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ABSTRACT. The electronic structure and aromaticity of the [12]infinitene molecule (1)
and its formation via the Mallory reaction were studied using density functional theory
(DFT). The examined reaction is based on a stepwise cyclization process. The nucleus-
independent chemical shifts (NICS) were used to assess the aromatic character of the
chemical species involved in the examined reactions. In addition, NICS-Scan, 2D and 3D
multidimensional off-nucleus giso(r) magnetic shielding scans were also employed to exa-
mine the aromaticity of 1. It was found that the formation of 1 is an endothermal process,
as a result of the opposed stabilizing effects of aromaticity and destabilizing effects of
planarity distortions found in molecules included in the considered reaction.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHS) have been the subject of interest of che-
mists for more than a century (RaNDIC, 2003). PAHSs find applications in many diverse fields,
such as materials (BENDIKOV et al. 2004), nanoscience (ANTHONY, 2006), theoretical organic
chemistry (RANDIC, 2003; GUTMAN et al. 2011; REDZEPOVIC et al. 2019) and astrochemistry
(WEISMAN et al. 2003). Yet, these compounds can be extremely hazardous environmental
pollutants usually generated during incomplete combustion of hydrocarbon-containing fuel
sources (OTERO-LOBATO et al. 2005). Since the first experimental realization of graphene in
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2004 (NovoseLov et al. 2004), extended PAHSs have been attracting renewed attention (NA-
RITA et al. 2015). In recent years, there has been increasing interest in non-planar aromatic
structures, which are characterized with substantial steric strain while maintaining a signifi-
cant extent of m-electron delocalization. Such systems include helicenes, twistacenes and
Mobius aromatics (NAULET et al. 2018). A continuous development of synthetic chemistry
enabled the production of many non-planar PAHs adopting various topologies such as
cycloarenes (Hou et al. 2020), circulenes (MILLER et al. 2014), and carbon nanobelts (XIA et
al. 2021). Recently, Krzeszewskl et al. (2022) reported the synthesis of an infinity-shaped
PAH molecule (1) with twelve six-membered rings. The molecular structure of 1 can formally
be obtained by fusing a [6]helicene with its chiral counterpart at their terminal rings (Figure
1). In addition, the infinitene 1 can be also seen as being produced by joining two cleaved
coronene subunits.
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Figure 1. An imaginary “fusion” of two [6]helicene units resulting in
an infinity-shaped structure of [12]infinitene (1).

The infinitene molecule 1 can be viewed as a member of much broader family PAHs
having helically twisted structure resembling that of the infinity symbol (). Even at first
glance, 1 looks to be a truly fascinating molecule, in particular concerning the nature of its
aromaticity. The aromaticity of this molecules has been studied in two recent papers (MONA-
co et al. 2022; Orozco-Ic et al. 2022), and further compared with circulenes, and nanobelts
(ANJALIKRISHNA et al. 2023). Both of these works have agreed that molecule 1 exhibits two
disjointed global diatropic (aromatic) current pathways along the edges formed by 24 carbon
atoms, and these current density flows never cross.

In this paper we further analyze these fascinating geometrical and aromatic features of
the infinitene molecule 1. In particular, we provide a detailed theoretical description of the
synthesis reaction of 1, by analyzing the influence of aromaticity of all chemical species
involved in the reaction pathway. The aromaticity of the studied molecules was assessed by
means of the nucleus independent chemical shifts (NICS) (SCHLEYER et al. 1996; SCHLEYER
et al. 1997; CHEN et al. 2005; PucHTA et al. 2022), and NICS-Scan (STANGER, 2006).
Moreover, multidimensional (2D-3D) magnetic shielding contour maps were also involved in
this work to detail the aromaticity of 1. The NICS index is among the most popular
aromaticity indices (GERSHONI-PORANNE and STANGER, 2015; PUCHTA et al. 2022).
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COMPUTATIONAL METHODS

The geometry optimizations were performed using the B3LYP (LEE et al. 1988;
BECKE 1993; STEPHENS et al. 1994) theory level extended by Grimme's dispersion correction
(GRIMME et al. 2010) in combination with the 6-311+g(d,p) basis set. The obtained structures
of the investigated species were characterized as minima by examining the vibrational
frequencies calculated at the same theory level. The GAUSSIAN suite of programs was used
for this purpose (FRISCH et al. 2010).

Originally, the NICS was defined as the negative value of the isotropic shielding
constant calculated at the ring centre. In the recent paper (DOBROWOLSKI and LIPINSKI 2016),
it has been pointed out that for non-planar rings the NICS should be calculated separately, 1A
above (NICS(1)) and 1A below the ring centre (NICS(-1)). As a good probe of aromaticity in
non-planar molecular systems, the NICS(1)av has been suggested:

NICS(1)av = [NICS(-1)+ NICS(1)]/2
NICS indices were calculated at B3LYP/6-311+g(d,p) level of theory.

We additionally utilized the NICS-Scan approach (STANGER 2006) for scanning mul-
tiple points as a 1D grid contains 301 ghost atoms (Bgs). The 1D lines were placed perpen-
dicular to rings A, B, and C of [12]infinitene and extended from the rings’ centers to +2/-2 A
above/below the center. Moreover, 2D and 3D grids of Bgs were also employed to obtain 2D
magnetic shielding maps and 3D isotropic magnetic isosurfaces for [12]infinitene.

The planarity distortion of the hexagonal rings in the studied molecules was quantified
by means of the T index (DoBRoOwoOLSKI and LIpINSKI 2016), which is defined as the root
mean square deviation of all dihedral angles:

1&G0 v
T= Z(T::ccc)

H i=1 (1)

where summation goes over all n different CCCC dihedral angles (z) in the given ring.

RESULTS AND DISCUSSION

As mentioned in the Introduction section, the aromatic character of 1 has been
previously explored by means of the induced current density analyses (MONACO et al. 2022;
ORrozco-Ic et al. 2022). Here, we calculated the NICS values for symmetry-unique rings of 1
(Table 1). Both NICS(0) and NICS(1)av reveal aromatic nature of the hexagonal rings in 1, in
line with predictions of the current-density-based analysis. The calculated T-index values
(Table 1 and Figure 2) shows that all rings in 1 exhibit a significant deviation from planarity.
Molecular planarity is one of the most recognized manifestations of aromaticity (KRYGOWSKI
et al. 2014). However, it has been shown that the molecular aromaticity can survive despite
very strong planarity distortions (FEIXAS et al. 2007). It was found that in 1 the extent of the
planarity deviation of the hexagonal rings does not fully follow the change in NICS values.
Yet, it is evident the infinitene molecule 1 is characterized with a substantial extent of cyclic ©
electron delocalization regardless of its very crude planarity distortion.

To obtain more magnetic details about 1, Figures 3-6 show NICS-Scan and 2D-3D
off-nucleus isotropic magnetic results for [12]infinitene. Accordingly, NICS-Scan curves
(Figure 3) indicate more negative NICS for ring A, followed by B and C. Also, for each of the
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rings, it is worth noticing the maximum negative NICS values are located at heights 1 A
above and below the centers of these rings. This allows assuming that the n-electron deloca-
lization at p, orbital regions at these heights causes such high NICS responses. Therefore,
these curves elucidate magnetic behaviors like those aromatic rings.

Table 1. Calculated NICS(0) and NICS(1)av values for symmetry-unique rings in 1,
as shown in Figure 1.

Ring NICS(0) NICS(1)av T (in degrees)
A -7.33 -10.47 97.2
B -6.93 -9.38 21.7
C -5.36 -7.92 101.0

In agreement, the same shielding arrangements obtained by NICS-Scan can also be
seen via Figure 4, which displays almost three identical shielding maps with minor differen-
ces at the ring centers of [12]infinitene. There are many common points between the shielding
maps of [12]infinitene rings and that of benzene. For example, the central regions of the rings
are dominated by magnetic shielding (blue color), the shielding cloud about C-C bonds, and
the deshielded spheres (red color) surrounding carbon atoms all show similar shielding pa-

tterns to those aromatic rings.

Figure 2. The B3LYP-GD3/6-311+g(d,p) optimized structure of [12]infinitene (1): top-view (left) and
side-view (right).
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Figure 3. NICS-Scan curves calculated at the B3LYP-GIAO/6-311+G(d,p) level of theory, and
scanned the magnetic shielding along a line of 301 Bq points extended from -2 A (below) to +2 A
(above) the centers of rings A, B, and C of [12]infinitene (1).
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As Figure 5 shows, both the grids oriented through XZ and YZ directions, maps (a)
and (b), produced magnetic shielding maps of very extended shielding activity along the Z
coordinate, i.e., there is a vertical expansion of the shielding up to +8 A above and below the
infinitene rings loop. However, the two deshielded cyclones (red) at the fjord bays inside the
two rings loop in maps (a) and (c) are a consequence of the induced magnetic lines at these
regions that are directed against the direction of the magnetic shielding lines.

Understanding the magnetic shielding can also be achieved through the 3D isotropic
magnetic isosurfaces (Figure 6). We selected three isosurfaces, red, blue, and pink which
visualize the shielding values of -3, +21, and +6 (ppm), respectively. The blue isosurface
precisely displays how the shielding cloud covers all the hexagonal rings skeleton of
[12]infinitene, indicating adequate magnetic shielding caused by the C-C bonds and electron
delocalization. Also, the pink isosurface shows the shielding expansion mentioned above.
Both deshielded cyclones and deshielded spheres are observable via the red isosurface.

Figure 4. Isotropic magnetic shielding aiso(r) maps calculated at the B3LYP-GIAQ/6-311+G(d,p) level
of theory and probed from the nuclei levels of rings A, B, and C of [12]infinitene (1).

In this report we also aim to establish the influence of aromaticity on the reaction
pathway. In particular, we are interested to see how the aromaticity with its stabiliza-
tion/destabilization effects can affect the ground state of chemical species formed during the
reaction process of the synthesis of 1. For this purpose, here we examined the formation of 1
by Mallory reaction (JORGENSEN, 2010). Our theoretical model of the reaction is stripped off
any additional reagents which may be involved in the reaction, which is a common practice in
this kind of theoretical assessment (REDZEPOVIC et al. 2017; ToSovi¢ 2017).

Mallory reaction in itself is a photochemical-cyclization—elimination reaction where
under UV irradiation, stilbene and its derivatives undergo intramolecular cyclization to form
dihydrophenanthrenes (JGRGENSEN, 2010). In the presence of an oxidant, the dihydrophenan-
threnes aromatize to give polycyclic aromatics. A schematic presentation of the investigated
reaction is presented in Figure 7 together with the calculated relative energies (for the sake of
clarity, in Figure 7 one part containing both reaction centers of the molecule is presented,
while the whole structures of some molecules are presented in Figures 2 and 8).
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Figure 5. 2D magnetic shielding contour maps (in ppm) of [12]infinitene (1) calculated at the B3LYP-
GIAO/6-311+G(d,p) level of theory. The vertical maps (a) and (b) were recorded by 2D (XZ) and
(YZ) grids of Bgs, respectively, while (c) is the horizontal map scanned by a 2D (XY) grid.

As mentioned above, none of the reagents which are used during the experimental
realization of this kind of reaction was considered in the presented model. Additionally, all
species shown in Figure 7 were characterized as local minima, so from that point of view,
further on we are discussing the overall thermostability of the different species formed during
the presented reaction path. The reaction starts from cyclophadien (R) whose optimized
geometry is displayed in Figure 8. The energies of all molecules in Figure 7 are given relative
to the starting cyclophadien molecule R (for which the relative energy equals 0 kcal/mol).
The NICS indices were calculated for some of the selected species involved in the reaction
depicted in Figure 7. According to the NICS values all rings in R exhibit a significant
aromatic character (Figure 9). The first reaction step is a cyclization process which yields a
product with 34.27 kcal/mol higher energy than the starting cyclophadien reactant R. It can be
observed that the obtained intermediate 11 suffers from aromaticity lost in the two rings



35

adjacent to the newly formed hexagonal ring, which is also found to be nonaromatic. The
increased destabilization of 11 relative to R arises as a combination of the aromaticity loss and

strain magnification.

Side views
Top view

Figure 6. 3D magnetic shielding isosurfaces of [12]infinitene (1) calculated at the B3LYP-GIAQO/6-
311+G(d,p) level of theory, the color/shielding value (in ppm) are red/-3, blue/+21, pink/+6.
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Figure 7. Schematic presentation for investigated formation reaction of [12]infinitene together with
calculated B3LYP-GD3/6-311+g(d,p) relative energies in kcal/mol.
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Figure 8. The B3LYP-GD3/6-311+g(d,p) optimized structure of cyclophadien (R): top-view (left)
and side-view (right).

Figure 9. NICS(0) (red numbers) NICS(1)ay (blue italic numbers) values for selected compounds
involved in the reaction depicted in Figure 7.

Once formed, 11 can follow two different reaction pathways. One is a cyclization pro-
cess on the second reaction center (labeled pathway a in Figure 7) and the second is an ab-
straction of the hydrogen atoms on the reaction center where the cyclization process previo-
usly occurred (labeled pathway b in Figure 2). Due to the unsymmetrical reaction center,
pathway b branches further into two different hydrogen abstraction possibilities (intermedi-
ates I2n and lIsp) with an insignificant energy difference of 1.79 kcal/mol. The thermodyna-
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mically more favorable path is pathway a, where cyclization of the second reaction center re-
sults in a product I2a with the energy of 73.69 kcal/mol relative to the starting cyclophadien R.
Following that pathway, two possible hydrogen abstractions can occur, now with a more sig-
nificant energy difference of 4.67 kcal/mol. After this abstraction, the species Is is formed
with the energy of 45.21 kcal/mol relative to R, which is also the end product of thermodyna-
mically less favorable pathway b. Similar to 11, the obtained intermediate Is loses some of its
aromaticity since cyclic electron conjugation is disabled in the newly formed hexagon and its
neighbor rings.

The intermediate Is undergoes the abstraction to yield two possible intermediates le
and Iz whose energies differ insignificantly (0.62 kcal/mol). To gain a final product
[12]infinitene, one more abstraction step needs to occur. The final product [12]infinitene is
formed with 17.99 kcal/mol relative to the starting reactant R. The calculated NICS values
revealed that in 1 the aromaticity of all rings which were aromatic in R was preserved, and the
newly formed rings are also found to be aromatic. Despite a considerable extent of aromati-
city in 1, the reaction is found to be endothermic. This can be explained by a continuous
increase of the strain energy as one follows the reaction path from R to 1.

CONCLUSIONS

In this work, we studied the Mallory-type reaction in which the [12]infinitene
molecule (1) is formed. The electronic structure and aromaticity of chemical species involved
in these reactions were studied at the B3LYP-GD3/6-311+g(d,p) level of theory. Also, NICS-
Scan and 2D-3D multidimensional magnetic shielding evaluations were carried out at the
B3LYP-GIAO/6-311+G(d,p) level of theory. The nonplanarity of 1 was quantified by means
of the T index values. It was revealed that 1 is characterized with a substantial extent of cyclic
7 electron delocalization despite a significant planarity distortion. In agreement, 1D-3D multi-
dimensional magnetic shielding results exhibited magnetic features in [12]infinitene matching
those of aromatic molecules. We found that the formation of 1 is an endothermal chemical re-
action. The energetics of the examined reaction mechanism showed that there is a tug-of-war
between the stabilizing effects of aromaticity and the destabilizing effects of planarity
distortions all along the reaction pathway.
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