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Abstract: The nucleus independent chemical shift (NICS) criterion of aromaticity is used
to evaluate the aromaticity of a series of poly-2,7-[N]calicenes. The geometry and NICS
values of all poly-2,7-[N]calicenes and reference molecules (calicene, bicalicene, benzene,
cyclopentadienyl anion and cyclopropenyl cation) are evaluated at the B3LYP/6-31G(d,p)
level of computational theory. The NICS data indicate that all poly-2,7-[N]calicenes studied
are aromatic, and aromaticity increases as the number of calicene units (N) increases.
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INTRODUCTION

Aromaticity is one of the foundational concepts in chemistry, but after almost 150 years of
research, aromaticity still elicits spirited debates and has yet to be definitively defined [1-3]. Many
criteria of aromaticity have been proposed such as chemical reactivity, aromatic stabilisation
energy, bond length equalisation and various magnetic properties such as 'H chemical shift, but no
criterion has been accepted to be definitive [4-6]. Some lament the lack of agreement, but as pointed
out by others this inability to reach a consensus has spurred research and led to many discoveries.

While benzene is the archetypal aromatic molecule, non-benzenoid aromatic compounds are
intrinsically interesting and provide insight into the scope of aromatic character. The aromaticities
of a novel series of poly-2,7-[N]calicenes (1-4, Figure 1), where 2,7 designates the location of the
bond between calicene monomers and [N] is the number of calicene monomers, are investigated in
this paper. Poly-2,7-[N]calicenes 1-4, having N values of 2, 3, 4 and 5 respectively, have not been
synthesised.

Poly-2,7-[N]calicenes are polymers of calicene (5, Figures 2 and 3), also known as
triapentafulvalene. Calicene is frequently mentioned in organic chemistry textbooks as an aromatic
molecule due to its dipolar resonance form (Sb, Figure 2). With 4n + 2 =& electrons in both of its
five-membered ring (6 electrons) and three-membered ring (2 electrons), Sb is expected to be the
major contributor to the electronic structure of calicene. If 5b is a major contributor, 5 would be
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expected to have a large dipole moment due to the dipolar character of Sb. Intriguingly, calicene
has never been synthesised, but substituted calicenes such as 2,3-dicyano-5,6-diphenylcalicene and
1,2,3,4-tetrachloro-5,6-diphenylcalicene are known and have large dipole moments [7, 8]. Even
more surprisingly, bicalicene (6, Figure 3), a cyclic dimer of calicene with a 16-m peripheral
electron system and expected to be anti-aromatic according to the 4n + 2 aromatic rule, was
synthesised and characterised to be aromatic [9, 10].
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Figure 1. A series of poly-2,7-[N]calicenes
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Figure 2. Two main resonance forms of calicene (5)

Figure 3. Reference molecules used in this study

This work is a continuation of previous investigations into the structure and aromaticity of
various polycalicene families that result from different bonding motifs between the calicene
monomers [11-12]. The poly-2,7-[N]calicenes are only one example of the rich variety of molecules
that can be constructed from calicene building blocks. Polycalicenes are an unexplored region of
chemical space, and the possibility that some polycalicenes are non-benzenoid aromatic molecules
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is inherently fascinating. Thus, the aromaticities of poly-2,7-[N]calicenes are evaluated in this paper
using Schleyer’s nucleus independent chemical shifts (NICS) [13]. The NICS values of calicene (5),
bicalicene (6), benzene (7), cyclopentadienyl anion (8) and cyclopropenyl cation (9) (Figure 3) are
calculated as references.

METHODS

The geometries of poly-2,7-[N]calicenes (1-4) were optimised using the density functional
theory method composed of B3LYP functional [14, 15] and 6-31G(d,p) basis set [16, 17]. Harmonic
vibrational frequency calculations were performed at the same level for all molecules to confirm
that the molecules are of minimum energy conformations. NICS, defined as the negative of the
calculated isotropic shielding [13], were evaluated at selected points (Figure 4). NICS(0) values
(z=0) were calculated at points located at the centre (non-weighted average of ring atom
coordinates) of the three-membered rings (cpro) and five-membered rings (cpent), and in the plane
of each ring. NICS(1) values (z=1) were calculated at 1 A above the NICS(0) point located at the
ring centre and in the molecular plane of each ring. The geometries of all reference molecules, viz.
calicene (5), bicalicene (6), benzene (7), cyclopenta-dienyl anion (8) and cyclopropenyl cation (9),
were optimised at the same level of computational theory. NICS(0) and NICS(1) values for the
reference molecules were calculated for comparison with the NICS results of 1-4. All calculations
were carried out using the Gaussian 09 suite of quantum mechanical programmes [18].

Figure 4. Location of NICS points, z=0 and z=1, for poly-2,7-[2]calicene (1)

RESULTS AND DISCUSSION
NICS Criterion of Aromaticity

NICS are a simple and robust criterion of aromaticity [13, 19]. NICS values are defined as
the negative of the absolute magnetic shieldings computed at the ‘ring centres (non-weighted mean
of the heavy atom coordinates)’. Initially, NICS values were calculated only for points in the plane
of the ring, designated as NICS(0) [13]. Negative NICS values indicate aromaticity and positive
NICS values indicate anti-aromaticity. Since its introduction in 1996, there have been many
refinements to the NICS method. Due to concerns over c-electron contribution, it was proposed that
NICS values be calculated 0.5 A above the ring centre [20]. Next, NICS values are calculated 1 A
above the ring centre to further reduce the c-electron contribution and are referred to as NICS(1)
[21]. Further refinements have been proposed [20, 22, 23], such as separating the NICS values into
o- and m-electron contributions [20], but these ‘refinements’ detract from the simplicity of the
original NICS method. Apart from the simplicity factor, the reliability of some of the latest
refinements (e.g. NICS scan) [24] has been questioned.

Qualitative assignment of aromaticity is simple using NICS values, but quantitatively
assessing the aromaticity is more complicated. Generally, the more negative the NICS value is, the
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more aromatic the system becomes. However, ring size and electron density also play a major role.
Because of these concerns we always include, as reference molecules, well-known aromatic
molecules (for example benzene) and, more importantly, aromatic molecules that are similar to the
molecules under evaluation.

Despite its widespread use, some have questioned the reliability and even the fundamental
wisdom of assessing aromaticity using the NICS criterion [25]. However, we have used the NICS
criterion of aromaticity extensively and have refuted one purported failure of the NICS method
touted by its critics [11]. We maintain that NICS(0) and NICS(1) values alone are a reliable and
simple method of assessing aromaticity without resorting to complicated and arbitrary refinements.
This study, therefore, focuses on the NICS(0) and NICS(1) values of the poly-2,7-[N]calicenes (1-
4).

Poly-2,7-[N]calicene Ring Designations

Each poly-2,7-[N]calicene contains two or more calicene subunits that are numbered as
illustrated in Figure 5 for the longest poly-2,7-[N]calicene studied, poly-2,7-[5]calicene (4). The
calicene subunit that is bonded by its three-membered ring to the five-membered ring of the next
calicene subunit is designated the first calicene subunit. The first calicene subunit is identified by no
prime, the second calicene subunit by one prime (i.e. '), the third calicene subunit by two primes
(i.e. "), and the progression continues as each calicene subunit is added. In addition, each calicene
subunit has a three-membered ring (cpro) and a five-membered ring (cpent), so when combined, the
numbering scheme and ring designation allows each ring to be identified uniquely. It is noted that
when all three-membered rings are collectively described, cpro is used, but when three-membered
rings are individually distinguished, cpro designates the three-membered ring of the first calicene
subunit. Likewise when all five-membered rings are collectively described, cpent is used, but when
five-membered rings are individually distinguished, cpent designates the five-membered ring of the
first calicene subunit.

Figure 5. Numbering scheme of poly-2,7-[N]calicenes (1-4), illustrated by poly-2,7-[5]calicene (4)

Basis Set Choice

The calicene subunits of poly-2,7-[N]calicenes (1-4) are expected to have significant dipolar
character with a five-membered ring that has significant cyclopentadienyl anion character and a
three-membered ring that has significant cyclopropenyl cation character (Figure 2). Diffuse
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functions are recommended for calculations involving anions; therefore, it is best to use the larger
6-31+G(d,p) basis set that includes diffuse functions on the second row atoms [26]. Poly-2,7-
[N]calicenes 1-3 were indeed studied using the 6-31+G(d,p) basis set; however, poly-2,7-
[S]calicene (4) could not be optimised using the 6-31+G(d,p) basis set. We have consistently found
that calculations involving polycalicene molecules (even those with different bonding motifs) as
large as poly-2,7-[5]calicene (4) or larger using the 6-31+G(d,p) basis set generate a numerical error
[11-12]. To demonstrate the reliability of the 6-31G(d,p) NICS data, we have included the
B3LYP/6-31+G(d,p) NICS(0) and NICS(1) data for poly-2,7-[N]calicenes 1-3 in Table 1 and the

same data for reference molecules 5-9 in Table 2.

Table 1. B3LYP/6-31+G(d,p) NICS(0) and NICS(1) data for poly-2,7-[N]calicenes (1-3)

Ring NICS(0) (ppm) NICS(1) (ppm)
1 2 3 4 1 2 3
cpro -22.9 -23.2 -23.4 -7.4 -7.5 -7.6
cpro' -21.2 -23.4 -23.8 -7.9 -8.1 -8.2
cpro” -21.5 -23.8 -8.3 -8.5
cpro" -21.7 -8.6
cpro™"
cpent -5.6 -6.1 -6.6 -5.9 -6.2 -6.5
cpent' -4.7 -5.7 -6.2 -5.6 -6.2 -6.6
cpent" -4.8 -5.8 -5.6 -6.4
cpent"' -4.9 -5.8
cpent""

Table 2. B3LYP/6-31+G(d,p) NICS(0) and NICS(1) data for reference molecules (5-9)

Molecule Ring NICS(0) NICS(1)

(ppm) (ppm)
Calicene 5 Cpro -20.5 -6.9
Cpent -4.5 -5.1
Bicalicene 6 Cpro -23.3 -7.5
Cpent -4.7 -5.7

Benzene 7 Chex’ -8.1 -10.2
Cyclopentadienyl anion 8 Cpent -12.8 -9.6
Cyclopropenyl cation 9 Cpro -22.4 -14.5

* = six-membered ring

These data have been included to show that while the absolute values of the NICS data are
different, essentially every trend (to be discussed) using the 6-31G(d,p) NICS data (Tables 3 and 4)
is also found in the 6-31+G(d,p) NICS data in Tables 1 and 2. This validates the reliability of using
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the 6-31G(d,p) NICS data compared to the 6-31+G(d,p) NICS data. Therefore, the discussion will
only focus on the B3LYP/6-31G(d,p) NICS(0) and NICS(1) data because those results are complete
and more detailed comparisons can be made.

B3LYP/6-31G(d,p) NICS Data

The B3LYP/6-31G(d,p) NICS(0) and NICS(1) data for poly-2,7-[N]calicenes (1-4) are
detailed in Table 3 and the same data for reference molecules (5-9) are listed in Table 4.

Table 3. B3LYP/6-31G(d,p) NICS(0) and NICS(1) data for poly-2,7-[N]calicenes (1-4)

Ring NICS(0) (ppm) NICS(1) (ppm)
1 2 3 4 1 2 3 4

cpro -23.5 -24.0 -24.3 -24.4 -7.9 -8.1 -8.2 -8.2
cpro' -22.0 -24.0 -24.5 -24.6 -8.3 -8.6 -8.8 -8.9
cpro” -22.2 -24.3 -24.7 -8.7 -9.0 9.1
cpro" -22.4 -24.3 -8.9 -9.1
cpro™" -22.4 -9.0
cpent -7.2 -1.7 -8.2 -8.3 -7.0 -7.3 -7.6 -7.7
cpent' -6.0 -7.1 -7.6 -7.9 -6.6 -7.3 =77 -7.8
cpent" -6.0 -7.2 -7.7 -6.7 -7.5 -7.8
cpent"' -6.0 -7.2 -6.8 -7.5
cpent"" -6.2 -6.9

Table 4. B3LYP/6-31G(d,p) NICS(0) and NICS(1) data for reference molecules (5-9)

Molecule Ring NICS(0) NICS(1)
(ppm) (ppm)
Calicene 5 Cpro -21.6 -7.6
Cpent -6.1 -6.4
Bicalicene 6 Cpro -23.9 -8.0
Cpent -6.0 -6.8
Benzene 7 Chex* -9.8 -11.3
Cyclopentadienyl anion 8 Cpent -17.5 -12.5
Cyclopropenyl cation 9 Cpro -22.4 -14.4

* = six-membered ring

The first and most notable overall trend revealed by the NICS results in Table 3 is that poly-
2,7-[N]calicenes (1-4) are all aromatic according to the NICS criterion of aromaticity. All NICS
values detailed in Table 3, both NICS(0) and NICS(1), are negative.
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Before any discussion of how the aromaticity of the poly-2,7-[N]calicene varies with the
length of the molecule and in particular how the aromaticity of the rings making up each molecule
varies among 1-4, it is logical to compare and contrast the NICS values of the reference molecules
(Table 4) among themselves and how the NICS values of 1-4 compare to the reference molecules.

Benzene (7) is the archetypal aromatic molecule with an NICS(0) value of -9.8 ppm and
NICS(1) value of -11.3 ppm and is included for completeness and illustration of the NICS method.
However, none of the rings in the poly-2,7-[N]calicenes are benzene-like; instead, the rings are
either three-membered or five-membered. The cyclopentadienyl anion (8) and cyclopropenyl cation
(9) are more appropriate reference molecules, especially since the poly-2,7-[N]calicenes are
expected to have significant charge separation.

The NICS(0) and NICS(1) values of cyclopentadienyl anion (8) (-17.5 ppm and -12.5 ppm
respectively) are significantly lower than all cpent NICS(0) and NICS(1) values of 1-4. This
indicates that all cpent rings in 1-4 are significantly less aromatic than the cyclopentadienyl anion.
This is reasonable since it is not expected that 1-4 would have complete charge separation between
the cpro and cpent rings.

The NICS(0) value of cyclopropenyl cation (9) (-22.4 ppm) is higher than all the cpro
NICS(0) values of 1-4 except for the cpro' NICS(0) of 1 (-22.0 ppm) and cpro" NICS(0) of 2 (-22.2
ppm). These results indicate that the cpro rings of 1-4 are as aromatic as the cyclopropenyl cation
or in some cases even more aromatic. However, the NICS(1) value of 9 (-14.4 ppm) is significantly
lower than the cpro NICS(1) values of 1-4 (all between -7.9 to -9.1 ppm). The cpro NICS(1) data
indicate that the cpro rings of 1-4 are significantly less aromatic than the cyclopropenyl cation. The
discrepancy between the cpro NICS(0) and NICS(1) data of 1-4 can be explained since NICS(0)
values are known to be influenced by the c-electrons and the extended conjugation found in 1-4
would distort the molecular framework and the c-electrons. As mentioned earlier, NICS(1) values
are regarded as more reliable since they are mainly influenced by the n-electrons.

While the cyclopentadienyl anion and the cyclopropenyl cation are better reference
molecules than benzene, they are still isolated small ring molecules and do not fully reflect the
molecular environment of the poly-2,7-[N]calicenes. Two better reference molecules are calicene
(5) and bicalicene (6). These two molecules are expected to have significant dipolar character with
a five-membered ring that has significant cyclopentadienyl anion character and a three-membered
ring that has significant cyclopropenyl cation character, just as expected for poly-2,7-[N]calicenes
(1-4).

The case for 1-4 being aromatic is strengthened because their NICS values are more
negative than almost all of their corresponding NICS values in calicene (5). For example, S has a
cpro NICS(0) of -21.6 ppm, compared to -22.0 ppm for cpro' of 1, the highest NICS(0) value for all
the cpro rings (cpro, cpro', cpro", cpro™ and cpro"') of 1-4. The cpro NICS(1) value of 5 (-7.6 ppm)
is also higher than the highest cpro NICS(1) value of 1-4 (-7.9 ppm) found in cpro of 1. The cpent
NICS(0) and NICS(1) values of § (-6.1 ppm and -6.4 ppm respectively) are higher than all but the
respective terminal cpent NICS(0) values of 1-3 (all -6.0 ppm).

The most telling comparison is between the NICS(0) and NICS(1) values of 1-4 and those of
bicalicene (6), because bicalicene was shown to be aromatic experimentally and a recent theoretical
examination confirms the aromaticity of bicalicene [27]. Considering the cpro NICS results, only
cpro 1 and the terminal cpro rings of 1-4 have higher NICS(0) values than the -23.9 ppm for the
cpro of 6. Even more important, the cpro NICS(1) of 6 (-8.0 ppm) is lower than only one of the total
cpro NICS(1) values for 1-4, the NICS(1) value of cpro 1 (-7.9 ppm). The cpent NICS(0) of 6 (-6.0
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ppm) is higher than all but the terminal cpent NICS(0) values of 1-3 (all -6.0 ppm). Likewise, the
cpent NICS(1) of 6 (-6.8ppm) is higher than all but the terminal cpent NICS(1) values of 1-3 (-6.6
ppm, -6.7 ppm and -6.8 ppm respectively).

The second main trend revealed by the data is that the molecules become more aromatic as
the length of the poly-2,7-[N]calicene increases. This trend is easily confirmed by comparing either
the NICS(0) or NICS(1) values of a specific ring across all poly-2,7-[N]calicenes containing that
ring. All poly-2,7-[N]calicenes 1-4 have cpent, cpro, cpent’, and cpro’ rings so these are the most
important rings to compare.

Looking at the first ring in 1-4, the cpent NICS(0) values for (-7.2 ppm, -7.7 ppm, -8.2 ppm
and -8.3 ppm respectively) and the cpent NICS(1) values (-7.0 ppm, -7.3 ppm, -7.6 ppm and -7.7
ppm respectively) all increase as the length of the molecule increases. The data for the second ring
in 1-4 continues the trend with cpro NICS(0) values of -23.5 ppm, -24.0 ppm, -24.3 ppm and -24.4
ppm respectively, and cpro NICS(1) values of -7.9 ppm, -8.1 ppm, -8.2 ppm and -8.2 ppm
respectively. The increase in aromaticity with the length of the molecule is also evident when
comparing the second calicene subunit of 1-4, with cpent’” NICS(0) values of -6.0 ppm, -7.1 ppm,
-7.6 ppm and -7.9 ppm respectively, and cpent’ NICS(1) values of -6.6 ppm, -7.3 ppm, -7.7 ppm
and -7.8 ppm respectively. The cpro’ NICS(0) values for 1-4 of -22.0 ppm, -24.0 ppm, -24.5 ppm
and -24.6 ppm respectively, and the cpro’ NICS(1) values of -8.3 ppm, -8.6 ppm, -8.8 ppm and -8.9
ppm respectively, again reveal increasing aromaticity as the length of molecule increases.

The trend of increasing aromaticity as the length of the molecule increases also holds for the
rings shared by the longer poly-2,7-[N]calicenes (2-4). The cpent" NICS(0) values for 2-4 of -6.0
ppm, -7.2 ppm and -7.7 ppm respectively, and cpent" NICS(1) values of -6.7 ppm, -7.5 ppm and
-7.8 ppm respectively, all reflect the trend of increasing aromaticity as the length of the molecule
increases. Likewise this trend is found in the cpro" NICS(0) values (-22.2 ppm, -24.3 ppm and -24.7
ppm respectively) and the cpro" NICS(1) values for 2-4 (-8.7 ppm, -9.0 ppm and -9.1 ppm
respectively).

Even the rings shared by the longest poly-2,7-[N]calicenes (3-4) reflect the trend of
increasing aromaticity as the length of the molecule increases, as shown by the cpent™ NICS(0)
values (-6.0 ppm and -7.2 ppm respectively) and cpent™ NICS(1) values for 3-4 (-6.8 ppm and -7.5
ppm respectively. This trend is also found in the cpro"NICS(0) values (-22.2 ppm and -24.3 ppm
respectively) and cpro™ NICS(1) values for 3-4 (-8.9 ppm and -9.1 ppm respectively).

The data detailed above confirm that poly-2,7-[N]calicene increases in aromaticity as the
length of the molecule increases. The only exception to this trend is found for the cpro NICS(1)
values of 3 and 4 that remain the same (-8.2 ppm).

One of the two minor trends that can be teased out from the data, but only by majority
consensus, is that the terminal cpro and cpent rings of each poly-2,7-[N]calicene (1-4) are the least
aromatic of all the cpro and cpent rings in that poly-2,7-[N]calicene. This conclusion is supported
by all the cpro NICS(0) values for 1-4; for example, the cpro"" NICS(0) value of 4 is -22.4 ppm,
compared to -24.4 ppm, -24.6 ppm, -24.7 ppm and -24.3 ppm for its other cpro NICS(0) values.
The cpent NICS(0) values for 1-4 also reveal this trend; for example, the cpent"' NICS(0) value of 4
1s -6.2 ppm, compared to -8.3 ppm, -7.9 ppm, -7.7 ppm and -7.2 ppm for its other cpent NICS(0)
values. Likewise, the cpent NICS(1) values for 1-4 support the conclusion that the terminal rings of
each poly-2,7-[N]calicene are less aromatic than their counterparts; for example, the cpent"
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NICS(1) value of 4 is -6.9 ppm, compared to -7.7 ppm, -7.8 ppm, -7.8 ppm and -7.5 ppm for its
other cpent NICS(1) values.

While the cpro NICS(0), cpent NICS(0) and cpent NICS(1) data support our conclusion that
the terminal cpro and cpent rings of each poly-2,7-[N]calicene (1-4) are the least aromatic of all the
cpro and cpent rings in that poly-2,7-[N]calicene, the cpro NICS(1) data contradict this conclusion.
For example, the terminal cpro' of 1 has an NICS(1) value of -8.3 ppm while the cpro NICS(1)
value is -7.9 ppm. Likewise the terminal cpro" of 2 has an NICS(1) value of -8.7 ppm compared to
-8.6 ppm for cpro' and -8.1 ppm for cpro of 2. The terminal cpro™ of 3 has an NICS(1) value of -8.9
ppm that is less aromatic than its cpro" at -9.0 ppm, but more aromatic than either the cpro' at -8.8
ppm or cpro at -8.2 ppm. Similar to 3, the terminal cpro"" has an NICS(1) value of -9.0 ppm, which
is less aromatic than either its cpro™ or cpro", both having an NICS(1) value of -9.1 ppm, but more
aromatic than its cpro' at -8.9 ppm or cpro at -8.2 ppm. Note that as the length of the molecule
increases, the cpro NICS(1) results become less of an exception to the trend that the terminal cpro
and cpent rings of each poly-2,7-[N]calicene are the least aromatic of all the cpro and cpent rings in
that poly-2,7-[N]calicene.

The second minor trend, by a slim majority of data and more correctly titled ‘emerging
trend’, is that as the length of the molecule increases, the cpro and cpent rings near the middle of a
poly-2,7-[N]calicene become more aromatic than their counterparts at either end of the same
molecule. This emerging trend can be seen in the cpro NICS(0), cpro NICS(1) and cpent NICS(1)
data. This trend is contradicted by the consistently decreasing cpent (cpent, cpent', cpent", cpent™
and cpent"") NICS(0) values for molecules 1-4, for example -8.2 ppm, -7.6 ppm, -7.2 ppm and -6.0
ppm for cpent, cpent', cpent" and cpent™ respectively of 3. However, a closer examination of the
cpent NICS(0) results shows tantalising evidence that the terminal cpent rings are becoming more
negative at a slower rate than the middle cpent rings. It is predicted that if longer poly-2,7-
[N]calicenes were studied, this trend of the cpro and cpent rings near the middle of a poly-2,7-
[N]calicene being more aromatic than their respective counterparts in the same molecule would be
confirmed. It is planned to investigate longer poly-2,7-[N]calicenes and the results obtained should
resolve the validity of both minor trends described above.

CONCLUSIONS

The NICS data indicate that poly-2,7-[N]calicenes (1-4) are aromatic, and the aromaticity
increases as the number of calicene units (N) increases. These results reveal that poly-2,7-
[N]calicenes are a novel family of non-benzenoid aromatic molecules and therefore are intriguing
synthetic targets.
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