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Abstract

Following the recent preparation of infinitene (J. Am. Chem. Soc. 2022, 144, 862-871), a
computational (wB97XD/6-311G(d)) exploration of 42 isomeric compounds with 12 fused phenyl rings
identified structures with linking number of zero (ring, saddle, and ribbon shapes), two (infinitene-like
shape), and one (Mobius infinitene shape) is reported. An infinitene isomer composed of two
[5]helicene fragments connected to two stacked phenyl rings and a Mdbius infinitene isomer are
identified that are more stable than the known infinitene. The energies of the structures are examined
by assessing their strain energies, m-stacking, and possible aromaticity. Examples of fused phenyl
molecules with linking numbers of 3, 4, 5, and 6 are shown, indicating the potential topological range

that these molecules can possess.
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Introduction

With the recent synthesis, isolation, and characterization of large molecules composed of fused
aromatic rings, exemplified by graphene sheets, nanorods, and fullerenes, chemists and physicists were
inspired to create and examine smaller fragment molecules.! These have included planar and curved
graphenes,? buckybowls,® and nanobelts.* Interest has expanded beyond fused systems to include
molecules like the cycloparaphenylenes,® where the aromatic rings are linked but not fused. All of these
novel small polycyclic aromatic molecules may provide interesting optical and electrical properties,®
especially as semiconductors.

Members of the family of molecules composed of 12 fused phenyl rings have garnered interest
for decades. Kekulene 1 (Figure 1) was first prepared by Diederich in 1978.7 Its aromaticity has been
much discussed, and a recent atomic force microscopy study suggests that 1 consists of alternating
benzene and non-aromatic rings.® Itami synthesized the nanobelt 2.% It is a cyclophenacene where the
rings alternate in an ortho and a para fusion pattern. The analogue with the all ortho-fusion is [12]-
circulene 3. Quantum computations indicates that 3 has a saddle geometry.® The cycloacene 4 has the
twelve rings fused in a para fashion. This molecule, like 3, has not yet been prepared, though this family
of molecules was proposed as far back as 1954.1° These four molecules have very different geometries:

planar (1), ribbon (2 and 4) and saddle (3).



Figure 1. Structures of some [12]circulenes.

In 2021, Itami reported the synthesis of infinitene 5, consisting of twelve fused phenyl rings that
form a figure eight, or an infinity symbol.’ This molecule is topologically distinct from 1-4. These four
molecules have linking number!? L, of zero, indicating a molecule whose graph can be written within a
plane. The linking number of infinitene 5 is two, indicating that the molecule makes one full twist. It can
be thought of as a ribbon that is cut, one end twisted one full rotation, and then stitched back together.

The graph of 5 cannot be drawn in a plane without some edges crossing over each other.



The synthesis of 5 inspired our pursuit of a Mobius form of twelve fused phenyl rings. Many
studies have explored a variety of aromatic molecules with a M6bius topology, including polyenes,
porphyrins, and cycloparaphenylenes.® The key distinction of the Mébius topology is its half twist: a
ribbon is cut, one end is twisted one-half rotation, and then the ends of the ribbon are stitched
together. A Mobius system has linking number of one. More generally, the linking number of Mdbius
systems is odd while Hiickel systems have L, values that are even. The molecular graphs of Mdbius
systems cannot be drawn in a plane without edges that cross.

For simplicity, we adopt the term circulene to describe any poly-fused-phenyl system
irrespective of whether the fusion is ortho or para. It allows for a molecule to contain a mix of these
connections. This terminology allows for 1-5 to all be incorporated into the category of [12]circulene.

This article reports a DFT computational survey of a variety of [12]circulenes that demonstrate a
range of topologies. This category spans linking numbers of 0, 1, and 2, with shapes that range from
planar, to ribbon, to saddle, to half-twisted to full-twisted. Examples of some even more twisted

circulenes conclude this report.

Computational Methods

The structures of all compounds were fully optimized, with symmetry imposed where possible,
at wB97XD/6-311G(d).** Analytical frequencies were computed to confirm that every structure is a local
energy minimum. The unscaled zero-point vibrational frequencies were used to compute enthalpies at
298 K. NMR chemical shifts were computed at B3LYP/6-31+G(d,p) with solvent (chloroform) modeled
using SMD and the wB97XD/6-311G(d) optimized geometries. All computations were performed using

Gaussian-16.% Linking numbers were computed using the LinkTW and LinkTWM programs.*®



Results and Discussion

Designating [12]circulene configuration

In order to aid in differentiating the many different [12]circulenes, we propose the following
nomenclature scheme. The circulenes will be considered as composed of a series of three fused-phenyl
rings. A symbol will be applied to each ring of the circulene based on its type, such that every unique
[12]circulene will have a unique 12-character designation.

There are two molecules composed of three fused phenyl rings: anthracene and phenanthrene.
The ring in the central position of an anthracene unit will be designated by “A” (Figure 2). There are two
orientations for phenanthrene. If moving left to right through the centers of the three rings is clockwise,
that central ring will be designated “C”, while the counterclockwise connection will be designated “D”
(Figure 2).

Application of this rule to two simple [5]acenes 6 and 7 is shown in Figure 2. The designation for
the three central rings is DAD for 6 and DAC for 7 when viewing left to right. When viewing right to left,
the designation for 7 is unchanged, but is CAC for 6. Furthermore, if the orientations of the two
molecules is flipped, as in the bottom of Figure 2, the designations for 6 are unchanged, but for 7 it is
CAD. The multiple designations for each molecule is a result of the combinatorics: the arbitrary
orientation of the molecule should not matter. We opt to choose the designation that has more C rings

and has them earlier in the designation.



L to R: DAD L to RB: DAC
Rto L: CAC R to L: DAC

‘

Lto R: CAC L to R: CAD
R to L: DAD R to L: CAD
Preferred: CAC Preferred: CAD

Figure 2. Definition of A, B, and C connectivity, with application to 6 and 7.

Combinatorial equivalencies are prevalent in the [12]circulenes. The starting ring position is
arbitrary, and so for any random [12]circulenes, one could start at any of the rings and then proceed
arbitrarily clockwise or counterclockwise about the macrocycle. This leads to 24 different designations
for the same molecule. This is a well-known problem, often contextualized as asking for the number of
unique necklaces formed of 12 beads, where each bead can be of one of three colors.!” The
redundancies here reduce the number of unique configurations from 3'2=531,441 to 44,368. Symmetry
considerations further reduce the number of unique configurations, but this number remains above

20,000.



The designations of 1-5 are listed in Table 1. Examination of all possible [12]circulenes is a
daunting prospect, and so a small representative survey of [12]circulenes is reported here,
demonstrating the topological range of this family. Since these [12]circulenes are very similar in
structure, the InChls and InChlKeys*® of all reported compounds were also determined and helped to
confirm that each compound is unique. These InChls and InChlIKeys are given in the Supporting

Materials.

Table 1. Nomenclature of 1-5.

Compound designation

1 CACACACACACA
2 CADACADACADA
3 Ccccceeeccccc
4 AAAAAAAAAAAA
5 CccccepbbbbD

Strain energy

Simple examination of the 2-D graphs of circulenes 1-5 suggest that many of these molecules
will exhibit significant strain, along with various degrees of aromaticity. Disentangling these two
countervailing effects is impossible since one cannot choose a reference system that uniquely accounts
for strain without also affecting the aromaticity; closure of reference compound to the macrocyle
simultaneously affects both aromaticity and strain.®

The group equivalent reaction?® preserves chemical groups, is homodesmotic,?! and attempts to
conserve significant bond relationships. The group equivalent reaction to assess the strain energy of 5 is
shown as Reaction 1. This reaction conserves the number of ortho acene fusions, as opposed to
Reaction 2 employed by Itami.!! The energy estimated by these two reactions is quite different: 55.1

kcal mol™ using Reaction 1 and 42.2 kcal mol™® with Reaction 2. This 13 kcal mol difference is solely



attributable to inconsistencies in the reference compounds and has nothing to do with the strain of the
macrocyle itself. Reaction 1, which conserves more structural features of the macrocyle than does

Reaction 2, provides the better metric.
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n +m —> [12]circulene + 12 Rxn 3

where n+m = 12

Reaction 1 can be generalized for any [12]circulene by Reaction 3. Reaction 3 conserves the
number of anthracenyl and phenanthrenyl (combining both types C and D) subunits. It is important to
keep in mind that comparisons of energies provided by Reaction 3 reflect a combination of differences
in strain energies and differences in aromatic stabilizations, though for simplicity we refer to them as
simply strain energies.

[12]Circulenes with linking number of zero: rings

The first set of [12]circulene isomers all have linking number of zero. These are molecules with a
ring geometry. They fall into three broad generic groupings. Molecules in the first group have a roughly
planar structure. The second group has a saddle-like geometry. The last group has a ribbon-like
geometry. A total of 19 different [12]circulenes with a ring geometry have been computed, shown in

Figure 3.



Figure 3. [12]circulene ring isomers



The most stable [12]circulene isomers have planar-like structures. The most stable isomer
overall is R-1, known as kekulene. It is nearly 8 kcal mol™* more stable than the next lowest energy
member R-2. R-1 has been controversially called “superaromatic”.® 22 It is the only example of a
[12]circulene whose strain energy is negative; it is more stable that the reference of six anthracene
molecules and six phenanthrene molecules by 16 kcal mol? (Table 2). While the term “superaromatic”
has been discounted, R-1 certainly expresses an unusual stability. The extensive ni-delocalization about
this perfectly planar molecule (see Figure 4) is unique to this class of [12]circulenes. Any change to the
alternating “CAC” pattern results in a non-planar structure that must have less than ideal mt-overlaps,

and a higher relative energy.
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Table 2. Relative energy and strain energy (kcal mol™?) of the ring [12]circulenes (R-1 — R-19)

Cmpd Designation Erel SE
R-1 CACACACACACA 0.00 -16.08
R-2 CACACACACCDC 7.79 4.41

R-3 CACACCDCCCDC 15.03 24.36

R-4a CACCDCCACCDC 18.27 27.59

R-4b CACCDCCACCDC 18.36 27.68

R-5 CAACACCAACAC 30.02 13.94

R-6 CCACAACCAACA 35.27 19.19

R-7 CCACCACCACCA 45.83 42.45

R-8 CCCDCCCDCCCD 57.20 79.23

R-9 CDACDADCADCA  104.02 100.64

R-10 CCCCCACCcccA 104.16  113.48

R-11  CADACADACADA  104.81 88.73

R-12 CCCDACDCDCAD 107.80  117.13

R-13 CCcccceececcc 107.89  129.91

R-14  CADCAACADAAD 112.09 96.01

R-15 CAACAADAADAA  117.13 88.35

R-16 CAAAACDCAAAA 126.07 97.29

R-17 CCDDCCDDCCDD 130.52 152.54

R-18 CDAAAAAAAAAA  190.98  149.50

R-19 AAAAAAAAAAAA 21393  159.75




Figure 4. Structures of representative ring-like [12]circulene isomers

The next three lowest energy [12]circulene isomers (Table 2) exchange some “A” connections
with “C” or “D” connections. This results in a having at least two regions of four rings fused in a helicene
arrangement that must adopt a non-planar arrangement to avoid hydrogen clashes. R-2 has two such
helicene regions (Figure 4); it is non-planar and is about 8 kcal mol™ higher in energy than R-1. R-3 has a

five-ring helicene and two four-ring helicene regions and is 15 kcal mol™ less stable than R-1. R-4 has
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four helicene regions and its two conformations (of Cz, or Cz» symmetry) both are about 18 kcal mol*
higher in energy than R-1.

The helicene regions and the overall non-planar structure manifest in increased strain energy. R-
2 has a strain energy of 4 kcal mol?, while R-3 and R-4 are strained by more than 24 kcal mol™. While the
rough trend is for increasing RSE to track with increasing relative energy of the isomers, it is not a linear
relationship. For example, while R-2 is 7.8 kcal mol™ higher in energy than R-1, its RSE is 20 kcal mol?
more than that of R-1. This can be attributed to differences in the number of anthracenes and
phenanthrenes as the reference. Phenanthrene is lower in energy than anthracene, and so a circulene
with more “C” and “D” connections will have a lower reference energy. R-2 has two more “C/D”
connections than does R-1, and all things being equal, it should be more stable than R-1. In fact, R-2 is
less stable than R-1 so it must be more strained.

The second set of [12]circulenes with Lk=0 have a saddle structure. The saddle geometry is
favored by isomers that have a preponderance of “C” connections. The computational study by Hopf® of
circulenes with only “C” connections indicated a saddle geometry when the compound had seven or
more fused rings. R-13 is this example for the [12]circulenes, made up of 12 “C” connections (Figure 4).
It is much higher in energy than R-1 (108 kcal mol?) with a RSE of nearly 130 kcal mol™. Replacing two
“C” connections with “A” connections (R-10) maintains the saddle geometry, and while it does reduce
both the relative and strain energies, it remains quite high in energy.

The last set of ring circulenes represent ribbon geometries. In general, these ribbon isomers are
among the highest energy [12]circulenes. The lowest energy isomer is R-9, lying 104 kcal mol*above R-
1. The isomer R-11 has been prepared, again by the Itami group, though our estimate of its strain
energy, 89 kcal mol?, is substantially lower than their estimate of 120 kcal mol™.* The ribbon isomer
having all “A” connections R-19 is the highest energy [12]circulene: it is 213 kcal mol™? higher in energy

than R-1. It is also the most strained isomer, with an RSE of 160 kcal mol™. Every phenyl ring must be
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significantly distorted from planarity in order to close the ribbon. Linear acene fragments of R-19 were
compared to their planar analogues to estimate this non-planar distortion. Extrapolating the energy
difference to linear [12]acene suggests a strain energy of about 135 kcal mol? simply due to distortion

from non-planarity (see Supporting Materials for details).

[12]Circulenes with linking number of two: infinitenes

The first [12]circulene with a linking number of two was prepared by the Itami group and
reported in 2022.1! 1-2 (referred to in the Introduction as 5) was named infinitene for its structural
resemblance to the infinity symbol. The Itami group employed Reaction 2 and PBEO/6-311+G(d,p)
energies to estimate the strain energy of 1-2 at 60.2 kcal mol™? (see Table 3). Reaction 2 underestimates
the strain energy principally by using benzene as a reference compound. Reaction 1 conserves the
number of bridgehead and non-bridgehead aromatic carbon atoms, along with the number of
phenanthrenyl units (and anthracenyl units with Reaction 3). The strain energy is about 13 kcal mol*
larger with Reaction 1 than with Reaction 2.

The figure-eight (or infinity sign) structure of I-2 enables a nt-stacking arrangement at the
crossover region. The distance between the center of the stacked phenyl rings in the experimental
structure of I-2 is 3.152-3.192 A. Itami and coworkers selected the PBEO/6-311+G(d,p) method in part
for its prediction of this distance of 3.192 A, which is at the outer edge of the experimental range.
Grimme?® has noted that ni-stacking compounds require a density functional that accounts for
dispersion, something that PBEO lacks. Both B3LYP/6-311G(d) and wB97X/6-311G(d) predict (Table 3)
long ni-stacking distances that are dramatically reduced when a dispersion correction is included. Both of
these corrected methods predict a shorter stacking distance, and the distance in the wB97XD/6-311G(d)
optimized structure is 3.163 A, close to the low end of the experimental range.

Computation of the strain energies of R-1, R-7, and R-9 at B3LYP/6-311G(d), B3LYP-D3/6-

311G(d), wB97X/6-311G(d), and wB97XD/6-311G(d) (See Table 3) shows a difference of less than 4 kcal
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mol? with and without the dispersion correction. This is opposed the large difference (15-17 kcal mol?)
with the inclusion of a dispersion correction for I-2. The ring structures have no m-stacking and thus only
a small effect is seen with the dispersion correction. When a molecule (like 1-2) possesses m-stacking, the
dispersion correction is necessary. Thus, the structural and strain energy arguments supports the
selection of the wB97XD/6-311G(d) method for this study of the [12]acenes. So, the best estimate of the

strain energy of I-2, using Reaction 1 and wB97XD/6-311G(d) energies, is 55.1 kcal mol™.

Table 5. Strain energy (kcal mol™) and m-stacking distance (A) of 1-2 computed with various methods.

Method SE (Rxn 1) SE (Rxn 2) r(m-stack)
wB97X/6-311G(d) 72.0 58.4 3.198
wB97X-D/6-311G(d) 55.1 42.2 3.163
PBEO/6-311G(d) 76.0 65.7 3.138
PBEQ/6-311+G(d,p)"* 60.2 3.192
B3LYP/6-311G(d) 74.7 68.8 3.248
B3LYP-D3/6-311G(d) 49.3 39.8 3.134
Expt!? 3.152-3.192

Eight different configurations of [12]circulene (see Figure 5) were identified that have an
infinitene-like structure, i.e. the figure-eight arrangement with a linking number of 2. Their geometries
are shown in Figure 6, and their relative energies are listed in Table 4. All of these infinitenes possess a
set of 4-6 consecutive “C” connections (with I-8 having a “CCACC” stretch) and a set of 4-6 consecutive
“D” connections (again with 1-8 having a “DDADD” stretch). These two regions create the turns of their

figure-eight structures.
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Figure 5. [12]circulene infinitene isomers

Table 4. Relative energy and strain energy (kcal mol?) of the infinitene-like [12]circulenes (I-1 —1-8)

Cmpd Designation Erel” SE
-1 CCCCCADDDDDA 32.09 41.41
1-2 Ccccceebbbbbb 33.11 55.13
-3 CCCCCADDDADD 38.30 47.62
-4 CCCCAADDDDAA 38.80 35.42
I-5 CCCCCDDDDDAA 45.33 54.65
1-6 CCCCCDDADDDD 54.14 69.81
1-7 CCCCCCADDDDD 60.45 76.12
1-8 CCACCADDADDA 94.01 90.64

%Energy relative to that of R-1.



Figure 6. Structures of [12]circulene infinitene isomers
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Interestingly, the infinitene that the Itami group prepared (I-2) is not the lowest energy
infinitene isomer. Rather, I-1 lies 1 kcal mol™ below I-2. It is also significantly less strained than I-2: 41.4
kcal vs. 55.1 kcal mol™. I-1 is characterized by two stacked phenyl rings at the crossing point of the figure
eight. These two phenyl rings are the central ring of an anthracenyl fragment (“A” type configuration).
The loops are closed by five consecutive “C”-type phenyl rings on one side and five consecutive “D”
types on the other side. The structural features are in contrast to those of I-2, namely, two stacked
naphthalenyl groups in the crossing region, part of six consecutive “C”-type and six consecutive “D” type
phenyl rings.

The distance between the centers of the two stacked anthracenyl fragments in I-1 is 3.061 A. As
discussed with 1-2, this distance increases to 3.081 A when the dispersion correction is removed. More
important than that structural effect is that the strain energy of I-1 is about 14 kcal mol™ larger at
wB97X/6-311G(d) than when the dispersion correction is included.

Another interesting infinitene is I-4, characterized by having two stacked naphthalenyl groups,
each part of crossing tetracenyl moieties. While I-4 is 6.7 kcal mol™ less stable than I-1, it has the lowest
strain energy of the eight computed infinitenes, only 35.4 kcal mol™.

The strain energies of I-1, I-2, and I-4 were furthered analyzed by assessing one source of strain,
due to the distortion of the helicene component, and a source of stabilization, t-stacking. For I-2 and 1-
4, the energy of the hexahelicene fragment fixed to its geometry in the infinitene is compared to the
energy of fully optimized hexahelicene. For 1-1, the same energy comparison was made for the
pentahelicene fragment. (More details can be found in the Supporting Information.) The helicene
distortion energies are listed in Table 5. The two helicene components in I-4 are each 7 or 12 kcal mol*

less strained than those in I-1 or I-2, respectively.
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Table 5. Helicene distortion energy and m-stacking energy in I-1, I-2, and 1-4.7

Helicene distortion  m-stacking

I-1° 42.8 -9.6
1-2¢ 534 +3.5
1-4¢ 294 -8.4

See Supporting Information for further details. “Helicene with five phenyl rings and anthracene

dimer. ‘Helicene with six phenyl rings and naphthalene dimer.

To assess the m-stacking energy, the dimers of naphthalene (for the crossing in I-2 and 1-4) and
anthracene (for the crossing in I-1) were fully optimized. The two molecules were then separated to the
ni-stacking distance found in the respective infinitenes, and a rotational potential energy surface was
computed. Using this PES, the dimer energy was estimated based on the rotational angle in each
infinitene. (Again, more details can be found in the Supporting Information.) The estimated m-stacking
energies are listed in Table 5. The n-stacking is stabilizing by about 9 kcal mol™? for both I-1 and I-4, but
destabilizing (i.e. less stable than two isolated naphthalene molecules) by 3.5 kcal mol™* for I-2.

From Table 4, the strain energy these three infinitenes are ordered: I-4 < I-1 < 1-2. The
components of the strain energy listed in Table 5 mimic these strain energies nicely. I-4, the least
strained infinitene, has the lowest helicene distortion energy and significant m-stacking stabilization. I-1,
experiences slightly more m-stacking stabilization, offset by more helicene distortion than I-4. The most
strained of these thee infinitenes, I-2, has the greatest helicene distortion energy and its n-stacking is
destabilizing.

The upshot is that in addition to the already prepared infinitene 1-2, a number of other infinitene

isomers should be viable synthetic targets.
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[12]Circulenes with linking number of one: Mébius infinitenes

The last set of [12]circulenes that were explored are those that have a Mobius topology. Moébius
infinitenes will have linking number of one, indicating that a half-twist occurs as one traverses across the
face of the molecule, coming out on the opposite face. A second traverse returns to the original starting
point. A total of fifteen different configurations of [12]circulene were identified that have a M6bius
topology, M-1 through M-15, see Figure 7. The structures of the eight lowest energy Mdbius infinitenes
are displayed in Figure 8. The relative energies and strain energies of the Mdbius infinitenes are listed in
Table 6. For all but two of these Md&bius infinitenes, the connections of the rings are of the C-type, with

a small number of “A” connections providing the means for the half-twist.
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isomers

Figure 7. [12]circulene Mobius infinitene
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Figure 8. Structure of the eight lowest energy Mobius infinitene isomers
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Table 6. Relative energy and strain energy (kcal mol?) of the Mdbius [12]circulenes (M-1 —1-12)

Cmpd Designation Erel SE
M-1 CCCACACACCCA 31.33 27.95
M-2 CCCCACCACCCC 33.02 42.34
M-3 CCCCACACCCCA 45.41 48.38
M-4 CCCCACCACCCA 47.32 50.29
M-5 CCCACCCACCCA 63.37 66.34
M-6 CCCccebcecececc 66.08 88.11
M-7 CCCCCAACCcCC 75.48 84.80
M-8 CCCCCADDDDDC 79.11 94.78
M-9 CCCCAACCCCAA 80.21 76.83

M-10 CCCCcAcccececc 81.53 97.21

M-11 CCACCACCACCA 82.61 79.23

M-12 CCCCcAcccececAa 97.32 106.65

M-13 cccececeepcceccc 100.72 122.74

M-14 CAACAACAACAA 112.92 84.14

M-15 CcccecececccccAa 138.61 154.29

The most compelling result pertaining to the Mdébius infinitenes is that two of these structures,
M-1 and M-2, are lower in energy than I-2, the infinitene prepared by Itami.'! In fact, M-1 is lower in
energy than I-1 as well, though by less than 1 kcal mol™. The stability of these two Mébius infinitenes
results from their low strain energy. In fact, M-1 has the smallest strain energy of all of the infinitenes
and Mobius infinitenes, and it is less strained than all but the five most stable ring analogues.

A component of the strain energy of a circulene is the energy required for distorting the
geometry into some curved shape. For M-1, a number of schemes for assessing the distortion energy
were examined. In each scheme, M-1 is decomposed into fragments, and the energy difference for each
fragment between its fully optimized geometry and its geometry in M-1 was computed. The four
different decomposition schemes are shown in the Supporting Materials (along with further details of
how these computations were performed), and one example is displayed in Scheme 1. In Scheme 1, M-1

is divided into two fragments, each of which optimize to planar structures. The top fragment has a
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distortion energy of 22.8 kcal mol, while the bottom fragment is more seriously deformed, having a
distortion energy of 34.9 kcal mol™. The total distortion energy of M-1 is thus estimated at 57.7 kcal
mol ™. The other three schemes predict a larger distortion energy, ranging from 59 to 74 kcal mol™. As a
comparison, the total distortion energy of I-2 can be estimated as twice the distortion energy of its
[6]helicene fragment (Scheme 1); the computed value is 53.4 kcal mol™.

Scheme 1. Distortion energy computation of M-1 and I-2
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total distortion energy = 53.4
For I-2, this distortion energy is very similar to its strain energy, 53.4 vs. 55.1 kcal mol™ (Table 1).
On the other hand, the distortion energy of M-1 is significantly larger than its strain energy, 57.7 vs. 28.0

kcal mol™. This result suggests that M-1 possesses some stabilization. Though the structure of M-1
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positions three hydrogen atoms in the interior that point towards the lower phenyl ring, a model of this
interaction suggests that it is slightly destabilizing (see Supporting Materials). The possible stabilization
from delocalization or aromaticity are addressed in the next section.

Another consideration is the difference in twisting of the infinitenes and Mdbius infinitenes.
Molecules such as the infinitenes have a shape defined by twist Tw and writhe Wr, the sum of which
provides the linking number Li.*? Twist is rotation about the imaginary central axis lying within the plane
of the phenyl rings. Writhe is rotation of the ribbon that creates crossings. Listed in Table 7 are the
values of the twist and writhe for the six lowest energy infinitenes and Mo6bius infinitenes. There is no
simple trend that relates twist or writhe to the overall stability or strain energy of these circulenes.
However, since M-1, M-2, I-1, and I-2 all lie within two kcal mol™? of each other, the overall half twist or
full twist is not affecting their stability.

Table 4. Values of twist (Tw), writhe (Wr) and linking numbers (Lk) of the three lowest energy ring,

infinitene and Mobius infinitene isomers

cmpd Tw Wr Lk
I-1 1.22 0.78 2
1-2 1.17 0.83 2
-3 1.40 0.60 2
-4 1.15 0.85 2
I-5 1.19 0.81 2
1-6 1.44 0.56 2
M-1 0.61 0.39 1
M-2 0.55 0.45 1
M-3 0.40 0.60 1
M-4 0.54 0.46 1
M-5 0.86 0.14 1
M-6 0.53 0.47 1
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NMR, HOMA and aromaticity

NMR H and 3C chemical shifts were computed to help identify the structure of any
[12]circulenes that might be prepared and to aid in assessing their aromatic character. The first step was
to assess the performance of the computational methodology. Following guidance provided by Tantillo
at the CHESHIRE web site,?* chemical shifts were computed at B3LYP/6-31+G(d,p) with solvent
(chloroform) modeled using SMD for comparison with the experimental values of R-17 and 1-2.!
Excellent linear correlations are seen for both the proton and carbon chemical shifts for I-2 and for the
proton shifts for R-1 (see Supporting Materials). The slopes for these correlations are very close to one.
The computed proton chemical shifts of R-11, 8.39 and 7.53 ppm, are in excellent agreement with
experiment, 8.27 and 7.52 ppm. * Thus, the computed chemical shifts of the [12]circulenes can be used
without any further corrections.

The computed chemical shifts for all of the [12]circulenes are reported in the Supporting
Materials. The chemical shifts for the three lowest energy ring, infinitene, and Mébius infinitene isomers
are displayed in Figure 9. Some characteristic signal similarities are apparent for each set of isomers. For
the low energy ring isomers, which have a pseudo-planar structure, the chemical shifts of the interior
protons are far downfield, from 9.7 to 11.8 ppm. For the infinitenes, the chemical shifts of the protons in
the crossing region of the figure-eight are shifted slightly upfield, between 6 and 7 ppm. The most
distinctive proton signals for M-1 and M-2 arise from the protons positioned above the crossing and
pointing down towards the face of the phenyl rings below; their signals are shifted downfield to 10.8

and 9.4 ppm in M-1 and 9.2 ppm in R-2.
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Figure 9. Computed *H chemical shifts (ppm) of select low-energy [12]circulenes

Chemical shifts are often indicative of aromatic character. Almost all of the [12]circulenes
examined here exhibit chemical shifts in the typical aromatic region (7-9 ppm). There are two notable
exceptions: the two highest energy isomers R-18 and R-19. R-19 is a cyclic acene with only A-type (para
fusion) connectivity and R-18 has 10 out of the 12 rings with A connectivity. This connectivity results in a
ribbon-like structure necessitating significant non-planarity of the phenyl rings, which might imply a
lessening of their aromatic character. In fact, the proton chemical shifts of R-19 are at 2.7 ppm, while

most of the chemical shifts of R-18 are below 6 ppm, with two as low as 1.6 ppm. Despite the fact that
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all of the examined isomers (except R-1) are non-planar and require some amount of distortion of the
phenyl rings from planarity, only when that distortion becomes extreme do non-aromatic-like proton
chemical shifts result.

Nucleus Independent Chemical Shifts (NICS) is a widely utilized method to assess aromaticity
based on magnetic effects.?> NICS values around -10 ppm are indicative of aromatic character, while
values near zero indicate non-aromatic character. NICS is typically evaluated either at the center of the
ring, NICS(0), or at a point 1 A above or below the ring, NICS(1). NICS(1)% is often preferred as it
minimizes the role of the o-electrons. However, the geometries of the infinitenes and Mdbius infinitenes
often involve stacked rings or close approaches of atoms and a ring face, making NICS(1) problematic.
Therefore, NICS(0) values were computed and reported in the Supporting Materials. NICS(0) values at
the center of each phenyl ring for the three lowest energy isomers of the three classes are listed in Table
6.

Another commonly used method for assessing aromaticity is the Harmonic Oscillator Model
of Aromaticity (HOMA), based on bond distances about the ring.? HOMA values range from 1,
representing the aromatic character of benzene, to 0, having alternating bonds about the ring. The

HOMA values for each phenyl ring of the three lowest energy isomers are also listed in Table 6.
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Table 6. NICS and HOMA values of select low-energy [12]circulenes

ring HOMA NICS HOMA NICS HOMA NICS
R-1 R-2 R-3
A 0.36 -3.28 0.55 -5.09 0.66 -6.03
B 0.92 -9.21 0.76 -6.83 0.71 -6.68
C 0.49 -4.93 0.59 -5.45
D 0.90 -9.50 0.73 -5.90
E 0.35 -2.62 0.50 -5.34
F 0.92 -9.19 0.89 -9.68
G 0.39 -3.69 0.33 -1.55
-1 -2 -3
A 0.87 -11.42 0.69 -7.01 0.54 -5.20
B 0.48 -5.53 0.64 -6.84 0.89 -9.76
C 0.66 -5.75 0.48 -4.93 0.52 -3.46
D 0.46 -5.75 0.70 -6.48
E 0.43 -3.56
F 0.90 -11.04
G 0.47 -4.39
H 0.78 -5.45
I 0.69 -4.55
J 0.72 -4.87
K 0.68 -5.10
L 0.68 -6.82
M-1 M-2 M-3
A 0.93 -9.50 0.48 -4.89 0.34 -0.62
B 0.38 -2.54 0.85 -9.80 0.86 -10.1
C 0.91 -9.66 0.36 -3.93 0.33 -5.39
D 0.44 -4.01 0.73 -5.51 0.50 -6.09
E 0.79 -5.83 0.69 -4.97 0.67 -6.02
F 0.26 -2.33 0.67 -5.48 0.52 -4.01
G 0.88 -8.53 0.87 -9.62

Inspection of the values of NICS and HOMA in Table 6 indicates a correlation between the two,

though the linear fit is poor for the infinitenes and Md&bius infinitenes. In general though, both measures

agree on whether an individual phenyl ring has strong or weak aromatic character. For example, the
phenyl rings of R-1 alternate between having little aromatic character (NICS of -3.3ppm, HOMA of 0.4)

or strong aromatic character (NICS of -9.2 ppm, HOMA of 0.9). This result is consistent with the recent
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AFM study® that shows alternating aromatic and non-aromatic rings in R-1. Similar alternation of
aromatic character is seen in all three Mdbius infinitenes M-1, M-2, and M-3 and in I-3. In contrast, I-1
has every fourth ring with large aromaticity (NICS of -11.4 ppm) with the other rings showing modest
aromaticity (NICS of -5.5 to -5.8 ppm). The rings of I-2 show even less variation, with NICS values ranging
from -5 to -7 ppm.

NICS, particularly when applied to polycyclic compounds, is a local index and may not reflect a
more global assessment of a molecule’s aromaticity.?® Magnetically induced current density may provide
a more global metric of such molecules. For example, kekulene R-1 exhibits a diatropic current along the
outer periphery and a paratropic current around the inner ring.?® Computation® of the magnetically
induced current density of I-2 shows two non-intersecting diatropic current-density pathways, indicating
aromatic character.

These data are not providing a consistent message regarding the aromatic character of the
infinitenes. The root cause is the poor definition of aromaticity,3! one that is just a collection of
properties, including stabilization energy, structural properties like planarity and bond length, and
magnetic properties including chemical shifts, NICS, and induced current density.

In examining this new class of twisted polycyclic aromatic compounds, our interest resides in
their possible preparation. That centers our focus on their energetics and possible aromatic stabilization
energy. Examination of acyclic linear and bent acenes provide some guidance here. Aromatic
stabilization generally decreases with increasing size of the acene.3? This can be seen in the decreasing

stability of the linear acenes relative to anthracene (Table 7).
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Table 7. Stabilization energy? (kcal mol?) of the linear acenes

Stabilization

Length energy

5 3.9

6 6.5

7 9.4

8 12.4

9 15.4

10 18.5

11 21.5

12 24.6

Stabilization energy defined by reaction analogous to Reaction 3, see Supporting Materials for details.

Clar’s sextet theory®? argues that the dominant resonance structure of an aromatic compound is
the one that maximizes the number of 6-member rings with 3 alternating double bonds. For the linear
acenes, every resonance structure can have only one such “aromatic” 6-member ring (Figure 10).
Therefore, fusing another ring adds two more double bonds that can aid to delocalize the m-electrons

but does nothing to create additional aromaticity.

Figure 10. Dominant resonance structure and its Clar representation for anthracene and phenanthrene.

On the other hand, bent acenes, like phenanthrene, have a resonance structure with more than
one Clar-type 6-member ring (see Figure 10). An interesting consequence of this is that acenes with
multiple kinks, which allows for more Clar-type rings, are more stable than the reference compounds
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anthracene and phenanthrene. This can be seen for isomers of nonacene (Table 8) and other examples
are provided in the Supporting Materials. (Isomers with adjacent meta fusion were omitted to examine

only planar structures.)

Table 8. Stabilization energy? (kcal mol™) and NICS (PPM) of some non-linear nonacenes.

ACACACA CACACAC
Nonacene SE
AAACAAA -0.1
AACACAA -7.0
ACACACA 9.1
CACACAC -7.7

“Stabilization energy defined by reaction analogous to Reaction 3, see Supporting Materials for details

and additional examples.

The NICS values of the bent nonacenes correspond to the Clar sextets. In particular, every ring
that occupies a kink position has a decidedly reduced, i.e., less negative, NICS value, consistent with

their diminished aromatic character.
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Despite the indication from the NICS values, which might suggest reduced aromaticity of these
bent nonacenes, they are all more stable than the reference compounds anthracene and phenanthrese.
Since these two molecules are commonly considered to be aromatic, it is logical to conclude that the
bent nonacenes, are likewise aromatic.

It is therefore consistent to conclude that kekulene R-1 is also aromatic, as it too is more stable
than the reference compounds (six anthracene and six phenanthrene molecules). Despite the fact that
the NICS values of the phenyl rings alternate -9.2 and -3.3 ppm, suggesting that every other ring is
strongly aromatic and weakly aromatic, the energetic criterion decidedly argues for the aromaticity of
kekulene.

None of the other ring circulenes, nor any of infinitene or Mdbius infinitenes, are more stable
than their reference aromatic compounds. All of these molecules display NICS values at the kinked
phenyl positions that are near zero, but that alone cannot discount the possibility of overall aromaticity.
In fact, as discussed above, the kinked positions allow for adjacent rings to adopt the Clar sextet. So, all
six of the anthracenyl phenyl rings of kekulene R-1 adopt the Clar sextet, alternating with the
phenanthrenyl phenyl rings that do not fulfil the sextet. Similarly, the phenyl rings in I-1, I-2, and M-1
(among others) also have alternating rings that fulfil the Clar sextet. This too suggests that these
molecules are aromatic.

The case for aromaticity of M-1 is further buttressed by its energy partitioning. The overall strain
energy of M-1 is 28.0 kcal mol™. This strain can be portioned into a distortion energy and a stabilization
energy. The distortion energy, as defined in Scheme 1, is 57.7 kcal mol. That implies a stabilization
energy of nearly 30 kcal mol™. That stabilization energy can be associated with delocalization and/or
aromaticity. Taken together with the alternating Clar sextet and NICS value among the phenyl rings, the

far downfield chemical shifts, it seems apparent that M-1 is aromatic.
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Highly twisted circulenes

With larger circulenes, ones with more phenyl rings, other topologies are possible. In particular,
highly twisted geometries can be obtained. To highlight these topologies, the geometries of four highly
twisted circulenes (HTC), see Figure 11, were computed. The intent here is to demonstrate the range of
structural possibilities and not to identify the lowest energy possibilities.

HTC-1 is a [20]circulene and has Lk = 3. This is a Mobius topology with one and one-half twists.
Its isomer HTC-2 has Lk = 4, making two full twists. HTC-2 is 111 kcal mol™ lower in energy than HTC-1.
HTC-3 is a [28]circulene with Lk = 5, making two and one-half twists. Its isomer HTC-4 has Lk=6, making
three full twists. HTC-4 lies 85 kcal mol™! below HTC-3. The structures are displayed in Figure 12, though
their three-dimensional shape is probably better viewed through a movie (see the Supporting Material)

or with interactive molecular visualization software.
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HTC-4 CCCCCADADACACADDDDDADADADADA

Figure 11. Examples of highly twisted circulenes (HTC)
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HTC-4

Figure 12. Structures of HTC-1 — HTC-4
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An interesting structural feature of these highly twisted circulenes are their nt-stacking regions.
HTC-1 has one crossover where the phenyl rings stack. The centers of these two phenyl rings are
separated by 3.25 A, and the ring centers are offset very slightly. On the other hand, the two crossover
regions in HTC-2 position the phenyl rings significantly offset. This can be seen in the closeup truncated
view of the crossover region of HTC-2 in Figure 13. The center of each phenyl ring sits above a carbon
atom of the phenyl ring in the other phenyl of the stacked pair, with a separation of 3.186 A. This so-
called parallel displaced arrangement of the benzene dimer is more energetically favorable than the
arrangements where the two rings are directly above one another.3* This parallel displaced arrangement
is also seen in HTC-3 and HTC-4, where the separation is 3.231 and 3.205 A, respectively. The distance
between the two phenyl rings in the central crossover of HTC-4 is 3.536 A, a long distance, suggesting

little favorable stacking energy resulting from this crossover.

Figure 13. Crossover region of HTC-2 showing one of the helicene regions. The rest of the molecule has
been deleted and the hydrogens omitted. The purple ball defines the center of phenyl ring, and the
labeled distance (A) is the closest approach between the center of one phenyl ring and a carbon atom of

the other phenyl of the stacked pair.
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The computed strain energies of the two Mdbius structures HTC-1 and HTC-3 are quite large,
133 and 85 kcal mol?, respectively. Further exploration of the possible isomers might identify more
amenable targets examples. However, the strain energies of the two Hiickel structures HTC-2 and HTC-4
reveal them to be viable synthetic targets. The strain energy of HTC-4 is only 9 kcal mol?, and HTC-2 is

estimated to be more stable than its reference compounds by about 10 kcal mol™.

Conclusions

Fused polyphenyl systems can express a range of interesting topologies. [12]circulenes
exhibiting a linking number of zero (ring” and ribbon®) or two (infinitene!! I-2) have been synthesized.
The computations presented here identified eight isomers of 1-2 with Lk = 2, including one isomer I-1
that is predicted to be energetically more stable than the original infinitene I-2. We have also identified
fifteen [12]circulene isomers that have a M6bius topology, with Lk = 1. The most stable Mobius
infinitene M-1 is lower in energy than any of the infinitene isomers.

The aromatic character of the circulenes is a matter of debate, resting largely upon what criteria
one chooses to utilize. The *H chemical shifts of almost all of the [12]circulenes examined here fall in the
range typically associated with aromatic compounds (6-8ppm). The exception are the ribbon structures
with a preponderance of para fusion, causing significant distortion of many of the phenyl rings away
from planarity. NICS and HOMA values indicate an alternating strong aromaticity and weak aromaticity
for the phenyl rings in many of the low energy ring structures, infinitenes, and Mobius infinitenes.
However, this behavior reflects a maximization of Clar structures. Lastly, comparison of the energies of
the [12]circulenes with reference compounds (phenanthrene and anthracene) along with estimation of
distortion energies suggests that many of the [12]circulenes exhibit stabilization energies comparable to

those of linear or bent acenes. It appears that these compounds deserve to be categorized as aromatic.
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These computations suggest that a number of infinitenes and Mobius infinitenes should be
viable synthetic targets. Additionally, the low strain energies of more highly twisted circulene suggest
that they too may be good candidates for synthesis. The circulenes appear to be ground for fruitful
exploration, elaborating molecules with unusual topologies that may lead to interesting properties and

utilities.

Supporting Information

Part 1: Complete citation for Ref. 15, InChls and InChlKeys of the [12]circulenes, Tables S1-S6, Figures
S1-S5. Part 2: Coordinates of the [12]circulenes and HTC1-4, computed 'H and *3C NMR chemical shifts

and NICS(0) values of the [12]circulenes. Movies depicting rotation of HTC-1 — HTC-4.
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