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Abstract: This review summarizes the results on the aromaticity of a series of synthesized and
hypothetical neutral heterocirculene molecules and their double charged ions. The aromaticity
of heterocirculenes is a direct reflection of their electronic structure responsible for the specific
optoelectronic and photophysical properties. We show how the presence of a heteroatom in the
outer macrocycle affects the aromaticity of hetero[8]circulenes. In addition, we also describe the
change in aromaticity and strain energy for a series of the “lower” (n < 8) and “higher” (n > 8)
hetero[n]circulenes. It was demonstrated that the loss of planarity with increased strain leads to
an increased antiaromaticity of the lower hetero[n]circulenes, whereas higher hetero[n]circulenes
demonstrate a more pronounced aromatic nature because of the small departure from planarity of
each heteroarene ring in hetero[n]circulene molecule. Finally, we discuss the aromatic nature of the
first examples of π-extended hetero[8]circulenes.

Keywords: heterocirculenes; aromaticity; nuclear-independent chemical shifts; gauge including
magnetically induced current; current-induced density plot

1. Introduction

Aromaticity is one of the central concepts in chemistry [1], which implies a set of
special features (criteria) inherent to a number of cyclic conjugated molecules to one degree
or another. In organic chemistry, aromaticity is associated with a stable (often symmetric)
structure, such as benzene, with delocalized π-electrons satisfying the 4n + 2 rule, which
exhibits a diamagnetic ring current in the external magnetic fields.

Aromaticity has a quantum nature, and it is impossible to explain aromaticity from
the standpoint of classical structural or resonance theory. Thus, a number of approaches
were proposed to understand aromaticity in a more profound meaning, to evaluate the
aromaticity measure qualitatively as well as quantitatively. Among them, structural [2,3],
energetic [4], magnetic [5–10], electronic [11,12], and reactivity-based [13] criteria were
developed. The problem of aromaticity definition is associated with its multidimensional
nature, which is not completely determined [14].

The study of the aromaticity of polyheterocyclic systems is a complex task and re-
quires the application of several simultaneous criteria. For such interesting compounds as
heterocirculenes, aromaticity is a key feature that explains their specific electronic proper-
ties [15–18]. During the last decade, heterocirculenes have attracted much attention [19–22]
because of their applicability in modern optoelectronic devices, such as organic light emit-
ting diodes (OLEDs) [23–26] and organic field-effect transistors (OFETs) [27–31]. From
the point of view of aromaticity, heterocirculenes can be considered as a specific class of
compounds exhibiting a particular “bifacial” aromatic/antiaromatic nature. In particu-
lar, all the heterocirculene molecules contain the inner antiaromatic hub-system due to
the presence of magnetically induced paratropic ring currents, and the aromatic outer
part of the macrocycle (the rim-system), which possesses the diatropic (“aromatic”) ring
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current [32–34]. Thus, the heterocirculene molecules can be considered as nonaromatic
compounds, because the sum of the diatropic and paratropic ring currents of the hub and
the rim almost vanishes.

The most simple and widespread criterion for assessing the aromaticity of heterocir-
culenes is considered to be magnetism, which is implemented within the framework of
the nucleus independent chemical shift (NICS) [7,35], the gauge including magnetically
induced current (GIMIC) [9,10], and anisotropy of the current-induced density (ACID)
plot [36] approaches. NICS is a probe (local measure) of the induced magnetic field (de-
rived from the shielding tensor), which is the consequence of the induced currents. NICS
cannot be used to correctly describe “global” aromaticity in complex systems [37,38],
such as polycyclic hydrocarbons [39,40], porphyrins [41], and all-metal aromatic com-
pounds [42–44], as well as some dianionic [8]circulenes [34]. The NICS criterion is useful
to evaluate local aromaticity of an individual ring included in the polyheterocyclic sys-
tem [45–48]. Therefore, it is appropriate to apply the GIMIC method, which allows for
evaluating the aromaticity of molecules as a whole, or ACID plot calculations for visu-
alizing ring currents and electron delocalization in polyheterocyclic systems. Aromatic
molecules are characterized by a reduced molecular energy due to the specific cyclic conju-
gation of the π-electron systems. In this regard, the topological graph-theoretical energetic
indices including topological resonance energy (TRE), bond resonance energy (BRE) and
circuit resonance energy (CRE) were developed, which made it possible to unify the graph
theories of aromatic stabilization and ring current diamagnetism [49]. Both TRE and ring
current diamagnetism have the same nature of origin, arising from the same set of circuits
in the π-system. An energetic quantity equivalent to TRE can be theoretically derived
from the diamagnetic ring current’s susceptibility, although the diamagnetic ring current’s
susceptibility itself is not proportional to the TRE [49].

This review presents the current state of aromaticity research regarding a series of par-
tially and fully heteroannelated circulenes with different heteroatoms in the outer macrocycle.

2. Aromaticity of Partially Heteroannelated[8]Circulenes

Partially heteroannelated circulenes (quasicirculenes) belong to a family of planar (or
quasi-planar) cyclooctatetraenes (Figure 1), and their electronic and spectral properties were
clearly interpreted in Refs. [50,51]. The studied molecules of quasicirculenes (except for 4)
contain olefinic protons directly bound to the eight-membered ring [52–54], which allow us
to study their aromaticity using 1H NMR spectroscopy. It was shown that in the 1H NMR
spectra, the proton signals of the eight-membered ring appear in the region of 4.4–4.7 ppm
for molecule 1 [55], 5.7–5.9 ppm for molecule 8 [53] and 4.2–4.8 ppm for molecule 9 [54],
which provides evidence for the antiaromatic nature of the octatetraene ring.

Quasicirculenes are of practical interest, being promising organic semiconducting
materials, as well as initial reagents for the synthesis of new circulenes and n-dimensional
materials based on them. This chapter presents the results of the quantum chemical study
of the structure and aromaticity for a series of the synthesized 1, 4, 8, 9 (Figure 1) and the
simulated model 2, 3, 5–7 quasicirculenes (Figure 1).
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matic (NICS(0) = +22.7 ppm, NICS(1) = +17.5 ppm, ∆R = 0.091 Å) and shows similar prop-
erties to the free cyclooctatetraene molecule of the D4h symmetry (NICS(0) = +41.7, ∆R = 
0.121 Å). For a modeled quasicirculene 2, the NICS(0), NICS(1) and ∆R parameters have 
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the weaker antiaromatic nature of the octatetraene ring [50]. Such a difference in the NICS 

Figure 1. Structure of the quasicirculenes 1–9.

2.1. Structural and NICS Criterion

The partially annelated heterocirculene molecules (quasicirculenes) in the ground
singlet state are planar and belong to the C2v symmetry point group (except the compounds
7 and 8). Quasicirculenes 7 and 8 undergo a weak out-of-plane deformation of their
molecular skeleton, which leads to symmetry reduction in the C2 point group.

An important parameter for the interpretation of the structural features of quasicircu-
lene molecules is the parameter of the bonds length alternation (∆R) in the octatetraene
ring, which can be calculated as the average difference in the adjacent C–C bond lengths:

∆R =

8
∑

i=1

∣∣ai − a∗i
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where a and a* are the lengths of two adjacent C–C bonds (a total of eight pairs in the
octatetraene ring).

The ∆R parameter can be interpreted as a structural aromaticity criterion, i.e., the pro-
nounced alternation of the single and double bonds within a ring determines a large ∆R
value and indicates the antiaromatic nature of the ring. For example, for a planar hy-
pothetical cyclooctatetraene of the D4h symmetry, this value is equal to 0.121 Å [56–58],
for cyclobutadiene, ∆R = 0.227 Å [59]), while a ∆R value close to zero (or equal to zero,
as in the benzene molecule) indicates the cyclic conjugation, stabilization and aromatic
nature of such a ring system.

On the basis of this criterion, it was shown [50] that the ∆R values for the octatetraene
ring vary in the range from 0.11 to 0.02 Å, indicating its antiaromatic or weakly antiaromatic
nature in the quasicirculene molecules 1–9 [50]. The nuclear independent chemical shift
(NICS) indices were calculated at the middle point of the ring, NICS(0), and 1 Å above
it, NICS(1). The positive NICS(0) and NICS(1) values calculated at the GIAO/B3LYP/6-
311++G(d,p) level of the magnetic chemical-shift theory confirm the antiaromatic nature
of the eight-membered ring of quasicirculenes 1–9 (Figures 2 and 3) [50]. As one can see
from Figure 2, the octatetraene ring of quasicirculene 1 is strictly antiaromatic (NICS(0)
= +22.7 ppm, NICS(1) = +17.5 ppm, ∆R = 0.091 Å) and shows similar properties to the
free cyclooctatetraene molecule of the D4h symmetry (NICS(0) = +41.7, ∆R = 0.121 Å). For
a modeled quasicirculene 2, the NICS(0), NICS(1) and ∆R parameters have much lower
values (+6.2 ppm, +3.5 ppm and 0.053 Å, respectively) which corresponds to the weaker
antiaromatic nature of the octatetraene ring [50]. Such a difference in the NICS indices and
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∆R values for two isomers 1 and 2 is due to violation of the C–C bond alternation in the
octatetraene ring for the quasicirculene molecule 2. Thus, the C1–C8, C1–C2 and C2–C3
bond lengths underlying the three thiophene rings (Figure 1) have almost identical values,
with a ∆R variation of 0.01 Å [50]. As a result, the structural aromaticity criterion of the
octatetraene ring is violated, as it requires a strict alternation of single and double bonds.
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Figure 3. The values of NICS(0) (top number) and NICS(1) (bottom number indicated in bold)
indices calculated at the GIAO/B3LYP/6-311++G(d,p) level of the theory for the neutral molecules
of quasicirculenes 5–9 and their corresponding dianions and dications [50] and experimental values
of the 1H NMR chemical shifts [53,54]. The BREs in units of |β| for the neutral and doubly charged
ions of 1–4 were taken from Ref. [51] and are presented in italics.

In the case of quasicirculene dianions 1, 5–9 the octatetraene ring acquires an aro-
matic nature, as evidenced by the negative values of the NICS(0) and NICS(1) indices,
and therefore the whole system becomes aromatic (Figures 2 and 3). The doubly reduced
(2–) ions of hypothetical quasicirculenes 2–4 have a weakly antiaromatic (almost non-
aromatic) octatetraene ring because of the small positive NICS(0) and NICS(1) values [50].
Upon double oxidation of quasicirculenes 7–9, the octatetraene ring undergoes out-of-plane
deformation and acquires a non-aromatic nature in all dications of molecules 5–9. In this
case, the annelating fragments retain the presence of diatropic ring currents [50].

The dications of molecules 1 and 2 have a planar structure, and the eight-membered
ring retains an antiaromatic character similar to neutral molecules (Figure 2).

2.2. Graph-Theoretical Analysis

In 2018, Kerim et al. [51] systematically examined the aromaticity for a series of
thiophene, furan, pyrrole, and benzene annelated cyclooctatetraene derivatives using the
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graph theory of aromatic stabilization and topology [49] for the study of aromaticity. They
compared the results of the calculated bond resonance energy (BRE) and circuit resonance
energy (CRE) indices with those of the NICS(0) and NICS(1) indices.

The topological resonance energy (TRE) method is considered as one of the most
reliable energetic measures of global aromaticity [60–62]. Positive TRE values suggest
aromaticity and negative TRE values indicate antiaromaticity. The resonance energy per
π-electron (REPE) was calculated by dividing the TRE by the number of π-electrons in the
corresponding quasicirculene in order to compare molecules with different numbers of
π-electrons. The BRE and the CRE methods provide the local aromatic pattern for any ring
in the polycyclic aromatic compounds [63–68]. The larger the TRE, BRE, CRE, and REPE
values, the greater the aromaticity.

According to REPEs, cyclooctatetraene shows a highly antiaromatic nature (REPE is
−0.074 β), but its dianion and dication possess an aromatic nature, with REPE values of
0.019 and 0.031 β, respectively [60,61,69].

The positive TRE values indicate aromaticity of the neutral species, with the exception
of 1 and 9 (Table 1). The dianions of the compounds 1, 2, 5−7 are more aromatic than
neutral molecules or the dicationic species. It is noteworthy that the dications 2, 3 and
4 exhibit relatively smaller aromaticity than their corresponding neutral molecules and
dianions. The negative TRE values for molecule 9 both in the neutral and the doubly
charged states (−0.146 for the neutral and −0.084 for dication and dianion) predict their
antiaromatic nature.

The BRE and CRE indices were used to estimate the local aromaticity of the quasi-
circulenes. As one can see in Figures 2 and 3, the BRE values of the bonds are positive,
indicating that all of the bonds in five- and six-membered rings for the compounds 1−7
show local aromaticity. This is due to the fact that all these rings correspond to Hückel’s 4n
+ 2 rule of aromaticity. In contrast, the BRE values of the C−C bonds in the octatetraene ring
are significantly large and negative, pointing to local antiaromaticity of the octatetraene
ring in the composition of quasicirculenes. This fact can be explained by the fact that the
octatetraene ring does not satisfy Hückel’s rule of aromaticity. Figures 2 and 3 show that
with an increase in the number of benzene or heterocyclic rings annelating the octatetraene
ring, the BREs have negative values only for the unfused C−C bonds of the octatetraene
ring, while all the fused C−C bonds display relatively large and positive BREs.

Table 1. TREs and REPEs for quasicirculenes 1−7, 9 and their double charged ions.

Species
TRE REPE

Dianion Neutral Dication Dianion Neutral Dication

1 0.355 −0.006 0.137 0.018 0.000 0.009
2 0.352 0.365 −0.145 0.018 0.020 −0.009
3 0.527 0.655 −0.063 0.020 0.027 −0.003
4 0.591 0.933 0.166 1.743 2.597 0.576
5 0.320 0.302 0.247 0.016 0.017 0.015
6 0.378 0.330 0.177 0.019 0.018 0.011
7 0.349 0.314 0.193 0.017 0.017 0.012
9 −0.084 −0.146 −0.084 −0.005 −0.009 −0.006

The TRE and REPE values are given in units of |β|, where β represents the standard resonance integral in Hückel
theory. Reprinted with permission from Ref. [51]. Copyright 2018 Springer.

The CRE index indicates the individual contributions of different circuits to global
aromaticity. The π-electronic systems of quasicirculenes 1, 2, 5−7, 9 contain 14 circuits
numerated as c1−c14 (Figure 4). Compounds 3 and 4 contain 47 and 156 circuits, respec-
tively, which are considered in detail in Ref. [51]. For molecules of the quasicirculenes 1, 2,
5−7, the benzene and heterocyclic rings exhibit an aromatic nature, as evidenced by the
positive CRE values (Table 2). It was found that the c2 and c4 circuits possess the largest
positive CRE values and make the main aromatic contribution, while the c1 circuit has the
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largest negative CRE value and makes the largest antiaromatic contribution to the global
aromaticity of quasicirculenes 1, 2, 5−7.
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Figure 4. The geometrically non-identical π-electron circuits in compound 1. The specific circuits
studied are shown in bold. Reprinted with permission from Ref. [51]. Copyright 2018 Springer.

For quasicirculene 9, a large antiaromatic contribution arises from the c2 and c4 circuits,
while the c1 and c3 circuits make a large antiaromatic contribution. Interestingly, the CRE
value for the cyclobutadiene ring (c3) circuit is more negative than the same CRE value
for the octatetraene ring (c1) circuit (Table 2). Thus, the results obtained from the BRE and
CRE calculations are in good agreement with the NICS(0) and NICS(1) indices for the local
aromaticity of the octatetraene and thiophene rings in compounds 1 and 2 for both neutral
molecules and their double charged ions. However, the magnitude of the NICS(0) and
NICS(1) indices for 52−, 5, 62−, 6, 7 and 72− species do not correspond to the BRE and
CRE results. For instance, the octatetraene ring in dianions 52−, 62− and 72− show more
negative NICS(0) and NICS(1) values compared with the same values for benzene rings.

Table 2. CREs in units of |β| for quasicirculenes 1, 2, 5−7, 9 and their double charged ions.

c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12 c13 c14

12− 0.0629 0.0681 0.0233 0.0681 0.0173 −0.0018 0.0173 0.0048 0.0048 0.0014 0.0014 0.0049 0.0006 0.0006
1 −0.2423 0.2250 0.0246 0.2250 −0.0910 −0.0006 −0.0910 0.0103 0.0103 0.0024 0.0024 −0.0335 0.0117 −0.0121

12+ −0.0360 −0.0093 0.0503 −0.0093 0.0232 −0.0264 0.0232 0.0103 0.0103 0.0024 0.0024 0.0266 −0.0141 0.0137
22− −0.0027 0.0821 0.0850 0.0821 0.0022 −0.0052 0.0022 0.0113 0.0113 0.0030 0.0030 0.0100 0.0012 0.0012

2 −0.0049 0.1099 0.0846 0.1099 −0.0055 −0.0029 −0.0055 0.0150 0.0150 0.0012 0.0012 −0.0110 0.0034 −0.0037
22+ 0.1661 0.0097 0.2429 0.0097 −0.1880 −0.1533 −0.1880 −0.0228 −0.0228 0.0266 0.0266 0.1202 −0.0560 0.0642
52− −0.0009 0.0556 0.0298 0.0556 0.0196 −0.0046 0.0196 0.0066 0.0066 0.0023 0.0023 0.0324 −0.0021 0.0043

5 −0.0506 0.2112 0.0284 0.2112 −0.0365 −0.0017 −0.0365 0.0112 0.0112 0.0008 0.0008 −0.0303 0.0073 −0.0065
52+ −0.0166 0.0424 0.0297 0.0424 0.0136 −0.0058 0.0136 0.0040 0.0040 0.0028 0.0028 0.0415 −0.0066 0.0094
62− 0.0030 0.0547 0.0574 0.0547 0.0197 −0.0097 0.0197 0.0149 0.0149 0.0048 0.0048 0.0243 −0.0029 0.0077

6 −0.0470 0.1796 0.0532 0.1796 −0.0314 −0.0034 −0.0314 0.0234 0.0234 0.0015 0.0015 −0.0248 0.0159 −0.0144
62+ −0.0405 0.0389 0.0567 0.0389 −0.0003 −0.0146 −0.0003 0.0034 0.0034 0.0073 0.0073 0.0418 −0.0226 0.0299
72− 0.0013 0.0545 0.0427 0.0545 0.0197 −0.0075 0.0197 0.0112 0.0112 0.0037 0.0037 0.0278 −0.0025 0.0062

7 −0.0486 0.1915 0.0398 0.1915 −0.0333 −0.0026 −0.0333 0.0183 0.0183 0.0012 0.0012 −0.0268 0.0125 −0.0114
72+ −0.0335 0.0421 0.0426 0.0421 0.0037 −0.0116 0.0037 0.0022 0.0022 0.0058 0.0058 0.0415 −0.0183 0.0241
92− −0.0212 −0.0274 −0.2167 −0.0274 0.0487 0.0371 0.0487 −0.0212 −0.0212 −0.0180 −0.0180 0.0487 0.0756 −0.0667

9 −0.1041 0.3809 −0.2461 0.3809 −0.0736 0.0136 −0.0736 −0.1041 −0.1041 −0.0060 −0.0060 −0.0736 −0.0648 0.0675
92+ −0.0212 −0.0274 −0.2167 −0.0274 0.0487 0.0371 0.0487 −0.0212 −0.0212 −0.0180 −0.0180 0.0487 0.0756 −0.0667

Reprinted with permission from Ref. [51]. Copyright 2018 Springer.

2.3. ACID Calculations

To summarize the complete picture of aromaticity of quasicirculene molecules, we cal-
culated the ACID plots for visualizing ring-currents and electron delocalization. The ACID
plots for 1–9 are presented in Figure 5, and clearly show a counterclockwise 8π ring current
flowing along the central octatetraene ring, indicating its antiaromaticity, while a clockwise
(“aromatic”) ring current circulates along the outer fused rings.

Thus, the ACID calculations suggest the presence of two major electronic sub-systems
in quasicirculene molecules—one includes the antiaromatic octatetraene ring, and the other
outer system includes the aromatic benzene and heteroarene rings.
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+ 2 rule, as one of the aromaticity criteria; on the contrary, they belong to anti-Hückel 4n 
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3. Aromaticity of Completely Annelated Heterocirculenes
3.1. NICS Aromaticity Criterion

The molecules of hetero[8]circulenes contain 32 π-electrons in a polycondensed system
(Figure 6). At first glance, heterocirculenes do not satisfy the well-known Hückel 4n + 2
rule, as one of the aromaticity criteria; on the contrary, they belong to anti-Hückel 4n π-
electronic systems (n = 8). In this case, the “annulene in annulene” concept is not applicable:
the 32 π-electrons in the polycondensed system of hetero[8]circulenes comprises an outer
perimeter containing 24 π-electrons and an inner perimeter with eight π-electrons (Figure 6).
However, it is known that the Hückel rule is strictly valid for monocyclic conjugated
compounds (in general case for annulenes) and is often not performed for polycyclic
systems such as pyrene, benzo[e]pyrene, and [8]circulene [70]). Therefore, the aromaticity
of heterocirculenes was studied using the NICS, GIMIC and ACID plot criterions.

According to the NICS criterion, the inner eight-membered ring for a series of synthe-
sized tetraoxa[8]circulenes 10–16 (R = H) [46], azaoxa[8]circulenes 17 and 18 [71,72], keto-
circulene 19 [33,73], thia[8]circulenes 20 and 21 [33], tetrasilatetrathia[8]circulenes 22 [74],
tetrathia[8]circulene 23 and tetraselena[8]circulene 24 [75–77], diazadithia[8]circulene 25
and diazadiselena[8]circulenes 27 [78], tetragermatetrathia[8]circulene 26 [79] and hypothet-
ical circulenes 28–38 [33,34,80–83] is characterized by positive NICS(0) and NICS(1) values
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(Figures 7–9, Table 3), indicating its antiaromatic nature. In particular, for tetraoxa[8]circulene
molecules, the NICS(0) and NICS(1) indices calculated at the center of the eight-membered
ring are positive and vary in the range of 6.55–9.23 ppm and 3.79–5.99 ppm, respectively
(Figure 7). At the same time, all benzene rings in the tetraoxa[8]circulene molecules are char-
acterized by significantly negative NICS(0) and NICS(1) values, which vary in the range
from −10.53 to −7.56 ppm and from −10.06 to −7.89 ppm, respectively. These values are
close to the NICS(0) and NICS(1) values for the free benzene molecule (Figure 7). Similar re-
sults were obtained for the naphthalene fragments of the tetraoxa[8]circulenes, which yield
NICS(0) and NICS(1) values close to those for the free naphthalene (Figure 7). However,
it should be noted that the NICS indices differ significantly for the free furan molecule and
conjugated furan moieties. This is due to the significant delocalization of the furan π-system
into adjacent benzene rings. Thus, a common π-extended ribbon-like system of benzene
and furan rings is formed in the tetraoxa[8]circulene molecules, which is closed around the
antiaromatic octatetraene ring. In fact, the 1H NMR spectra of tetraoxa[8]circulenes show
the characteristic signals of the “aromatic” protons at 7.7 ppm [23].
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Figure 7. The values of NICS(0) (top number indicated in bold) and NICS(1) (bottom number) indices
calculated at the GIAO/B3LYP/6-311+G(d,p) level of the theory for tetraoxa[8]circulene, benzene,
naphthalene and furan molecules [46].
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Table 3. The total ring current strength (Itot, nA·T−1) and the balance between the diatropic (d) and paratropic (p) currents
in the rim- and hub-subsystems for the neutrally and doubly charged hetero[8]circulene molecules.

Circulene. Itot Aromaticity Circulene Itot Aromaticity

10 −2.1 p ≥ d
Weakly antiaromatic 33 −2.5 p ≥ d

Weakly antiaromatic

102+ −55 p > d
Strongly antiaromatic 332+ −66 p > d

Strongly antiaromatic

102− 22 p < d
Aromatic 332− 17 p < d

Aromatic

15 −0.5 p ≈ d
Almost nonaromatic 34 −4 p ≥ d

Weakly antiaromatic

152+ –11.5 p > d
Antiaromatic 342+ –8 p > d

Antiaromatic

152− 26.2 p < d
Aromatic 342− 15.4 p < d

Aromatic

19 −4 p ≥ d
Weakly antiaromatic 35 −22.4 p > d

Antiaromatic

192+ 12.0 p < d
Aromatic 352+ 10.5 p < d

Aromatic

192− 7.8 p < d
Aromatic 352− 4.0 p < d

Weakly aromatic

23 −1 p ≈ d
Almost nonaromatic 36 −8 p > d

Antiaromatic

232+ −84 p > d
Strongly antiaromatic 362+ 11.0 p < d

Aromatic

232− 19.5 p < d
Aromatic 362− 1.8 p < d

Weakly antiaromatic

24 −1 p ≈ d
Almost nonaromatic 37 −0.9 p ≈ d

Almost nonaromatic

242+ −74 p > d
Strongly antiaromatic 372+ 8.5 p < d

Aromatic

242− 17.3 p < d
Aromatic 372− 14.5 p < d

Aromatic

40 −0.5 p ≈ d
Almost nonaromatic 38 −0.5 p ≈ d

Almost nonaromatic

402+ −3 p ≥ d
Weakly antiaromatic 382+ 9.0 p < d

Aromatic

402− 21 p < d
Aromatic 382− 14.0 p < d

Aromatic

S. Radenković et al. [45] came to a similar conclusion when calculating the ring current
densities for a series of tetraoxa[8]circulenes. They found the presence of two types of
ring currents in tetraoxa[8]circulene molecules: the paratropic ring current induced by the
internal octatetraene ring, and the diatropic ones induced by the outer system of the furan
and benzene rings [45].

As a general trend, the dianionic tetraoxa[8]circulenes formed under conditions of
electrochemical experiments are predicted to be completely aromatic, because the inner
octatetraene ring and all surrounding benzene and furan moieties are strongly aromatic (the
NICS indices are significantly negative for these rings) (Figure 8). However, for the dica-
tionic tetraoxa[8]circulenes identified in the mass spectrum [84], the inner eight-membered
ring gains an antiaromatic character (for the tetraoxa[8]circulene 10 NICS(0) = 2.6 ppm,
Figure 8). Sequential replacement of furan rings by the pyrrole rings does not significantly
affect the aromaticity of the tetraoxa[8]circulenes [71,72]. In the case of neutral molecules
and dications, the central octatetraene core of azaoxa[8]circulenes 17 and 18 is antiaromatic
and becomes aromatic in the azaoxa[8]circulenes dianions (Figure 8). Similarly to the
tetraoxa[8]circulenes, the pyrolle, furan and benzene rings maintain aromaticity upon
double ionization.
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As one can see from Figure 9, for most of the hetero[8]circulenes, the internal eight-
membered ring is antiaromatic and is characterized by positive NICS(0) and NICS(1) values,
which are approximately equal (with the opposite sign) to the corresponding NICS values
for the five- and six-membered aromatic rings (we can except aromatic circulene molecules
30 and 31, which contain the electron-deficient boron atoms in the external macrocycle).
Thus, the NICS indices indicate qualitatively the nonaromatic character of most of the
hetero[8]circulenes, with the exception of the antiaromatic circulenes 35 and 36 (Figure 9).

1 
 

 
Figure 8. The values of NICS(0) indices for neutral and doubly ionized tetraoxa[8]circulene (A),
azaoxa[8]circulene (B) and N,N-dimethyldiazadioxa[8]circulene (C) molecules.
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3.2. GIMIC Aromaticity Approach

A more informative criterion for assessing aromaticity of polyheterocyclic compounds
is the gauge including magnetically induced currents (GIMIC) approach. As was shown in
studies conducted by Fliegl et al. [9] and Jusélius et al. [10], the GIMIC method, similarly
to the NICS concept, is based on the approximation of gauge-invariant atomic orbitals (GI-
AOs), and provides detailed information about electron delocalization properties, aromatic
character, and magnetically induced current pathways in molecules.

It is known that for aromatic compounds such as benzene, the diatropic ring current
induced from the outside of the molecule (16.7 nA·T−1) dominates over the paratropic
ring current inside the ring (−4.9 nA·T−1), yielding a total diatropic current (Itot) equal to
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11.8 nA·T−1 [10]. For antiaromatic cyclobutadiene molecules, the paratropic ring current
(−23.4 nA·T−1) dominates over the diatropic ring current (3.5 nA·T−1), yielding a total
paratropic ring current equal to −19.9 nA·T−1 [10]. For nonaromatic molecules, such as
cyclohexane, diatropic and paratropic components cancel one another out, yielding an
approximately zero total current (Itot = 0.2 nA·T−1) [10]. The above statements are true
for many molecules, but there are some exceptions in which the “canonical” aromaticity
(energetic criteria) does not coincide with the “magnetic” aromaticity [85]. From the well-
known phenalenyl example with various substituents [85], chemists realize that electron
counting alone cannot be fully informative regarding the magnetic current response [86].
Just the allied considerations of both orbital energy and orbital symmetry provide proper
prediction of current-density GIMIC patterns and the attendant respective aromaticity.
Thus, the direction of the rotation of the current density depends strictly on the orbital
symmetry of the magnetically induced transitions, as has been explained in detail by
E. Steiner and P. W. Fowler [86].

According to the above classification, most neutral hetero[8]circulene molecules rep-
resent nonaromatic species [32–34] because the paratropic internal currents substantially
cancel out the diatropic current component in the outside part of the molecules (Figure 10,
Table 3), similar to the well-known non-aromatic cyclic hydrocarbons, fullerene C60 and its
multi-charged ion C60

10+ [87,88]. A similar pattern is observed for the other molecules of
hetero[8]circulenes (Table 3).
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its doubly charged ions. Paratropic current densities are shown in red and the diatropic ones are
shown in blue.

In the case of the doubly charged heterocirculene species, the balance of magnetically
induced ring currents is significantly disturbed. As a result, the dianions and the OC-,
SiH-, GeH-, SiH2-, GeH2-containing dications of circulene molecules become completely
aromatic (Table 3) due to the dominant role of the diatropic ring current component, as it
is shown for tetraoxa[8]circulene dication in Figure 10. Upon double oxidation of the O-,
S-, Se-, NH-, PH- and AsH-containing circulenes, the paratropic ring current component
dominates significantly, which leads to the formation of antiaromatic dications (Figure 10,
Table 3).

Circulene 19 differs from others by the presence of a specific system of two adja-
cent antiaromatic five- and eight-membered rings, while the benzene rings retain an
aromatic character (Figure 9). Therefore, circulene 19 is a weakly antiaromatic compound
(Itot = −4 nA·T−1, Table 3), i.e., the paratropic current component inside the octatetraene
ring of the molecule dominates over the diatropic current component of the outside benzene
rings [33].

An interesting feature of azacirculenes 17, 18, 39 and 40 is an increase in the total
ring-current strength with an increase in the number of nitrogen atoms in the molecule.
As shown in Figure 11, the NICS(0) and NICS(1) indices for the central octatetraene ring of
azacirculenes are monotonously decreased, i.e., paratropic contributions to the total ring
current also decrease in the series 17, 18, 39, 40. However, the diatropic component of the
net ring current slightly increases for circulenes 17, 18, 39, 40 (the NICS indices for pyrrole
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rings demonstrare more negative values). Thus, the total ring current of azacirculenes
17, 18, 39 and 40 decreases to −3.1 nA·T−1 for 17 and to −0.5 nA·T−1 for 40. Therefore,
circulene 17 can be considered as a slightly antiaromatic molecule, whereas circulene 40
represents an almost nonaromatic species (Figure 11).
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Baryshnikov et al. [33,34] have shown that the aromaticity of hetero[8]circulenes
depends on the type of heteroatom inserted into the outer framework of the molecules.
In particular, an insertion of heavy heteroatoms into the outer macrocycle of heterocir-
culenes leads to the twist-type distortion of molecules with subsequent formation of the
saddle-shaped conformation. This phenomenon is clearly observed in a series of circulenes
with different heteroatoms of oxygen, sulfur, selenium, phosphorus, arsenic: circulene 10 is
strictly planar, circulene 23 is almost planar, circulene 24 is characterized by a non-planar
structure, circulene 33 is non-planar, circulene 34 has a more distorted non-planar structure
of the molecule in comparison with circulene 33. Such structural changes directly affect the
aromaticity of heterocirculenes.

It is known that the NICS(0) and NICS(1) values are consistently decreasing in a series
of furan, selenophene, and thiophene species. Thus, the furan molecule is slightly less
aromatic than the selenophene and thiophene molecules [7]. A similar conclusion can be
made for heterocirculenes with oxygen (10), sulfur (23) and selenium (24) heteroatoms
according to the total ring current strength (Itot). The less aromatic furan fragment in
molecule 10 leads to the weakly antiaromatic nature of a whole tetraoxa[8]circulene 10.
Circulenes 23 and 24 are nonaromatic species, because the aromaticity of selenophene and
thiophene fragments is stronger than that of the furan molecule. The total ring current
strength in the other part of the molecule stays almost the same in this series. Thus, the type
of heteroatom inserted into the outer framework of heterocirculene molecules 10, 23 and
24 plays a crucial role.

The effect of heteroatom on the aromaticity of heterocirculenes is more clearly pro-
nounced for the series of circulene molecules with nitrogen (40), phosphorus (33) and
arsenic (34) heteroatoms. It is known [89] that the aromaticity degree of free arsole molecule
is two times less than that of pyrrole; the phosphole molecule is less aromatic than pyrrole
and more aromatic than arsole. As a result, the more aromatic pyrrole fragment causes
almost zero total ring current of molecule 40, while the presence of a less aromatic arsole
ring provides antiaromaticity of compound 34. In this case, the P-containing circulene 33 is
located between compounds 34 and 40 in a series of circulenes 33, 34 and 40. Therefore,
the paratropic ring-current component induced by the tetraphenylene fragments domi-
nates over the diatropic ring-current component induced by the heterocyclic fragments in
a series of compounds 33, 34 and 40.

It should be noted that NICS can be affected by the currents of adjacent rings in
polyheterocyclic systems, i.e., when there are several circuits in a molecule, all of them
will contribute to the NICS calculated at some selected point [90]. Consequently, despite
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the NICS local nature, it cannot be used to assess the degree of benzenoid character for
a particular ring in polyheterocyclic systems, since it contains not only the ring current of
an individual benzenoid circuits, but also has a contribution from neighboring benzene and
heteroarene circuits. Moreover, it has also been shown that NICS could wrongly indicate
an increase in aromaticity due to out-of-plane distortion in polycyclic molecules [91,92].

The presence of electron-donor and electron-acceptor substituents in the outer macro-
cycle of the molecule has a significant influence on the aromaticity of heterocirculenes.
This effect is seen in the example of azatrioxa[8]circulenes [93]. The total ring current (Itot)
for azatrioxa[8]circulene 17 (Figure 12) is equal to 3.1 nA·T−1, which corresponds to the
sum of the paratropic ring-current component, induced inside the internal octatetraene
ring (−12.4 nA·T−1), and the diatropic ring-current component, induced by the outer
macrocycle of the circulene molecule (9.3 nA·T−1) (we can note that the calculation of
circulene 17 was carried out without the side substituents for simplicity). The introduction
of one N-benzyl (Bn) substituent (circulene 46, Figure 13) into the initial structure of the
molecule 17 leads to an increase in the total ring current strength to −2.2 nA·T−1. This fact
can be explained by an increase in the diatropic ring-current component contribution on
the outside the molecule (10.2 nA·T−1) in comparison with the paratropic ring-current
component inside the octatetraene ring, which have the same value as the molecule of the
initial circulene 17.

Chemistry 2021, 3, x. FOR PEER REVIEW 16 
 

 

ring (–12.4 nA∙T–1), and the diatropic ring-current component, induced by the outer mac-
rocycle of the circulene molecule (9.3 nA∙T–1) (we can note that the calculation of circulene 
17 was carried out without the side substituents for simplicity). The introduction of one 
N-benzyl (Bn) substituent (circulene 46, Figure 13) into the initial structure of the molecule 
17 leads to an increase in the total ring current strength to –2.2 nA∙T–1. This fact can be 
explained by an increase in the diatropic ring-current component contribution on the out-
side the molecule (10.2 nA∙T–1) in comparison with the paratropic ring-current component 
inside the octatetraene ring, which have the same value as the molecule of the initial cir-
culene 17. 

 
Figure 12. The structure of the parent ‘‘hypothetical’’ azatrioxa[8]circulene frame 17 (without the 
side substituents for simplicity) and related synthesized unsymmetrical compounds 41–45 [93]. 

 
Figure 13. Logical scheme for subsequent functionalization of the simplest hypothetical azatri-
oxa[8]circulene 17 vs. changing diagram for the net magnetically induced ring current strengths 
[93]. 

The introduction of two tert-butyl groups into the structure of the molecule 46 (cir-
culene 47, Figure 13) does not affect the overall balance between the paratropic and dia-
tropic ring-current components. In a series of substituted heterocirculenes 41, 43 and 44, 
there is a tendency towards a decrease in the total ring current strength 41 (4t-Bu, –3.1 

Figure 12. The structure of the parent “hypothetical” azatrioxa[8]circulene frame 17 (without the
side substituents for simplicity) and related synthesized unsymmetrical compounds 41–45 [93].

Chemistry 2021, 3, x. FOR PEER REVIEW 16 
 

 

ring (–12.4 nA∙T–1), and the diatropic ring-current component, induced by the outer mac-
rocycle of the circulene molecule (9.3 nA∙T–1) (we can note that the calculation of circulene 
17 was carried out without the side substituents for simplicity). The introduction of one 
N-benzyl (Bn) substituent (circulene 46, Figure 13) into the initial structure of the molecule 
17 leads to an increase in the total ring current strength to –2.2 nA∙T–1. This fact can be 
explained by an increase in the diatropic ring-current component contribution on the out-
side the molecule (10.2 nA∙T–1) in comparison with the paratropic ring-current component 
inside the octatetraene ring, which have the same value as the molecule of the initial cir-
culene 17. 

 
Figure 12. The structure of the parent ‘‘hypothetical’’ azatrioxa[8]circulene frame 17 (without the 
side substituents for simplicity) and related synthesized unsymmetrical compounds 41–45 [93]. 

 
Figure 13. Logical scheme for subsequent functionalization of the simplest hypothetical azatri-
oxa[8]circulene 17 vs. changing diagram for the net magnetically induced ring current strengths 
[93]. 

The introduction of two tert-butyl groups into the structure of the molecule 46 (cir-
culene 47, Figure 13) does not affect the overall balance between the paratropic and dia-
tropic ring-current components. In a series of substituted heterocirculenes 41, 43 and 44, 
there is a tendency towards a decrease in the total ring current strength 41 (4t-Bu, –3.1 

Figure 13. Logical scheme for subsequent functionalization of the simplest hypothetical azatri-
oxa[8]circulene 17 vs. changing diagram for the net magnetically induced ring current strengths [93].



Chemistry 2021, 3 1426

The introduction of two tert-butyl groups into the structure of the molecule 46 (circu-
lene 47, Figure 13) does not affect the overall balance between the paratropic and diatropic
ring-current components. In a series of substituted heterocirculenes 41, 43 and 44, there
is a tendency towards a decrease in the total ring current strength 41 (4t-Bu, –3.1 nA·T–1),
44 (3t-Bu+SMe, −3.4 nA·T−1), 43 (3t-Bu+OMe, −3.7 nA·T−1) in comparison with the circu-
lene molecule 46 (Table 4).

Table 4. The total ring current strength (Itot) and aromaticity of the azatrioxa[8]circulene molecules.

Circulene Itot
nA·T−1 Aromaticity

17 −3.1 Antiaromatic
41 −3.1 Antiaromatic
42 1.0 Weakly aromatic
43 −3.7 Antiaromatic
44 −3.4 Antiaromatic
45 0.3 Nonaromatic
46 −2.2 Weakly antiaromatic
47 −2.2 Weakly antiaromatic
48 −4.1 Antiaromatic
49 −5.0 Antiaromatic

The introduction of electron-acceptor groups instead of one t-Bu substituent (modeled
circulenes 48 and 49, Figure 13) provides a strong reduction in the paratropic ring-current
component inside the octatetraene ring (−12.8 and −13.0 nA·T−1 for –CN and –COOH
substituted molecules 48 and 49, respectively, Figure 13). At the same time, the diatropic
component in the outer macrocycle of the molecules remains the same value in the circulene
molecules 41, 43 and 44. As a result, the total ring-current strength for the modeled
circulenes 48 and 49 is equal to −4.1 and −5.0 nA·T−1, respectively, indicating their
antiaromatic nature (Table 4). Therefore, one can conclude that the fivefold substitution of
the initial circulene 17 does not impose a clear effect on the aromaticity degree. However,
compared with the modeled Bn-substituted circulene 46, one can see that the fourfold
substitution in the outer macrocycle of azatrioxacirculene molecule provides an increase in
the antiaromaticity degree for the synthesized molecules 41, 43 and 44, as well as for the
modeled compounds 48 and 49. It should be noted that the effect of the electron-acceptor
groups –CN and –COOH is more pronounced in comparison with that of the t-Bu, –OMe
and –SMe substituents (Figure 13).

The mono- and double benzoannelation leads to an increase in the aromaticity degree
in molecules 42 and 45 in comparison with the modeled molecule 47, i.e., the annelation
effect is opposite to the substitution effect. This fact can be explained by the additional
expansion of the π-conjugation system of azatrioxa[8]circulene 17, which causes an increase
in the diatropic component’s contribution to the total ring current strength. Formally,
we can talk about the aromaticity inversion during benzoannelation, since the total ring
current strength changes the sign from negative “–” (in the case of all nonbenzoannelated
circulenes) to positive “+” (1.0 nA·T−1 for circulene 42 and 0.3 nA·T−1 for circulene 45).
It should be noted that a similar benzoannelation effect is observed for the π-conjugated
tetraoxa[8]circulenes [45,46].

In 2020, Pittelkow’s group reported the first antiaromatic heterocyclic [8]circulene
with three different heterocyclic rings—diazaoxathia[8]circulene 50 (Figure 14)—using
a novel synthetic sequential annulation strategy, where heterocyclic [7]helicenes was pla-
narized [94].
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As one can see from Figure 14, the central eight-membered planar ring shows a positive
NICS(0)-value of 7.73 ppm [94], suggesting that the structure shares the paratropic and
antiaromatic nature of the inner octatetraene ring. The surrounding benzene, furan and
pyrrole demonstrate considerably negative NICS indices, indicating a diatropic ring current
and aromatic nature.

Thus, a combination of NICS and GIMIC approaches allows us to estimate the measure
of competition between the diatropic and paratropic ring currents in the heterocirculene
molecules and to make a general conclusion about their aromatic nature.

4. Aromaticity of the “Lower” (n < 8) and “Higher” (n > 8) Hetero[n]circulenes
4.1. Thia[n]circulenes (n = 5–12)

Karaush-Karmazin et al. [95] examined the change in aromaticity for a series of
thia[n]circulenes with a different number of fused thiophene rings (n = 5–12) by means of
the methodology proposed in Ref. [96]. The calculated strain energies for thia[n]circulenes
(n = 5–12) relative to planar octathia[8]circulene 20 are presented in Figure 15. It was
shown that the strain energy for the nonathia[9]circulene is only 0.2 kcal·mol−1; therefore,
its molecule has an almost unstrained macrocycle with planar structure [95]. With further
extension of the circulene macrocycle from n = 10 up to n = 12, the strain slightly increases
up to ≈ 9 kcal mol−1 for thia[12]circulene (Figure 15) because of a gradual bending of
the molecular skeleton. One can expect that the loss of planarity in thia[n]circulenes
(n = 10–12) should lead to a reduction in aromaticity. However, GIMIC and NICS calcu-
lations indicate that moving from planar to corrugated thia[n]circulenes, the aromaticity
of their molecules is only weakly changed, and even slightly increased up to 0.8 nA T−1

for thia[n]circulenes with n = 11, 12 (Figure 15). This behavior is similar to the higher
carbo[n]helicenes (n > 5) [48] and helical [n]benzofurans (n > 2) [97]. This fact was ex-
plained by a gradual increase in the diatropic current component on the outside of the
thia[n]circulene molecules (n = 9–12), with macrocycle extension and its dominance over
the paratropic current inside the ring yielding a total diatropic current [95].
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The molecules of smaller thia[n]circulenes with n = 5–7 demonstrate a more pro-
nounced increase in the strain energy up to 30 kcal mol−1 for pentathia[5]circulene
when macrocycle is reduced. Such strain energy of the macrocycle leads to its dis-
tortion into a bowl-shaped structure. Therefore, it is obvious that the molecules of
smaller thia[n]circulenes (n = 5–7) should be antiaromatic or nonaromatic species. Ac-
cording to GIMIC calculations, the contribution of the paratropic current component is
increased, yielding a total paratropic ring current for smaller thia[n]circulenes with n = 5–7.
It was reported in Ref. [95] that the total ring current reduces from −3.4 nA T−1 for
pentathia[5]circulene to −1.1 nA T−1 for hexathia[6]circulene and heptathia[7]circulene
(Figure 16), i.e., the first circulene was found to be a slightly antiaromatic compound,
whereas the latter two compounds are almost nonaromatic species.
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Summarizing the above, it should be noted that GIMIC also has problems with
molecules that are far from being planar, because it is not clear in which direction the
magnetic field should point [98]. For example, in the case of [12]circulene in Figure 16,
the magnetic field is almost perpendicular to the central twelve-membered ring, but is far
from being perpendicular to all the other five-membered rings of the periphery.
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Until recently, the synthetic efforts of heterocyclic [n]circulenes covered up to eight
aromatic rings (n = 8), while the higher hetero[n]circulenes (n > 8) have been predicted
only by quantum chemical modeling [95,97]. In 2020, the first synthesis of a fully aro-
matic [9]circulene, formally a diazatrioxa[9]circulene 51, along with a tetrahydrodiazate-
traoxa[10]circulene 52, was reported by Pittelkow’s group (Figure 17) [99]. The structure of
[9]circulene’s macrocyclic core is perfectly planar, while tetrahydro[10]circulene adopts
a V-shaped cis form with unilaterally directed hydrogen atoms on four bridging sp3 carbon
atoms. The angle between the mean plane of the two carbazoles is 73.7◦ [99].
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Figure 17. Molecular structures of the studied heterocyclic [9]- and [10]circulenes.

According to the ACID plots of [9]circulene 51, the diatropic ring currents appear in
the outer rim (blue arrows in Figure 18), while the 9-membered hub ring sustains paratropic
currents (red arrows in Figure 18) similar to those of the hetero[8]circulenes presented above.
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In the case of tetrahydrotetraoxadiaza[10]circulene 52, the π-conjugation in the rim
and hub subsystems is broken. The strong local diatropic currents flow in the two carbazole
fragments (blue arrows in Figure 18) and the radial C−C bonds are also involved; only
weak paratropic currents circulate inside the 10-membered ring through the σ-conjugation
(red arrows in Figure 18). NICS calculations of [9]- and [10]circulenes are in agreement
with the results obtained from the ACID plots. NICS indices are negative for all individual
aromatic rings constructing these circulenes, due to the diatropic ring current, and positive
for the central ring due to the paratropic ring current. The presence of paratropic ring
currents in the central nonaromatic rings of [9]- and [10]circulenes can be explained by the
concept of topologically induced paratropicity [100].

It should be noted that the NICS(1) and NICS(0) (1.8, 3.6, respectively) of the central
nonaromatic ring of [9]circulene are significantly lower than those values of the related
diazadioxa[8]circulene, indicating a contribution from the antiaromatic cyclooctatetraene
in the diazadioxa[8]circulene molecule.

5. Aromaticity of the π-Extended Hetero[8]circulenes
5.1. Diaza[n]circulenes

The authors of Ref. [101] described on-surface synthesis of the first example of
a π-extended diaza[8]circulene 53 surrounded by and fused with six hexagons and two
pentagons (Figure 19). It was found that some molecules are planar on Au(111) with
highly distorted octagon structure. This is due to the large sum of the wedge angles of the
surrounding rings (six hexagons and two pentagons), thus creating a strained conforma-
tion of 53. According to DFT calculations for 53 in the gas phase, the twisted structure is
the most stable in comparison with the saddle (2.7 kcal/mol) and planar (12.7 kcal/mol)
conformations [101].

In 53, the central antiaromatic octatetraene ring shows an NICS(0) value of 7.4 ppm,
which is comparable to those of the hetero[8]circulenes discussed above. The ACID plot
clearly shows a counterclockwise 8π ring current flowing along the central octatetraene
ring as well as a clockwise 40π ring current flowing along the outer fused rings, including
the two pyrrole rings. The observation of a diatropic 40π ring current is consistent with
those of other hetero[8]circulenes, which typically show internal paratropic 8π ring currents
surrounded by outer diatropic 24π ring currents.

Therefore, the NICS and ACID calculations suggest the presence of two major con-
tributing electronic systems, one having two 6π pyrrole rings and eight 6π benzene rings
(left in Figure 19C) and the other having inner 8π, outer 40π, and two 6π conjugations
(right in Figure 19C).

In 2021, Maeda et al. reported on the solution-based synthesis of the deeply saddle-
distorted dibenzodiaza[8]circulene 54 [102], which made it possible to unambiguously
determine the structure of π-extended diaza[8]circulenes. The mean plane deviation
of the dibenzodiaza[8]circulene moiety is 0.90 Å indicating the distorted π -framework.
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Aromaticity nature of 54 is similar to the previously discussed hetero[8]circulenes, i.e., the
central antiaromatic core surrounded by an aromatic system of benzene and pyrrole rings
(Figure 20).
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Figure 20. X-ray crystal structure, bond lengths and NICS(0) values of saddle-distorted dibenzodi-
aza[8]circulene 54. Hydrogen atoms, solvent molecules, and peripheral substituents in the side views
are omitted for clarity. Reprinted with permission from Ref. [102]. Copyright 2021 John Wiley & Sons.

5.2. Dianthracenylazatrioxa[8]circulene

In 2021, Pittelkow’s group presented the synthesis of a π-extended azatrioxa[8]circulene—
dianthracenylazatrioxa[8]circulene 55 (Figure 21) [26]. The dianthracenylazatrioxa[8]circulene
possesses cyclic 8π electron conjugation of the central octatetraene core, and the structure is
almost completely planar according to X-ray data [26]. This circulene demonstrates a similar
aromaticity behavior compared to other hetero[8]circulenes. The positive NICS(0) and
NICS(1) values confirm the presence of strong paratropicity (i.e., antiaromaticity) inside
the inner eight-membered core, while all of the remaining five- and six-membered rings
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show negative values for the NICS(0) and NICS(1) indices, implying the presence of
a predominant diatropicity (i.e., aromaticity).
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Figure 21. NICS(0) and NICS(1) (in bold) indices (A), the signed modulus of the MIC densities (B),
MIC strengths vs. MIC pathway (C) and anisotropy of the induced current density plot (D) for the
dianthracenylazatrioxa[8]circulene molecule. Paratropic current densities are shown in red and the
diatropic ones are shown in blue in (B) [26].

The GIMIC results are in complete agreement with the NICS indices. As can be
seen from the magnetically induced current (MIC) density plots (Figure 21B), the inner
eight-membered core possesses a strong paratropic (anticlockwise) MIC, while the outer
perimeter of 55 sustains a diatropic (clockwise) MIC circulation. The MIC strength for para-
tropic and diatropic components was found to be similar in absolute values (−13.1 nA T−1

vs. 12.1 nA T−1, respectively). The resulting MIC strength is only −1 nA T−1, meaning
that the studied circulene molecule is globally non-aromatic. This feature implies the
existence of two self-cancelling MIC systems, paratropic in the inner eight-membered core,
and diatropic along the outer perimeter. The MIC strength along the radial CC bonds is
very small (0.3–2.3 nA T−1), in excellent agreement with the ACID plot in Figure 21D.

6. Conclusions

The considered hetero[8]circulenes and their partially heteroannelated analogues,
the [9]- and [10]circulenes, show common complicated aromatic features. Their analysis
sheds new light on the differences in physico-chemical properties of various series of
heterocirculenes. All types of classifications analyzed in this review are used in practical
implementation of heterocirculenes in molecular electronics and in the IR, UV, and NMR
spectral interpretations [103–109]. During the preparation of this paper, a new hybrid
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aromatic molecule with alternating thiophene and furan rings, called an oxisulflower
(with 10-fused rings), and “pure” oxiflower (with 14-furan fused) rings was modeled as
a potential structure for synthesizing sulflower (octathia[8]circulene) [110].
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