of C,,H,X,2* arranged based on the values of the quantum number m (corresponding to half of the number
of azimuthal nodes). Translationally allowed HOMO-LUMO transitions are shown with straight arrows. (b) Frost—Musulin diagrams for conventional n-

molecular orbitals in annulenes C,H,,.
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along the four-membered rings formed by halogen atoms in the
dicationic C,H,X4>" species (X = Br, I). As discussed above, this
was not observed (Fig. 6 and 7). The limitation of the model can
be attributed to the geometry of the four-membered halogen
atom rings in these molecules, which deviate significantly from
the highly symmetric structure assumed in the model.

Conclusions

In this study, the aromatic character of a series of dicationic
halogenated cycloalkanes, in which halogen substituents form
cyclic structures, was investigated using magnetic (MICD), elec-
tronic (EDDB) and energetic (ASE) indicators. Upon oxidation of
the neutral species, we observed a significant shortening of the
I-1 and Br-Br distances, accompanied by a strong tendency of
the halogen rings to adopt planar or nearly planar conforma-
tions in their dicationic forms. These structural changes
enhance the overlap of in-plane lone-pair orbitals on bromine
and iodine, causing the highest-energy c-type MO to become the
LUMO in the dications. Analysis of the c-delocalized canonical
MOs revealed that, for each dication C,H,X,,”" (n=4, 5, 6,and 7,
and X = Br and I), the number of cyclically delocalized o-
electrons follows the general formula 2n — 2.

The MICD results show a clear distinction between the
current density distribution of the neutral and oxidized forms.
While the neutral species exhibit only localized circulations
around individual halogen atoms, the dications display strong
global diatropic currents along the perimeter formed by the
halogen atoms. An exception is observed for the four-
membered ring systems C,H,X,”" (X = Br and I), where o-
electron currents show a slightly localized pattern, rendering
these systems c-nonaromatic. These conclusions are further
supported by the EDDB and ASE values.

Notably, the c-aromaticity found in the studied dications
does not always conform to Hiickel’s rule. Specifically, this rule
appears to hold for rings containing an even number of
halogen atoms, but breaks down when the ring contains an
odd number of halogen atoms. The CTOCD-DZ approach
allows prediction and rationalization of magnetic aromaticity
in halogen rings of arbitrary size. For both odd- and even-
membered rings, the magnetic response is primarily deter-
mined by virtual excitations involving just four electrons from
the highest occupied, doubly degenerate c-orbitals to the non-
degenerate 6-LUMO.

We believe that our computational findings, supported by a
strong theoretical foundation, offer a compelling basis for
future investigations and may inspire experimental verification
of the predicted c-aromatic character in dicationic halogenated
cycloalkanes.
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