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of Chemistry The doubly oxidized hexaiodobenzene [Cglel?* is a well-known example of a double aromatic molecule,

exhibiting both 7t- and c-aromaticity. In this study, a series of periodo-monocyclic molecules and their
doubly oxidized forms were systematically investigated to explore the origin of their double aromaticity.
These molecules were employed to provide insights into how the size and aromaticity of the central
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gained in this study was subsequently applied to model periodo-derivatives of polycyclic (anti)aromatic
DO 10.1035/d4sc08696a hydrocarbons in which oxidation can induce additional c-electron cyclic delocalization along the

rsc.li/chemical-science macrocyclic iodine ring, thus also achieving their double aromaticity.
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Introduction

Aromaticity has historically been associated with the cyclic
delocalization of m-electrons. However, it later became clear
that o-electrons can also participate in a similar type of cyclic
delocalization, giving rise to the concept of c-aromaticity."” In
1979, Schleyer introduced the idea of double aromaticity, of
both m and ¢ natures.* According to this author, the doubly
aromatic molecule features two orthogonal cyclically delo-
calized electronic systems. The initial model proposed for the
concept was the cationic C¢H;',* which has been later experi-
mentally characterized.® A significant advancement in the
understanding of double aromaticity was made by Sagl and
Martin who synthesized the Cel>* dication.® Their compre-
hensive study demonstrated that Cgl>" is a stable system with
a singlet ground state. Furthermore, they found that the
geometric and magnetic properties of this molecule indicate the
presence of both - and c-aromaticity. In more recent work,
Saito et al. successfully synthesized and characterized hexaki-
s(phenylselenyl)benzene dication.” This molecule features a -
aromatic benzene unit, together with c-aromatic ring formed by
selenium atoms.

Double aromaticity has been extensively studied, with Cgl>*
often serving as a prototypical example of this phenomena.**
This double aromaticity was substantiated by the calculation of

“University of Kragujevac, Faculty of Science, P. O. Box 60, 34000 Kragujevac, Serbia.
E-mail: slavkoradenkovic@kg.ac.rs

*Departament de Quimica Inorganica i Organica & IQTCUB, Universitat de Barcelona,
08028 Barcelona, Spain

‘ICREA, Pg. Lluis Companys 23, 08010 Barcelona, Spain

Institut de Quimica Computacional i Catalisi and Departament de Quimica,
Universitat de Girona, 17003 Girona, Catalonia, Spain. E-mail: miquel.sola@udg.edu
t Electronic  supplementary information (ESI) available. See DOIL
https://doi.org/10.1039/d4s5c08696a

9920 | Chem. Sci., 2025, 16, 9920-9933

ring current, NICS, aromatic stabilization energy, and electronic
indices.*** However, double aromaticity has also been identi-
fied in numerous molecules that do not necessarily contain
a benzene core structure. Recent research by Escayola et al.
examined double aromaticity in perhalogen-tropylium cation in
both singlet and triplet states.' Among the systems studied,
only triplet C,Br,™ with an internal Hiickel aromatic tropylium
ring (6 m-electrons) and an external incipient Baird aromatic
Br;"* ring (12 o-electrons) showed double - and c-aromaticity.
Fowler and Havenith explored periodo-cyclooctatetraene deriv-
atives, Cglg? with charges ¢ = 0, +1, +2, and +4."* However, the
large I-I steric repulsion in these periodo-cyclooctatetraene
species led to highly puckered structures with lack of both o-
and m-aromaticity. Additionally, double aromaticity has proven
to be a valuable concept for explaining and rationalizing the
structure and stability of various pure and doped boron
clusters.”"” It has also been thoroughly investigated in C,
monocyclic clusters possessing 7, and 7, orthogonal (anti)
aromaticities.'**” Moreover, double 3D-aromaticity has been
analyzed in the B;,l;, cluster,”* but the authors found that,
despite many favorable evidences, the potential double 3D-
aromaticity of the I,, shell did not contribute to any stabiliza-
tion of the system and, consequently, it was concluded that this
cluster does not display double aromaticity.

As demonstrated experimentally by Sagl and Martin,® and
confirmed in numerous computational studies,®*”® oxidation of
the neutral Cgls, which is m-aromatic, induces c-aromaticity,
resulting in the formation of the doubly aromatic dication Cel?".
This oxidation process removes two electrons from the HOMO,
which is a c-orbital, and consequently, this leads to the existence
of two Hiickel aromatic cyclic systems: m-system with 6 and o-
system with 10 electrons. In nearly all previous studies on the
double aromaticity of periodo-derivatives, the core carbon struc-
ture exhibits a monocyclic structure. In this contribution, we aim
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Fig.1 Top and side views of optimized structures for the studied periodated molecules and their oxidized forms.

to address the following questions: can c-aromaticity be induced
by oxidizing a periodo-system that has a polycyclic core structure,
where the iodine atoms form a macrocycle? We will start our
investigation with a series of monocyclic periodo-derivatives
(Fig. 1). These systems will help us understand how the size and
aromatic character of the central ring influence the aromaticity of
the resulting doubly oxidized system. In the second part of this
study, we will examine a series of periodo-polycyclic hydrocarbons
and their doubly oxidized forms (Fig. 1). To assess the extent of
aromaticity in the studied molecules, we utilize two electronic
indices (multicentre index (Iing)® and electron density of

© 2025 The Author(s). Published by the Royal Society of Chemistry

delocalized bonds (EDDB)**), along with a magnetic indicator,
the magnetically induced current density (MICD)*** and an
energetic measure, namely the aromatic stabilization energy.***

Results and discussion
Periodo-monocyclic (anti)aromatic hydrocarbons

The double aromaticity of periodo-benzene dication has been
demonstrated in numerous studies using various aromaticity
descriptors.®* The MICD map for periodo-benzene reveals its
m-aromatic character, showing intensive diatropic circulations
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Fig. 2 Total current density maps plotted 1 Bohr above molecular plane for Cglg, Cele®", Csls™, Cslst, Cala, and Cyly

along the benzene ring and only local circulations around the
iodine atoms (Fig. 2). On the other hand, the current density
map of Cgls>" displays two distinct diatropic circulations: one
along the benzene ring and another along the iodine atom ring.
The current density in these molecules can be dissected into
contributions of 7- and c-electrons (Fig. 3). In what follows, -
MOs are considered as those having the main contributions
from p,-atomic orbitals on carbon atoms (assuming that the
carbon atoms lie in the xy-plane), while 6-MOs are those having
the dominant contributions from the in-plane 5p atomic
orbitals of iodine atoms (Fig. S1t). As shown in Fig. 3, the -
electrons induce diatropic currents in both Cglg and Cgls>".
Furthermore, in Cglg>", the o-electrons induce diatropic
currents, whereas in Cglg there are only local circulations
around the iodine atoms. The observed magnetic aromaticity
can be understood within the framework of Hiickel's 4n + 2
rule.*® In Cglg, there are 6 and 12 electrons in the =- and o-
electron molecular subgroup, respectively (Fig. S1). Since the
6-MO subgroup is fully occupied, it does not show any signifi-
cant magnetic response. Upon oxidation, the number of o-
electrons is reduced to 10, while the number of w-electrons
remains unchanged.

The double aromaticity of periodo-derivatives of cyclo-
pentadienyl anion and cyclobutadiene, as well as their doubly
oxidized forms, is examined below. In CsI5 ", diatropic currents are
observed within the five-membered ring, similar to those in
cyclopentadienyl anion itself, while no global circulations occur
along the perimeter formed by the iodine atoms (Fig. 2). However,
in CsI;" pronounced paratropic circulations are induced in the

9922 | Chem. Sci., 2025, 16, 9920-9933
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cyclopentadienyl unit, but no global circulations are found in I5
unit. Similarly, in C4I, strong paratropic currents circulate along
the four-membered ring, while in C,I,>* relatively weak diatropic
currents can be seen, except in the center of the ring that remain
paratropic (Fig. 2). The 7- and o-electron current density maps of
GCs5ls~ and C,l, and their oxidized forms provide a more detailed
description of the magnetic aromaticity of these species (Fig. 3).
The magnetic response of periodo-derivatives of cyclopentadienyl
anion and cyclobutadiene, and their doubly oxidized products,
can be understood using simple electron counting and Hiickel's
rule. In CsI5~, 6 m-electrons and in C,l,, 4 Tv-electrons give rise to
magnetic aromaticity and antiaromaticity, respectively. In both
Csl;~ and Cyl, the c-electron molecular orbitals (MOs) are fully
occupied with 10 and 8 electrons, respectively, and these electronic
subsystems do not contribute to the global circulations (Fig. 3). A
key difference between Cglg on one hand, and C4l, and CsIs~ on
the other, is that latter molecules feature a 7-type HOMO level,
while the former one has a o-type HOMO (Fig. S1 and Table S17).
For this reason, upon oxidation to CsI5" and C,I,>* the number of
m-electrons decreases by 2 compared to their non-oxidized forms,
which explains the drastic change in w-aromaticity. Contrary, the
number of o-electrons stays unchanged in both species.

The oxidation effects on aromaticity in the studied molecules
are found to be independent of the aromatic character of the
parent, non-oxidized molecules (Fig. 2 and 3). The primary
factor influencing magnetic properties is found to be the
structural characteristic of the starting compounds. The exam-
ined molecules in their ground singlet state show various
geometries: Cglg and Cglg>* adopt planar D), geometries, Csl; ™

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cele?"

adopts planar Ds;, geometry, CsIs™ adopts planar C,, geometry,
while C,1, adopts D,;, geometry, and C,LI,%" shows planar D,y
geometry in their ground singlet state (Fig. 1). Table 1 collects
the iodine-iodine and carbon-carbon distances, along with the
overlap integral values between the Pre-orthogonal Natural
Bond Orbitals (PNBOs)* which depict the in-plane lone-pairs on
I-atoms (Table 1 and Fig. S2t). As can be seen, the key structural
feature influencing magnetic behavior upon oxidation is the
size of carbon-atom ring. This factor ultimately determines the
I-1 distance, and consequently the overlap between the in-plane
lone pair orbitals, which correspond to the 5p atomic orbitals
on the iodine atoms (Fig. $3t). In Cglg the I-I distance is 3.524 A,
while in the dication Cyls>* this distance decreases to 3.475 A.
This reduction of the I-I distances upon oxidation is followed by
a decrease in the C-C bond lengths. As a result, the overlap of
the in-plane lone pair orbitals on adjacent iodine atoms in
Cels’" is only slightly larger than that in Cgle. This suggests that
significant overlap between the iodine in-plane lone pair
orbitals is necessary for inducing c-electron delocalization, but
it is not the sole condition, as the number of c-electrons also
plays a crucial role. In the CsIs~ anion, oxidation results in
a substantial change in the C-C distances due to a complete
reversal of aromaticity in the five-membered carbon ring. On
the other hand, there is no significant change in the I-I
distances, as well as in the overlap between the in-plane lone
pair orbitals of iodine atoms. For C4l, and its dication C,I,**,
both C-C and I-I distances are reduced. However, the change in
the I-I distance does not lead to any notable change in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 1 (yellow) and o (purple) current density maps plotted 1 Bohr above molecular plane for Cglg, C6I62+, Csls™, Cslst, Culs, and C4I42+.

Table 1 Bond lengths (in A) for symmetry-unique C—C and I-1 bonds
and the absolute values of the overlap integral (S"N8°) of in-plane lone
pair PNBOs for Cglg, Cglg?*, Csls™, Csls*, Cala, and Cyl2*

C-C distance I-I distance SPNBO
Celg 1.405 3.524 0.124
Cele?" 1.389 3.475 0.129
Cal, 1.582 4.377 0.030
1.329 4.333 0.032
C,I,%" 1.450 4.269 0.026
Csls~ 1.407 3.868 0.082
Gl 1.448 3.812 0.070
1.363 3.859 0.067
1.534 3.837 0.066

overlap of specific orbitals in the iodine subunit, since the I-I
distance remains above 4 A, which prevents significant overlap
of the iodine 5p orbitals.

The presented results show that the energy effect of mixing
the in-plane lone pair orbitals on the iodine atoms, as indicated
by the difference between the energies of the lowest and highest
occupied 0-MOs (Table S17), depends on the extent of the lone
pair orbital overlap. Only when the overlap of the iodine 5p
orbitals is sufficiently large does the energy of the highest
occupied 0-MO, which has I-I antibonding character, become
high enough to make this orbital the HOMO of the system from
which electrons are removed in the oxidation process.

To provide more quantitative information on the induced
current densities, an analysis based on the integrated current

Chem. Sci., 2025, 16, 9920-9933 | 9923
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Fig. 4 Profiles of total (a), 7 (b), and o (c) bond current strengths for Cglg (blue line) and Cels>* (orange line). The yellow and blue surfaces
describe the integration areas used to separate the total current strength. Positive and negative current strengths correspond to diatropic and

paratropic ring currents, respectively.

strengths was employed. For systems with a polycyclic structure,
such as the studied molecules, the bond current strength
profiles proved to be particularly insightful.' The advantage of
the bond strength profiles is illustrated for C4ls and its doubly
oxidized cation (Fig. 4). The total bond current strength profiles
of neutral Cgls (blue line in Fig. 4a) reveal that inside the
benzene ring (r < 1 A) there are relatively weak paratropic
currents, while outside the benzene ring, much stronger dia-
tropic currents are observed, primarily arising from m-electron
contributions. However, this contribution practically vanishes
at approximately 2 A from the ring center, where the effect of the
6-MOs of the Ig-system becomes dominant, although these MOs
induce only weak paratropic circulations. On the other hand,
for Cel>* (orange line in Fig. 4a) two intensive peaks are found,
corresponding to diatropic circulations around the carbon and
around the iodine atom rings. The bond current strengths
profiles dissected into - and o-electron contributions reveal
that the oxidation of Cglg causes a significant change in the
magnetic response of the o-electron system, while the m-elec-
trons preserve their magnetic aromatic behavior. Bond current
strengths profiles for CsIs~ and C,1,, as well as for their oxidized
forms are provided in the ESI (Fig. S4 and S57).

As illustrated for C¢ls>" (Fig. 4a), the profile curve can be used
to define an integration surface that allows for the division of
the total currents into contributions from two circulations: one
around the benzene ring and the other around the iodine atom
ring. Using this approach, the total current strengths for all
studied molecules were dissected into contribution from the
carbon atom ring and the outer iodine atom ring. For the bond
current strengths of both =- and o-electrons, the integration
surface was not separated, but rather used to the entire inte-
gration area. The bond current strengths calculated in this way
for periodo-monocyclic molecules are collected in Table 2,
along with the corresponding EDDB and Iy, values. The EDDB
values were further decomposed into their 7- and o-electron
contributions.

Before proceeding, it should be noted that the aromaticity
indices for Cgls>" were also obtained using different density
functionals and basis sets (Table S2t). The comparison shows
that the choice of functional and the size of the basis set have
only a minor impact on the numerical values of the aromaticity
indices, in agreement with a previous study.’® The largest
difference is observed in the bond current strength for the I

Table 2 Calculated bond current strengths (J, in nA T~), EDDB (in a.u.), and ling (in @.u.) values for the studied monocyclic molecules. The

numbers in parentheses represent the total number of electrons

J[AT™ EDDBy Ling J AT EDDB, J AT EDDB,

Celo Cs 9.4 5.074 0.627 6.4 5.737 (6) —-2.0 0.623 (12)
I -1.0 0.227 0.066

Cols™ Cs 8.6 5.038 0.624 6.6 5.733 (6) 17.6 5.812 (10)
I 18.7 5.333 0.310

Csls~ Cs 9.4 5.470 0.617 8.3 5.569 (6) —0.2 0.416 (10)
I; 0.2 0.108 —0.042

Csl5" Cs -92.8 1.236 0.478 -83 2.164 (4) —0.2 0.695 (10)
I —0.7 0.529 —0.092

Cyly C, -12.3 0.211 0.216 -8.6 0.719 (4) 0.5 0.558 (8)
I 0.5 0.073 0.075

CuL> (o -1.9 1.225 0.459 1.8 1.451 (2) 0.5 0.698 (8)
I 0.6 0.064 0.055
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unit, which is partly due to the practical challenge of accurately
separating the currents circulating along the Cqs and I rings.
As can be observed from the bond current strengths, the
induced currents along the I¢ ring in the dication Cels>" are
significantly stronger than those along the benzene ring. For
Cels, both EDDB and I, values indicate a significant increase
in electron delocalization within the I ring upon oxidation.
Additionally, these indices confirm that in all parent (non-
oxidized) molecules no cyclic delocalization occurs within the
iodine atom units. Furthermore, the electronic indices show
that the oxidation of CsIs~ and C4l, does not affect the (non)
aromatic character of the iodine atom rings. Contrary to
predictions based on the bond current strengths, EDDB and
Ling values suggest that the cyclic delocalization in the I unit of
Cels>" is significantly weaker than that in the benzene fragment
(Table 2). In particular, the Ling values predict that the aroma-
ticity of the I, ring is approximately half of that in the benzene
ring. Similarly, in C¢lg>* the EDDB,, value is 5.737 (out of 6
electrons), while the EDDB,, which describes electron delocal-
ization within the I ring, is 5.812 (out of 10 electrons). As can be
seen from the EDDB surfaces presented in Fig. 5, w-electrons

o 4

View Article Online

Chemical Science

are delocalized in Cglg, Cels>", CsIs ™, and C,L,%>*, while o-elec-
trons are delocalized only in Cglg>".

To further investigate the significance of c-aromaticity and
to isolate its effects from those of m-electron aromaticity, we
also examined periodo-borazine (Fig. S61). It is worth noting
that the aromaticity of borazine has been the subject of
considerable debate.*®**° Magnetic and energetic criteria have
generally characterized borazine as weakly m-aromatic.** Simi-
larly, the bond current strengths suggest that B;N;Is is -
nonaromatic, while electronic indices predict relatively weak 7t-
aromatic character (Fig. S7 and Table S31). Both magnetic and
electronic descriptors indicate that the oxidized species,
B;N;I>", exhibits pronounced o-electron aromaticity, in
agreement with a recent study.*” The oxidation of neutral B;N;I¢
to B3N;I.>" induces c-aromaticity, which is clearly reflected in
its structural properties: a reduction in I-I distances and pla-
narization of the molecule (Fig. S6t). Notably, o-electron
aromaticity in B;N;I6>" completely annuls the distortive effect of
the I-substituents. It is important to emphasize that the
observed structural features are characteristic signatures of
aromaticity and, more importantly, are readily accessible
through experimental observation.

o 3

T c T c
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Fig. 5
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Periodo-polycyclic (anti)aromatic hydrocarbons

The study of periodo-derivatives of monocyclic conjugated
hydrocarbons, as outlined above, clearly demonstrated that the
main factor influencing the occurrence of oxidation induced o-
aromaticity is the size of the carbon atom rings. This structural
factor determines the distance between iodine atoms, and
consequently the overlap of their in-plane lone pair orbitals.

View Article Online

Edge Article

Additionally, the number of c-electrons is another factor that
plays a crucial role in determining the oc-electron aromatic
properties. This accumulated knowledge provides a solid
foundation for exploring potential double aromaticity in
periodo-derivatives of polycyclic (anti)aromatic hydrocarbons
and their oxidized species. To begin, periodo-derivatives of
bicyclic hydrocarbons such as pentalene and naphthalene are

0.098

3614

Cslto

2
Ciglig™

Fig.6 The absolute values of the overlap integral values of in-plane lone pair PNBOs (bold numbers), along with the C—C and I-I distances (in A)
for symmetry—unique bonds in C8|6, C8|62+: C10|8, C10|82+, C14|10, C14|102+, C16|1o, and C16|102+-
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Fig. 8 Total bond current strengths profiles of Cgle (blue line) and Cglg®* (orange line) (a); Cyplg (blue line) and Cyplg
(blue line) and Cyalyo>* (orange line) (c); Cygl1o (blue line) and Ciglio®* (orange line) (d).
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explored, before expanding the series to include periodo-
derivatives of anthracene and perylene.

Periodo-pentalene (Cglg) adopts planar C,;,, while periodo-
pentalene dication (Cgly®") adopts D,, geometry in their
ground singlet state (Fig. 1). On the other hand, all other poly-
cyclic periodo-derivatives exhibit nonplanar geometries with
reduced symmetries. For this reason, in what follows aroma-
ticity indices were not dissected into o/m contributions. The
critical atom distances and the overlap of the in-plane lone pair
orbitals on neighboring iodine atoms are presented in Fig. 6.
The structural features of the five-membered rings within the
pentalene unit have a significant impact on the distances
between iodine atoms. In Cgle the I-I distance ranges from
3.818 to 4.038 A, while in Cgls>" this distance is only slightly
reduced to 3.780-4.021 A. These distances, and consequently
the overlap of the iodine 5p atomic orbitals, are similar to those
observed in C;I;~ and CsI;'. The small change in the I-I
distance upon oxidation does not lead to any substantial

Table 3 Calculated BFPI values, bond current strengths (J, in nA T~3),
EDDB (in a.u), and ling (in a.u.) values for periodo-derivatives of
polycyclic (anti)aromatic hydrocarbons

BFPI [A] J[nAT ] EDDB Liing
Cslg 0.000 Cg —14.8 2.511 0.517
Ie 0.5 0.214 0.040
Cgl? 0.000 Cg 3.1 4.481 0.546
Ie 1.0 0.530 —0.052
Ciolg 6.779 Cio 8.6 5.918 0.575
Ig 0.3 0.252 0.080
Cyolg?" 2.772 Cio 10.5 7.085 0.592
Iy 21.4 5.825 0.204
Cialio 9.466 Cis 6.4 8.130 0.557
Lo —0.2 0.301 0.068
Crali®" 7.554 Cua 8.3 8.916 0.571
Lo 9.6 6.089 0.141
Cilio 9.079 Cie 10.2 7.233 0.545
Lo 0.1 0.266 0.087
Cielio?" 7.318 Cis 13.7 7.656 0.562
Lo 12.9 6.146 0.155

JA4
)0?5% >

Ciols

Fig. 9 Total current density maps plotted 1 Bohr above the molecular plane for Ciglg and Cyplg
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alternation in the overlap of the iodine 5p atomic orbitals. Thus,
it is not likely to expect any significant cyclic electron delocal-
ization in the I unit of Cgls>". Indeed, the current density maps
(Fig. 7) and profiles of the integrated current density (Fig. 8) for
Cgls show pronounced paratropic currents within the pentalene
unit, while for Cgls>", these currents become weak and dia-
tropic. In both molecules, only local currents are induced
around the iodine atoms. As shown for C¢lg (Fig. 4), the current
strength profiles of Cgls and Cgle®" were used to extract the
information on the strength of the current density circulations
around the carbon and iodine atom rings (Table 3). The current
strength profiles for periodo-pentalene resemble those of
periodo-cyclobutadiene. The current density profile for neutral
Cgls is dominated by a negative peak, corresponding to para-
tropic currents along the pentalene unit (Fig. 8). In Cgls>", these
paratropic currents are significantly reduced, indicating an
overall diatropic character, while there is no evidence of o-
electron currents around the I macrocycle (Fig. 8). These
results can be explained in a similar manner to C,l;: upon
oxidation, the number of 7-electrons changes from 8 to 6 (the
HOMO of pentalene is relatively high in energy as expected from
an antiaromatic molecule), while the number of c-electrons
remains constant. Because, in general, the HOMO of anti-
aromatic species is of m-character, we expect that such systems
will not show double (anti)aromaticity after oxidation. The
EDDB and I, values agree with the current density analysis
regarding the aromaticity of the Is unit in both Cglg and its
oxidized form (Table 3). However, the EDDB does not predict
such a significant change in the aromaticity of the pentalene
unit when going from Cglg to Cglg>*. On the other hand, the Ling
predicts an unreasonably high delocalization within the pen-
talene unit in both Cgls and Cgls>". Overall, the electronic
aromaticity indices are inadequate for accurate differentiation
between antiaromatic and nonaromatic species in periodo-
pentalene.

The periodo-naphthalene (C,0l) and periodo-naphthalene
dication (Cy0lg>") have nonplanar D, geometry. The extent of
their nonplanarity was evaluated using the BFPI (brute-force
planarity index)** (Table 3). In C;,lg, the distance between

Ciols*

2+
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iodine atoms ranges from 3.576 to 3.636 A, whereas in C;olg>"
these distances are significantly shortened. This reduction is
especially pronounced for the distance between the two I atoms
in the a-positions on the adjacent hexagons, which decreases
from 3.636 A to 3.240 A. Consequently, upon oxidation, the
overlap of the corresponding iodine 5p atomic orbitals drasti-
cally increases from 0.026 to 0.168 (Fig. 6). The contraction in
I-1 distance is much more pronounced than that found during
the oxidation of Cgls (Table 1). The BFPI nonplanarity index
further shows that oxidation of C,,Ig enhances planarity of the
corresponding product. This feature is already evident in the
side-view geometries of these two species (Fig. 1). Current
density maps and profiles of current density strengths of the
C1ols>" dication (Fig. 8 and 9) reveal its double aromatic nature.
In Cy0lg*", diatropic currents are induced along the perimeter
formed by the iodine atoms, while there are no such currents in
neutral Cyolg. In both Cyolg and Cyols®" the current density
distribution in the naphthalene unit resembles that in naph-
thalene itself. The integrated current strengths for circulations
along the carbon and iodine atom rings are 10.5 and 21.5 nA
T, respectively. According to the magnetically induced current
density, both the naphthalene and macrocycle Ig units of the
C1ols”" dication display significant aromatic character despite

A
e

W= e N o
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Fig. 10 Total current density maps plotted 1 Bohr above the molecular plane for Cy4li0 and Cralio®t.

distortions in planarity. These findings are generally supported
by the EDDB and I, values. Based on the magnetic and elec-
tronic indices, oxidation of C;olg induces c-aromaticity, while
the resulting Cyols>" dication gains additional planarity and
enhanced aromaticity in the naphthalene unit in comparison to
the neutral molecule. The C,,Ig>* dication is a double Hiickel 4n
+ 2 system, with 10 7-electrons and 14 c-electrons. To further
evaluate the effect of halogen lone-pair orbital overlap on
oxidation induced c-aromaticity, C,,Brg and C0Brg”" were also
included in this study (Fig. S81). Oxidation of C,oBrg to CoBrg>"
results in shorter Br-Br distances and enhanced overlap of Br
lone pair orbitals. Due to the smaller van der Waals radius of
bromine compared to iodine, C;oBrg”" adopts a fully planar
geometry, allowing more significant overlap of the corre-
sponding in-plane lone pair orbitals on the two Br atoms in the
a-positions on the adjacent hexagons. Both magnetic and
electronic indices predict considerable o-electron delocaliza-
tion in C,oBrg>*, although slightly less intense than in Cyolg>"
(Fig. S9 and Table S4t). However, a more detailed investigation
into how the nature of halogen substituents influences
oxidation-induced oc-aromaticity in polycyclic molecules
remains a task for future studies.
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Fig. 11 Total current density maps plotted 1 Bohr above the molecular plane for Cyglio and Cielio®™.
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The periodo-anthracene (Cy,lye) exhibits C; symmetry,
periodo-anthracene dication (Ci41;°") adopts nonplanar D,
geometry, while the periodo-perylene (Ciglio) and periodo-
perylene dication (Cy¢l;o>") have nonplanar C,, geometry
(Fig. 1). In Cy4l;, the distance between iodine atoms ranges
from 3.582 to 3.642 A, while in C,,1,0>" this distance decreases
notably to 3.336-3.491 A (Fig. 6). The I-T distance shortening is
accompanied by a substantial increase of the overlap of the
iodine lone pair orbitals (Fig. 6). Similarly, the oxidation of
Ciel1o t0 Cy6l10>" leads to a reduction of I-I distances and to an
enhanced overlap of the 5p iodine orbitals. Both Cy41;0>" and
Ci6l1o>" adopt more planar structure compared to their non-

S alie e

View Article Online
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oxidized forms (Table 3 and Fig. 1). Based on these observa-
tions, one can anticipate that the double oxidation of C;,1;, and
Ci6l10 Will induce o-electron delocalization within the I,, units
of the corresponding oxidation products (Fig. 8, 10, and 11).
Current density maps and integrated current density profiles
for neutral C,41;, and C¢l;, reveal the aromatic characteristics
of the anthracene and perylene units, despite notable geometric
distortions in these molecules (Table 3 and Fig. 1), and addi-
tionally, no evidence of any global o-electron current density
circulations. Similar to the periodo-naphthalene dication, the
magnetically induced currents support the presence of double
aromaticity in the Cyl;,>" and Cyel;,>" molecules. The

S

Cs Is Cs Is
Cslg Cgléz+
o
))
Cio Is Cio Is
Ciols Ciols*
*@:? ; -8 i
v I;K
Cis Lo Cis Tio
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Fig. 12
the considered molecules.
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Isosurfaces of the EDDB¢ function calculated for the C-atom units (isovalue of 0.01 a.u.) and for the I-atom units (isovalue of 0.001 a.u.) in
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Table 4 Zero-point (A,ZPE) and Gibbs (A,G) reaction energies (kcal
mol™Y) for selected homodesmotic reactions

A,ZPE AG
Colz" + CelsH — CelsH?' + Cglg 23.2 22.6
Ciolz" + Ciol,H — Cyol,H*' + Cygly 6.0 6.2
Cualig + CpaleH — CuloH?  + Ciylyg 2.9 2.9
Ci6l%6 + CieloH — CyloH?*' + Cilio 5.0 5.3

integrated bond current strengths suggest that the o-electron
currents within the I, macrocyclic are more intensive in
Ciel1o”" than in Cy4l;o*>" (Fig. 8 and Table 3). This goes in line
with the obtained EDDB and Iy, values (Table 3). Even though
periodo-anthracene and periodo-perylene dications are highly
nonplanar, significant overlap between the lone pair orbitals on
the iodine atoms facilitates cyclic c-electron delocalization,
which is evident from both the magnetic and electronic
aromaticity indices. EDDB surfaces presented in Fig. 12 further
confirm double aromatic character in Cjolg>", Ciilio>', and
Ciolio™".

As discussed above, both magnetic and electronic aroma-
ticity indices consistently indicate that double oxidation of
periodo-derivatives of naphthalene, anthracene, and perylene
induces o-electron delocalization within the I-containing mac-
rocycles of the corresponding oxidation products. Furthermore,
the presence of g-aromaticity in the oxidized species should be
readily observable experimentally, as these molecules exhibit
shorter I-1 distances and increased planarity compared to their
non-oxidized forms (Fig. 1 and 6). A generally good correlation
is observed between the shortening of I-I distances, enhanced
overlap of iodine 5p atomic orbitals, and the increase in
aromaticity indices upon oxidation in studied molecules
(Fig. S107).

Finally, we investigated the energetic aspect of oxidation
induced o-electron aromaticity using carefully designed
homodesmotic reactions (Table 4). It is important to note that
the selected reactions differ somewhat from those employed in
recent work by some of the present authors."** This adjustment
was made to provide a more balanced treatment of planarity
distortions between reactants and products. Further details
regarding these reactions are provided in Fig. S11.7 As shown in
Table 4, the stabilization effects of oc-electron aromaticity
decrease rapidly with increasing size of the I-macrocycle, in
agreement with previous studies.**** Additionally, the relatively
modest stabilization effects can be partly attributed to signifi-
cant deviations from planarity within the c-electron system.

Conclusions

In this study, the aromatic character of a series of periodo-
derivatives of monocyclic and polycyclic (anti)aromatic hydro-
carbons, along with their doubly oxidized forms, was investi-
gated using electronic (I;; and EDDB), magnetic (MICD) and
energetic (aromatic stabilization energy) indicators. The anal-
ysis of periodo-derivatives of monocyclic conjugated hydrocar-
bons clearly demonstrated that the primary factor influencing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the appearance of oxidation-induced c-aromaticity is the size of
the carbon atom rings. This structural feature was found to
govern the distance between iodine atoms, which, in turn,
determinates the overlap of their in-plane lone pair orbitals.
Only when the overlap of the iodine 5p orbitals becomes suffi-
ciently large, the highest occupied c-molecular orbital, can
become the HOMO, from which electrons are removed during
the oxidation process. Furthermore, it was found that the
number of c-electrons is another factor that plays a crucial role
in determining the c-electron aromaticity of the corresponding
oxidized structures.

Based on this knowledge, potential double aromaticity in
periodo-derivatives of polycyclic (anti)aromatic hydrocarbons
was further explored. It was found that the oxidation of periodo-
pentalene does not induce o-electron delocalization in the
iodine macrocyclic ring, as only the number of m-electrons is
altered during this process. On the other hand, for periodo-
derivatives of naphthalene, anthracene, and perylene, the
oxidation was found to enhance planarity of the corresponding
products, along with a significant increase in the overlap of the
iodine 5p atomic orbitals. Both magnetic and electronic
aromaticity indices revealed the presence of c-aromaticity in the
iodine macrocyclic rings and, more importantly, the double
aromatic character of the oxidized forms of these molecules.

Computational methods

Geometry optimizations and vibrational frequency calculations
for all studied molecules were performed at the B3LYP/def2-
TZVP** level of theory using Gaussian 09 program package.*
The magnetically induced current density (MICD) was calcu-
lated at the same level of theory, using the diamagnetic zero
(DZ) version of the CTOCD method.*"** The MICD was calcu-
lated by applying the external magnetic field oriented perpen-
dicular to the molecular planes. In the MICD maps, clockwise
circulations denote diatropic currents, while counterclockwise
circulations indicate paratropic currents. The maps were
generated using the ParaView software.>® The current strengths
(J, in nA T~ ')*® were obtained by numerical integration of the
current densities passing through a rectangle which perpen-
dicularly bisects the considered bond. The integration rectangle
extends 5 Bohr above and 5 Bohr below the molecular plane,
and it starts from the ring center and extends 15 Bohr outside
the C-atom ring, to take into account all currents induced along
the I-atom subunits. Diatropic (paratropic) currents give posi-
tive (negative) contributions to the current strength.

The multicenter index Ij,s was calculated using the natural
atomic orbital (NAO) density matrices obtained from NBO
analysis.*” The Iin, values were normalized based on the ring's
size.>’

To assess the reliability of the B3LYP/def2-TZVP results, a set
of test calculations for Cels and Cgls>" was performed with three
different density functionals (CAM-B3LYP,”®* BP86,>%
wB97XD*) and two additional basis sets (def2-SVP and def2-
TZVPPD).

The aromatic stabilization energy**** was calculated through
a set of properly designed homodesmotic reactions.

Chem. Sci., 2025, 16, 9920-9933 | 9931
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The extent of the deviation from planarity for the examined
molecules was quantified by means of the brute-force planarity
index (BFPI).** The BFPI presents the average distance of all
atoms from the optimal plane, obtained by minimizing that
distance in the given molecule.

MICD, I, and BFPI were calculated using in-house
FORTRAN codes, while the EDDB values were calculated using
the RunEDDB code.®
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