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Abstract

Cycloarenes constitute a captivating class of polycyclic aromatic hydrocarbons with
unique structures and properties, but their synthesis represents a challenging task in or-
ganic chemistry. Kekulene and edge-extended kekulenes as a classic type of cycloarene
play an important role in the comprehension of 7 electron distribution, but the sparse
molecular diversity considerably limits their further development and application. In
this work, we propose two novel classes of cycloarenes, the generalized kekulenes and the
clarenes. Using density functional theory, we carry out a comprehensive study of all pos-
sible isomers of the generalized kekulenes and clarenes with different sizes. By applying
a simple Hiickel model, we show that 7 delocalization plays a crucial role in determin-
ing the relative stability of isomers. We also discover that 7-m stacking is commonly
present in certain larger clarenes and provides a considerable additional stabilization
effect, making the corresponding isomers the lowest-energy ones. Among all considered
typical looped polyarenes, generalized kekulenes and/or clarenes are revealed to be the
energetically most stable forms, suggesting that these novel cycloarenes proposed here
would be viable targets for future synthetic work. The simulated 'H NMR spectra and
UV-vis absorption spectra provide valuable information about the electronic and opto-
electronic properties for the most stable generalized kekulene and clarene species and

may support their identification in future synthesis and experimental characterization.
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1 Introduction

Cycloarenes are a class of fully fused macrocyclic aromatic hydrocarbons comprising angu-
lar and linear annellations of benzene units enclosing a cavity into which C-H bonds point.*
Due to their remarkable properties and potential applications in optoelectronics,*? synthetic
chemistry,*® supramolecular chemistry,® etc., cycloarenes have attracted the scientific com-
munity for decades.® In addition, the large cavity structure offers cycloarenes some promising
applications in host-guest chemistry. Cycloarenes can act as a receptor for small guests and
have the ability to bind chloride anions due to the large cavity.® Moreover, a more modern
application of cycloarenes is that they can serve as models for defects in graphene thanks to
its cavity structure,?? and help us better understand and make use of some unique properties
of defected graphene. !t

In addition, due to their peculiar electronic structures, cycloarenes can also serve as
ideal platforms to investigate fundamental questions related to the concept of aromatic-
ity. 1214 Kekulene is probably the most representative example in this respect.'® The synthe-

L1617 answered a long-standing controversial question

sis and characterization of kekulene,
about arenes and their nature of aromaticity: do 7 electrons delocalized throughout the
whole conjugated system, as hypothesized by Pauling,'® or do they remain localized on
sextets, as predicted by McWheeny!'? and described phenomenologically by Clar??° X-ray
crystallographic analysis and NMR measurements in high-boiling-point solvents revealed a
local aromatic character that m-electrons are localized on individual benzene-type rings for
the kekulene, which was further confirmed by ultra-high-resolution atomic force microscopy
(AFM)!® and modern on-surface synthesis.?! Although some new synthetic methods have

4,8,22

been explored over the years, only a few cycloarenes were reported,® such as edge-

23,24 septulene, ?? and octulene,*® due to the challenging synthesis of this

extended kekulenes,
kind of cata-condensed aromatic macrocyclic systems,.>!5 The lack of molecular diversity
greatly limits the further development of cycloarenes and related analogs.

The molecular shape of kekulene is like an equiangular superhexagon with each side
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characterized as the structure of acene with zigzag edges.?> We can use six parameters to
represent the lengths of hexagon sides and uniquely specify the hexagon. In fact, in 2021,
Wu and co-workers?? used the notation, [m,n|, proposed by Bergan et al.,?® to describe the
structure of the core-expanded kekulenes, named [m, n|cycloarenes, where m and n represent
the number of benzene rings on each of the three longer and each of the three shorter
zigzag-like edges, respectively. However, such a nomenclature applies only to structures with
alternating side lengths, thus covering only a specific type of the extended kekulenes. In
addition, other edge-extended homologues of kekulene were designed and synthesized by Lu
and co-workers?* through the similar method in 2023. In light of successfully synthesized
extended kekulenes, we hope to further extend kekulene to a more generalized structure,
such that the lengths of the six sides can be any positive integers, and therefore fully enrich
the structural diversity of this type of molecules.

In fact, in our previous work,?” we proposed the generalized kekulenes, removing the
structural constraints in the definition of the expanded kekulenes?® so that the hexagon-
shaped macrocycles can a variable length for all six sides. We also conceived a new type of
cycloarenes, named, clarenes.?” While generalized kekulenes have zigzag-like edges, clarenes
have armchair-like edges and thus always achieve the maximum possible number of Clar
sextets. 29229 Hence, clarenes are shown to be generally more electronically stable than
generalized kekulenes.?” We made use of generalized kekulenes and clarenes as molecular
building blocks to construct generalized infinitenes.?” Nonetheless, we have not previously
provided the details about the design of generalized kekulenes and clarenes, neither have we
presented a comprehensive study on the structures, stability, and properties for these novel
cycloarenes.

In this work, we have systematically investigated generalized kekulenes and clarenes, and
determine the lowest-energy isomers of various sizes through systematic quantum chemical
calculations, thereby elucidating the factors that determine their stability. For very large

clarenes, we also conduct a conformational study due to the flexibility of their molecular
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structures. Finally, in order to identify these new compounds in future synthesis, we have
further simulated 'H NMR and UV-vis spectra for the most stable isomers with different

sizes.

2 Computational Details

We enumerated all initial structures of generalized kekulenes and clarenes using our open-
source code GenlInfi.3® We performed geometry optimizations and vibrational frequency anal-
yses, which verify the energy minima on the potential energy surface using the GFN2-xTB
method 332 implemented in the XTB program (version 6.3.3).3333% We refined the xTB re-
sults at the DFT level for the lower-energy isomers according to the xTB relative energies
(see Section 1 in ESI for details).

All DFT and time-dependent (TD) DFT computations were performed with the GAUS-
SIAN 16 package.?> We carried out geometry optimizations at the B3LYP/6-31G* level of

3637 in conjunction with the D3(BJ) dispersion correction.®® The nature of the station-

theory
ary points was confirmed by subsequent frequency calculation. Our assessment calculations
showed that the relative isomer energies obtained from the GFN2-xTB calculations are con-
sistent with those obained at the B3LYP-D3(BJ)/6-31G* level (see Fig. S1 in ESI). For
the lowest-energy isomers, we proceeded to optimize the geometries using the wB97XD3
functional, coupled with the larger cc-pVDZ basis set,*® which is designed to handle self-
interaction errors in DFT more effectively,*! thereby providing a more accurate description of
n-delocalized systems. *? As shown in Fig. S2 in ESI, the wB97XD /cc-pVDZ predicted geome-
tries are in a general agreement with the experimental values measured by X-ray diffraction
(XRD). Additionally, Fig. 5 and Fig. S3 in ESI show that the relative energies calculated at
the BSLYP-D3(BJ)/6-31G* level are consistent with the wB97XD /cc-pVDZ results for all
considered looped polyarenes of a varying size. We have applied Grimme’s quasi-rigid-rotor

harmonic oscillator treatment®? for vibrational modes with frequencies lower than 100 cm ™!
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in order to reasonably evaluate Gibbs free energies, as implemented in the SHERMO program

(version 2.3.5).4

29,45 20,28,29

The combinatorial enumerations of Clar structures were conducted by our
open-source program EZRESON46® (version 3.0). To visually reveal the 7-7 stacking interac-
tions, we computed isosurfaces of interaction region indicator (IRI)* mapped with sign(Az)p
function®® by using the MULTIWFN version 3.8.%° The isosurface maps were rendered by the
VMD program (version 1.9.3).5!

The nuclear magnetic resonance (NMR) computations were carried out at the B3LYP /6-
311+G(2d,p) level in conjunction with gauge-including atomic orbitals (GIAOs) on the basis
of the wB97XD/cc-pVDZ optimized geometries. We choose 1,2,4,5-tetrachlorobenze (PHCly)
as a solvent with the solvation model based on the density (SMD) to simulate the exper-
imental environment.? Based on our previous simulations of ‘H NMR spectra for the ex-
perimentally synthesized [12| and [20|K-infinitenes, which agree well with the experimental

27,53-55 we also applied in this work the empirical scaling technique with appropriate

spectra,
scaling factors using calibrated parameters to achieve a balance between precision and com-
putational efficiency.?5 With the support of the Multiwfn program, we gained 'H NMR
spectra for the considered compounds in 1,2,4 5-tetrachlorobenze solvent. As shown in Fig.
S5 in ESI, our simulated "H NMR spectrum for [12]kekulene is in good agreement with the
experimental one.

We performed TD DFT calculations at the B3P86/6-311G(d,p) level®*6! to simulate the
UV-vis absorption for the lowest-energy kekulenes and clarenes from 8 to 60 rings, based on
the wBI7XD /cc-pVDZ optimized geometries. Our previous work on simulation of UV-vis
absorption spectra for experimentally synthesized [12| and [20]K-infinitenes has shown the
consistent results between simulated and experimental spectra.?”?3 5% Excitation calculations
were performed for a total of 100 states. With the same DFT functional, we also tried a

larger basis set, 6-311++G(2d,p), but the results did not improve significantly, indicating

that the 6-311G(d,p) is sufficient to describe the considered compounds (see Fig. S13 in ESI).
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Our simulated UV-vis absorption spectra for the experimentally synthesized [12|kekulene is

in reasonable agreement with the experimental ones (see Fig. S14 in ESI).?362

3 Results and Discussion

3.1 Generalized kekulene and clarene structures

Edge-extended kekulene derivatives with 14 and 16 rings have been synthesized by Lu and
co-workers,?* which were constructed by extending a pair of opposite sides of the keku-
lene molecule. In addition, Wu also synthesized the similar molecules with alternating side
lengths.?® We may further generalize the kekulene structure by allowing all six sides of the
superhexagon shape to have a variable length. In our previous work,?” we mentioned such
a generalization of kekulene structures, and here we provide more specific details in this
aspect. We define the generalized kekulenes (hereinafter simply referred to as kekulenes for
brevity), as a new type of single-layered cycloarene, to have a planar equiangular hexagonal
structure, and the six sides are all linearly fused benzene rings, that is, following a zigzag
type of arrangement.? Fig. 1(a) illustrates the concept of kekulenes, exemplified by one of
the experimentally synthesized kekulene, [2,2,4,2,2/4].?* The numbers in brackets indicate
the side lengths, meaning the effective number of benzene rings along each side of the su-
perhexagon for the given kekulene structure. Note that each of these numbers is one fewer
than the actual number of benzene rings.?” The sum of all six side lengths equals the total
number of rings in the entire molecule.

For kekulenes with a fixed number of rings, we can construct many possible isomers
with different equiangular hexagonal structures based on the above concept. More detailed
construction procedures are described in Section 6 in ESI. Valid side lengths of the super-
hexagon, hi, ho, hs, hy, hs, and hg, are positive integers greater than or equal to 1, and
the sum of them is equal to the total number of rings in kekulene, N,,,. We can construct

the corresponding kekulene, |hy, ho, hs, h4, hs, hg|, based on the above rules, where square
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[16]Kekulene: [2,2,4,2,2,4] [16]Clarene: <2,2,4,2,2,4>
(Experimentally synthesized) (Theoretically proposed)
Nsextet = 6 Neextet = 8

RE = 20.5 kcal/mol RE=0.0

Figure 1. Structural definition of (a) the experimentally synthesized generalized kekulene
[2,2,4,2,2,4]?*and (b) the isomeric clarene <2,2,4,2,2.4>, the lowest-energy form of [16]cy-
cloarenes. The superhexagon formed by benzene rings are indicated by blue lines. The
structural notation of a kekulene or a clarene is determined by the side lengths of super-
hexagon (hy, hs, hs, hy, hs, and hg). The white circles represent Clar sextets. The brick
red arrows in (a) show the migration of sextets. The numbers of sextets (Ngextet) for both
molecules and the relative energies (RE) between them calculated at the wB97XD /cc-pVDZ

level are provided in keal /mol.
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brackets are used to represent a kekulene. Given a specific kekulene, the name may not be
unique, and different names like |hy, hg, hy, hs, he, h1| and |hy, he, hs, hy, hs, he| may cor-
respond to identical kekulene structure. We can select any starting edge and loop six edges
in a fixed direction whether clockwise or counter-clockwise, which is circular equivalent. For
kekulene [2,2,4,2,2/4] in Fig. 1(a), we also call it [2,4,2,2/4,2] or [4,2,2,4,2,2], both of them
being equivalent. Note that coronene can be regarded as the simplest kekulene, [1,1,1,1,1,1].
While the expanded kekulenes proposed and synthesized by Wu and co-workers,? denoted
by [m,n], which are only limited to structures with alternating side lengths, the structures
and nomenclature we have proposed are more general. Note that kekulenes of other polyg-
onal shapes, such as quintulene shaped as pentagon,% septulene shaped as heptagon,?? and
octulene shaped as octagon,*® exhibit nonplanar geometries and are significantly less sta-
ble due to considerable strain. Hence, it is logical to consider solely on hexagon-shaped
kekulenes, as they are anticipated to possess a planar and consequently strain-free structure.

Although the planar structure promotes the stability of kekulene, 7 stabilization becomes
less favorable as the ring size increases. According to the Clar rule,?:?%2% kekulenes with
side lengths greater than 2 fail to achieve optimal 7 stabilization because they do not achieve
the maximum number of Clar sextets and the sextets are thus migrating®(see Fig. 1(a) as
an example). In addition, it is known that acenes with 6 or more rings have an open-shell
polyradical character in electronic structure, such as hexacene.% Consequently, kekulenes
with sufficiently long sides are probably not stable, similar to the case of acenes. In view
of this, we come up with a new kind of planar single-layered cycloarene with armchair-type
edges, which are termed as clarene?” because they always possess the maximum possible
number of Clar sextets (Nyng/2). Note that clarenes can have only even-numbered side
lengths due to the armchair fashion, while the side lengths of kekulenes can be any positive
integer. Fig. 1(b) shows the molecular structure of [16|clarene <2,2,4,2,2,4> an isomer of
[16]kekulene shown in Fig. 1(a), where angle brackets are represented to a clarene. Like keku-

lenes, the nomenclature of clarenes is also circularly equivalent, that is to say, <2,2,4,2,2,4>,
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<2,4,22.4.2>, and <4,2,2,4,2,2> represent the same structure. Clarenes also have a similar
molecular structure to kekulenes with a superhexagon shape, with the difference that the
benzene rings on each side have an armchair-type arrangement.? Moreover, the original
(not generalized) kekulene molecule, equilateral [12]kekulene [2,2,2,2,2.2|, is also regarded as
[12]clarene <2,2,2 2.2 2> 115717

In terms of electronic structure, [16]clarene has generally more favorable stabilization
than [16]kekulene, as evidenced by the numbers of Clar sextets (8 vs 6 as shown in Fig.
1), and Hiickel molecular orbital (HMO) 7 energies (—91.6|3| vs —91.1|5|). DFT calcula-
tion also shows that [16]clarene is energetically more stable than experimentally synthesized
[16]kekulene with an appreciable energy difference, 20.5 keal /mol.

In this work, we investigate systematically the kekulenes and clarenes with a wide range of
rings from 8 to 60 rings. We have enumerated a complete set of these structures based on the
aforementioned construction procedure. Table 1 summarizes the numbers of all considered

isomers of kekulenes and clarenes for each of the considered numbers of rings, Nn,.

3.2 Relative stability of kekulene and clarene isomers
3.2.1 Relative stability of kekulene isomers

We first discuss kekulenes containing 8 to 60 rings. We have tested all considered kekulene
isomers with up to 32 rings using DFT calculation, and find the relationship between Nying
and spin multiplicity of ground state for these kekulene isomers. We find that the ground
state has a closed shell configuration for all kekulene isomers with Nyi,e < 15. For kekulenes
of Nying > 16, the ground state of many isomers is an open-shell singlet. In addition, there is
also a certain relationship between side length of the superhexagon and the spin multiplicity
of ground state for these kekulene isomers. For kekulenes with side lengths greater than
or equal to 7, ground state is an open-shell singlet, while ground state has a closed shell
for kekulenes with a maximum side length less than or equal to 5, except [18]kekulene,

[1,5,1,5,1,5], which is 2.4 kcal/mol lower than its closed-shell state at wB97XD/cc-pVDZ

10
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Table 1. Number of isomers for different types of equiangular hexagonal keku-

lenes and clarenes with a varying number of rings.

Niing Kekulene Clarene Niing Kekulene Clarene
8 1 — 28 33 5
9 1 — 30 42 4
10 2 — 32 48 7
11 1 — 34 57 5
12 4 1 36 69 11
13 2 — 38 69 7
14 5 — 40 90 13
15 4 — 42 106 11
16 7 1 44 118 17
17 5) — 46 134 13
18 11 1 48 154 23
19 7 — 50 170 17
20 13 2 52 190 27
21 11 — 54 215 23
22 17 1 56 235 33
24 23 4 58 260 27
26 27 2 60 290 42

11
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level. The boundaries between the closed-shell and open-shell singlet states are blurry for
kekulenes with a maximum side length equal to 6. For kekulenes of N, > 32, the ground
state of almost all isomers is an open-shell singlet, and we therefore only determine the lowest-
energy structures with a varying number of rings by quantum chemical calculations. After
determining the ground state of these isomers based on DFT calculations, we compare the
relative energies between kekulene isomers and look for the factors that govern the relative
stability.

According to the definition of kekulenes in Section 3.1, we know that kekulenes do not
achieve the maximum number of Clar sextets, and therefore, m delocalization should be
important for the stability of kekulene isomers. So, we have tried to use the simple HMO
theory® 9 to interpret the stability of the isomers. In fact, we have successfully predicted
the relative stability of generalized infinitenes?” and CNBs™ based on the HMO theory.
Fig. 2(a) plots the relative energies of all 11 isomers of [18|kekulenes against their HMO
7 energies. As we can see, the data points show a linear correlation with high squared
correlation coefficient (R? = 0.984) between the relative isomer energy and the HMO energy,
confirming that 7 stabilization is indeed the decisive factors in isomer stabilities. Note
that two isomers of [18]kekulenes have been successfully synthesized experimentally, namely,
[3,3,3,3,3,3| (see Fig. 2(b)) and [2,4,2,4,2,4] (see Fig. 2(c)). As shown in Fig. 2(a), both of
the experimentally synthesized isomers (black filled circle) exhibit relatively high stability
with a 7 energy lower than other [18|kekulenes, though they all do not achieve the maximum
number of Clar sextets.

Althougth the HMO theory is not able to reasonably describe open-shell structures, the
HMO 7 energies still correlate well with the DFT relative energies including the open-shell
singlet cases (see black hollow triangle in Fig. 2(a)). The above conclusion is generally
valid for the kekulenes of other sizes (see Fig. S28-S29 in ESI). For kekulene isomers with
an open-shell singlet electronic structure, as shown in black hollow triangle in Fig. 2(a),

we can understand it from the competition between the fulfillment of maximum number of

12
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Figure 2. (a) DFT relative energies, REgspyp, versus HMO 7 energies, Eyno, for [18]keku-
lenes. Experimentally synthesized structures are indicated by black filled circle. Closed shell
structures and open-shell singlet structures are represented by black filled triangle and black
hollow triangle, respectively. Squared correlation coefficient (R?) is provided. wB97XD/cc-
pVDZ optimized structure of experimentally synthesized [18|kekulenes (b) [3,3,3,3,3,3] and
(c) 12,4,2,4,2,4]. Hydrogen atoms are omitted for clarity. The isomers marked Expl and

Exp2 in (a) correspond to the structures in (b) and (c), respectively.

13
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Clar sextets, and the avoidance of having polyradical configuration. Let us take acene as an
example, % according to Clar’s aromatic m-sextet rule,?%?82 the maximum possible number
of Clar sextets for an acene is only 1 so as to ensure a closed-shell electronic structure. For
shorter acenes with the number of linearly fused benzene rings less than 6, the 7 energy is
not optimal because of the limited number of Clar sextets. As the size of acene increases, the
number of Clar sextets increases in order to gain a higher stability, at a cost of forming radical
resonance structures, which would destablize the system.% The same goes for kekulenes since
each edge of kekulene can be regarded as a acene structure. For relatively large kekulenes
with more than 32 rings, due to the open-shell electronic structure, we only investigate a few

representative systems (see Table S1 in ESI).

3.2.2 Relative stability of clarene isomers

In parallel to keulenes, we have computed clarene isomers with 12 to 60 rings by DFT. We
find that clarenes with Ny, < 40 have a perfectly planar structure, while some molecular
structures of larger clarenes are distorted from planarity due to m—= stacking. Therefore,
we will discuss below the relative stability of these two different sizes of clarene structures
separately.

Let us first discuss the case of smaller clarene isomers with Ny, < 40, in order to find
out the key factors governing their relative stability. Unlike kekulenes, clarenes have the
maximum possible number of Clar sextets, implying that all of the clarene isomers should
have similar 7 stabilization. Nevertheless, we have also applied the simple HMO theory
to evaluate the m energies of clarene isomers. As shown in Fig. 3, m energy predicted by
HMO still have a good correlation with the relative energies of [28] and [30]|clarene isomers
calculated by DFT. These results show that the relative stability of smaller clarene isomers
is also determined by 7 energy. The impact of strain on stability can be practically ignored
because smaller clarenes all have planar structures. The same conclusion is reached for

clarenes of other sizes with Ny, < 40 (see Fig. S23 in ESI). Moreover, we can understand

14
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the relative isomer stability more intuitively by using the Clar rule.?%2829 All clarene isomers
have one and only one Clar structure with the same number of Clar sextets (Nying/2). Thus,
the Clar rule cannot distinguish the difference in 7 stabilization between clarene isomers.
Nevertheless, the number of Clar resonators?® (see Fig. S35 for explaination in ESI) with
the second largest number of sextets is different for these isomers. As shown in Fig. 3(a)
and (b), a clarene isomer with a larger number of secondary Clar resonators (represented by
bold numbers) is energetically more stable. For the first two isomers with the lowest energy
of [30]clarenes, as shown in Fig. 3(b), they have the same number (33) of secondary Clar
resonators, and we then compare the number of the Clar resonators with the third largest
number of sextets to explain the 7 stabilization between them. As the lowest-energy isomer
has more tertiary Clar resonators than the second lowest-energy isomer (372 vs 348, see

numbers in brackets), it is understandable that the former is more stable than the latter.

() I : : : > (b) : :
[28]Clarenes by 10t [30]Clarenes 27 (261)
6.0 - / 24 J %
- / - /
5 isomers e 4 isomers P
= 50F / I =30} 7/
g 26/ g /./ 7
27

= o =
g0 8% E 729 (292)
& i =20} e
53.00 , <! s
m a [aa) /
2 , 2 .

2.0} % /./

p 4 1.0 7 33 (348)
Lol 7 R2=0.964 s R2 = 1.000
. r / 7 /
/
0e34 , , , , 00a 33 (372) , ,
—'160.57 —160.56 —160.55 —160.54 —160.53 —160.52 —‘172.06 —172.05 —172.04 —172.03 —172.02
Emvo(—5) Emvo(—05)

Figure 3. DFT relative energies, REpsryp, versus HMO 7 energies, Fmno, for (a)
[28]clarenes, (b) [30]clarenes. The number of secondary Clar resonators are represented
by black bold numbers. Numbers in brackets indicate the Clar resonators with the third

largest number of sextets. Squared correlation coefficients (R?) are provided.

We also find the molecular structures of clarenes with the number of rings that are mul-

tiples of 4 are distorted due to m—m stacking as Ny > 40 and more stable than other

15

https://doi.org/10.26434/chemrxiv-2023-m|776 ORCID: https://orcid.org/0000-0003-2540-2199 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-ml776
https://orcid.org/0000-0003-2540-2199
https://creativecommons.org/licenses/by-nc-nd/4.0/

clarene isomers (see Fig. 4(a) and Fig. S24 in ESI). Clarenes that meet the above condi-
tions all have the similar structures characterized by stadium-type structure and are named
as <2,2,2k,2,2,2k>, (the integer k£ > 8) (see Fig. S27(a) in ESI). Because of the larger
molecular size and specific geometric characteristics, the two extremely long opposite sides of
the superhexagon exhibit enough flexibility to approach each other to effectively induce in-
tramolecular 7—m stacking interaction, which in turn leads to the distortion of the molecular
structure.

For larger clarenes with N, > 40, we find that the relative isomer energy spans a
much wider range than in the case of the smaller clarenes with N, < 40. As shown
in Fig. 4(a) and (b), in general, HMO 7 energies has a good correlation (R* = 0.999)
with the DFT relative isomer energies for all isomers but the lowest-energy one, which
suggests that 7 delocalization generally determines the relative stability for most of the
clarene isomers. Note that the outlier (hollow circle) obviously deviates from the correlation
line and this exceptional point corresponds the lowest-energy isomer. Fig. 4(c) shows the
wB97XD /cc-pVDZ optimized molecular structure for the lowest-energy isomer of [48|clarene,
<2,2,20,2,2,20>. It is obvious that the stadium-type structure is significantly distorted as a
result of the strong m—m stacking interactions between the two longest opposite sides (see
IRI map® in Fig. 4(a) and Fig. S25-526 in ESI), as mentioned in Section 3.2.2. Although
the distortion will inevitably cause an increase in strain, the stabilization effect brought by
m—m stacking still dominates. As a result, as shown in Fig. 4(a), this 7—7 stacking clarene
isomer gains quite a lot additional stability, which can be clearly seen from the intercept of
the y axis with 20.8 kcal/mol. The same conclusion generally holds for the clarenes of other
sizes (Fig. S24 in ESI).

However, for the equiangular stadium-type structures (see the schematic structure of
[48|clarene isomer, <2,2,20,2,2,20>, in Fig. 4(c) as an example), m—r stacking is only
possible when the number of rings is a multiple of 4, as mentioned in Section 3.2.2. For

[54|clarenes, all equiangular structures have relatively much higher energy (see Fig. 4(b))
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Figure 4. DFT relative energies, REpsryp, versus HMO 7 energies, Fyyo, for (a)
[48]clarenes and (b) [54|clarenes. Structures with m—n stacking are indicated by hollow
symbols, and IRI maps for 7—x stacking are also provided in each plot. The intercept of
the y-axis in (a) and (b) represents m—7 stacking effect. Squared correlation coefficients
(R?) in (a) and (b) are only for data points with filled symbols. Structure diagram and
the wB97XD/cc-pVDZ optimized structures of the lowest-energy isomer of (c) [48]clarene,
<2,2,20,2,2,20> and (d) [54]|clarene, <2,2,22 2 2.24>. The numbers in (c) and (d) represent

the side lengths of the stadium-type clarene. Hydrogen atoms are omitted for clarity.
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and no m— stacking is present since there are no stadium-type structures for equiangular
hexagonal clarenes whose number of rings is not a multiple of 4. Considering the additional
high stabilization effect brought by m—n stacking, for clarenes with the number of rings
that is not a multiple of 4, we have additionally investigated nonequiangular hexagonal
clarenes with similar stadium-type structures to obtain more stable isomers of the same
molecular size (see the schematic structure of [54|clarene isomer, <2,2,222 224> in Fig.
4(d) and Fig. S27(a) for explanation of construction method in ESI). Similar to [48]clarene,
<2,2,20,2,2,20>, the structure of [54|clarene, <2,2,22,22.24> also has obvious distortion
caused by m— stacking. The IRI map*® for <2,2,22,2,2,24> also confirms the existence of
the significant m—m stacking with stabilization effect being 33.8 kcal/mol in energy, as shown
in (Fig. 4(b) and S36-S37 in ESI). The same conclusion also generally holds for the clarenes
of other sizes (Fig. S24 in ESI).

3.2.3 7—m stacking conformers

For the large-sized infinitenes studied in our previous work,?” the m—7 stacking plays an
important role in their structures and stability, but we have not further studied whether this
effect would lead to different conformers. The structures of stadium-type clarene isomers
are distorted due to m—m stacking, as mentioned in Section 3.2.2. So, we need to consider
different conformers of them and the stability of these conformers since they have greater
flexibility. Therefore, we have investigated different conformers of the stadium-type structure
of [60|clarene, <2,2,26,2,2,26>, since they have obvious m—7 stacking. In addition, we have
also considered the nonequiangular stadium-type structures of [60|clarene, <2,2,24,2,2,28>
and <2,2,22,2,2,30> (see Fig. S27(b) in ESI for structural details), because they also have
obvious m—7 stacking.

We have searched all possible conformers for each isomer, 37 in total (see Table S3 in ESI).
We find that the relative shift of the longest opposite sides of [60|clarenes makes it possi-

ble for clarenes to have some different conformers (see Fig. S38 in ESI). For [60]clarene
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<2,2,22,2.2,.30>, we find two distinct conformers with a small energy difference of 2.7
kcal/mol. The structural difference between the two conformers lies in the relative positions
of the longest opposite sides of clarene (see Fig. S38(c) and (d) in ESI). Compared with more
symmetric conformer, the more asymmetric conformer is more stable. Note that all conform-
ers of <2,2,222 2 30> are actually not stable, being at least 38.6 kcal/mol higher in energy
than the lowest-energy isomer, <2,2,26,2,2,26>. However, for [60|clarene, <2,2,24,2,2 28>,
all conformers are similar to each other with almost same energy, and are actually also less
stable than <2,2,26,2,2,26>, being 9.2 kcal/mol in energy. The conformers of [60]clarene,

<2,2,26,2,2,26>, are also similar to each other with energy difference within 1.0 kcal /mol.

3.2.4 Relative stability of kekulenes, clarenes, and other looped polyarenes

Now we discuss the lowest-energy isomer among all kekulenes and clarenes of all consid-
ered sizes (see Fig. S30-S34 for the detailed molecular structures and Tables S1 and S2
for their relative energies in ESI). In fact, our thorough and systematic calculations, en-
compassing the enumeration of all possible isomeric shapes of the superhexagon, indicate
that clarenes are generally significantly more energetically stable than kekulenes of the same
size. Fig. 5 presents the relative energies of the lowest-energy kekulene and clarene isomers,
and many other typical cyclopolyarenes used to represent looped polyarenes,?” including the
experimentally synthesized isomers with respect to armchair CNBs, in variation with Nying.
Additionally, we have compared the Gibbs free energies (at 298.15 K and 1 atm) of these
cyclopolyarenes, and they exhibit the same trend as observed in terms of electronic energies
(see Fig. S3-54 in the ESI).

Armchair CNBs as a typical form of CNBs have the most favorable 7 stabilization with
the maximum number of Clar sextets and relatively less severe strain, which exhibits an

inverse proportionality to molecular size. For this reason, numerous armchair CNBs with

71-73 ( 72,74-78 (

both regular filled green up triangles) and irregular edges filled Persian green

right triangles) have been successfully synthesized in the laboratory, encompassing a range
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of 107" to 427 rings. In addition, as we can see in Fig. 5, zigzag CNBs (blue down
triangles) are all open-shell singlets, and thus have a high relative energy (e.g., 41.0 kcal /mol
for Nying = 8), which grows almost linearly with the increasing number of rings. It is worth
noting that the group of Wang has observed [8|zigzag CNB derivative by high resolution
mass spectrometry (HRMS).™ Infinitenes are also the novel molecules and are attracting an
increasing attention very recently. Indeed, so far, only three infinitenes (black diamonds)
have been synthesized by Itami®® and Wu®45%80 in the laboratory with 12, 16 and 20 rings,
as shown in Fig. 5. In addition, not long ago, we have proposed the concept of infinitene
family and have elucidated the stability rules for them.?"

As shown in Figure 5, for small sizes with 8 < N, < 15, kekulenes are the energetically
most stable structures among all cyclopolyarenes under consideration due to less strain com-
pared to armchair CNBs. As the molecular size increases, overall, the stability of kekulenes
gradually decreases compared to armchair CNBs. The maximum number of Clar sextets for
kekulene isomers are only six, which make 7 delocalization stabilization of kekulenes gradu-
ally abate as the size of molecules increases. As a result, the relative energy of kekulenes, in
comparison to armchair CNBs, becomes less negative, indicating that they are energetically
less stable than armchair CNBs for N,, > 24. Note that some lowest-energy kekulenes
predicted by this work have been successfully synthesized in the laboratory with number of
rings from 10 to 21. 519717232481 [y addition, some kekulenes with retalively high energy have
also been synthesized, such as, [14], [16], and [18]kekulenes. 2% 24

Finally, as we can see, clarenes with 16 < Ny,, < 60 are the energetically most stable.
Compared to kekulenes that have the limited number (six) of Clar sextets when they are
large enough, clarenes always have a maximum number (N,,/2) of Clar sextets, which make
them possess a maximized 7 stabilization and generally more stable than kekulenes. On the
other hand, the energy of clarenes with N, < 40 relative to armchair CNBs is getting less
negative, because the strain of armchair CNBs is released as the size increases. However, the

relative energy of clarenes with Ny,e > 40 shows two diverging trends as the molecular size
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Figure 5. Relative energy of different typical forms of cyclopolyarenes with different num-

ber of rings, as calculated at the wB97XD /cc-pVDZ level. Experimentally synthesized struc-

1,15-17,23,24,53-55,71-78,80,81

tures are indicated by filled symbols. The circled plus symbol repre-

sent the nonequiangular hexagonal clarenes (NEH clarenes).

21

https://doi.org/10.26434/chemrxiv-2023-m|776 ORCID: https://orcid.org/0000-0003-2540-2199 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-ml776
https://orcid.org/0000-0003-2540-2199
https://creativecommons.org/licenses/by-nc-nd/4.0/

increases. Stadium-type clarenes with Ny, being a multiple of 4 become gradually more
stable than the armchair CNBs due to intramolecular 7—7 stacking interactions (see Fig.
S24-526 in ESI). Remarkably, as we can see in Fig. 5, very large clarenes display noticeably
high thermodynamic stability. For instance, [60]clarene is 64.5 kcal /mol lower in energy than
[60]armchair CNB. On the other hand, clarenes with N, that is not a multiple of 4 follow
the similar tendency to that for the clarenes of Ny, < 40, due to the lack of m— stacking.
As mentioned in Section 3.2.2, we have additionally considered the nonequiangular stadium-
type isomers of clarenes to introduce m—m stacking (see Fig. S27 in ESI). As shown in Fig.
5 (indicated by circled plus symbol), nonequiangular stadium-type isomers have a tendency
to become more stable than equiangular isomers, as the molecular size increases and have a
notably lower energy compared to equiangular isomers with the same Ny, (from 3.9 to 44.5
kcal /mol), thanks to extra stabilization effect from 77— stacking (see Fig. S36-S37 in ESI).
Note that although all clarene isomers except [12|clarene, which can also be regarded as
[12]kekulene, have not been synthesized in the laboratory, their remarkable thermodynamic

stability suggests the viability of the synthesis of these clarenes.

3.3 Spectroscopic properties of the lowest-energy isomers of keku-

lenes and clarenes

We have performed 'H NMR and UV-vis simulations for the lowest-energy kekulene and
clarene structures, in order to facilitate the experimental characterization of the predicted

structures.

3.3.1 'H NMR spectra for the lowest-energy isomers of kekulenes and clarenes

Fig. 6 presents the simulated "H NMR spectra for the lowest-energy isomers of [9]kekulene,
[20]kekulene, [24]clarene, and |38]clarene (see Fig. S6-S12 in ESI for the 'H NMR spectra
of the kekulenes and clarenes of other sizes). Obviously, there are three groups of peaks

corresponding to three types of H atoms in both kekulene and clarene structures.
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Figure 6. Simulated 'H NMR spectra of the lowest-energy isomers of (a) [9] and (b)
[20]kekulenes, (c) [24] and (d) [38]clarenes in PHCl, solution. The peaks are classified into
three groups, distinguished by red, blue, and green colors originated from the corresponding
H atoms in the illustrated structure, which are indicated in the same color. The rings are

colored in orange and light yellow represent sextets and migrated sextets, respectively.
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First, let us see kekulenes. The peaks colored in red in low-field region, originate from the
internal protons of kekulenes structures (see the H atoms colored in red in Fig. 6(a) and (b)).
The blue peaks are associated with external protons bonded in the (migrating) sextets rings.
The third group of peaks colored in green falls in the upfield region, corresponding to the

external protons attached to the nonsextets rings. The three groups of peaks are commonly

1,16,62 23

seen in the experimental 'H NMR spectra of [12]kekulene, generalized kekulenes,
septulene,?? octulene® and generalized infinitenes.?” The H atoms colored in blue bonded in
the (migrating) sextets rings are obviously deshielded by the aromatic rings in which the H
atoms stay and are thus responsible for the peaks in low-field regions. Moreover, chemical
shifts of the inner protons colored in red of kekulenes are further shifted to low field compared
to those of the H atoms colored in blue, presumably owing to the additional deshielding effect
from the neighboring benzenoid rings. As for the third group peaks colored in green falling
in relatively high field region, the corresponding H atoms are bonded to nonsextet rings,
which have almost no effective deshielding effect on these H atoms. In addition, we noticed
that the H atoms colored in red in [9]kekulene fall in a lower field region compared with
other kekulenes (see Fig. 6(a)), which may be due to the fact that these H atoms are closer
to the adjacent aromatic rings and are thus subject to stronger deshielding effect.

For clarenes, the peaks colored red in low-field region, originate from the internal protons
of clarene structures (see Fig. 6(c) and (d)), similar to the case of kekulenes (Fig. 6(a)
and (b)). The deshielding effects from the parent aromatic ring of the H atoms and the
neighboring rings make the peaks of these H atoms fall in lowest field. For external protons,
almost all of them are attached to the nonaromatic rings. We distinguish two types of H
atoms colored in blue and green, respectively, according to the number of the next-nearest
neighbor rings of H atoms, being 0 and 1, respectively, which is different from kekulenes,
because the latter do not have such a next-nearest neighbor ring. For example, Fig. 6(c)
illustrates the definition of these two types of H atoms. The deshielding effect on the H

atom labeled "a" mainly originates from the three rings, the parent ring (A), adjacent ring
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(B), and next-nearest neighbor ring (C). On the other hand, for H atom labeld "b", only the
parent ring (E) and adjacent ring (F) contribute to the deshielding effect. The deshielding
effect from next-nearest neighbor ring (G) is negligible for H atom labeld "b" due to a large
distance between them, which explains that the peaks corresponding to H atom colored in
green fall in higher field compared to H atom colored in blue. For larger clarenes with Nyi,g
> 40, due to distorted structures caused by m—m stacking, the relationship between chemical
shift and type of H atoms is not obvious because the chemical environment around H atoms

is relatively complex (see Fig. S11-S12 in ESI).

3.3.2 UV-—vis absorption spectra for the lowest-energy isomers of kekulenes

and clarenes

Since kekulenes and clarenes typically have a large m-conjugated system, we therefore simu-
lated the UV-vis absorption spectra of the lowest-energy isomers of [9]kekulene, [20]kekulene,
[42]clarene, and [60]clarene, as shown in the inset of Fig. 7 and in Fig. S15-S19 in ESI. The
maximum absorption wavelength, Ay, as a function of Ny, is plotted in Fig. 7. Among all
considered kekulenes, the experimentally synthesized [12|kekulene displays a relatively high
Amax, 340 nm, in agreement with the experimental value (327 nm) (see Fig. S14 in ESI).?3-62
In general, the maximum absorption wavelength increases as the clarene size increases, as
shown in Fig. 7. A least-squares fit shows that A\,., varies inversely and negatively with
Niing (see the dashed line in Fig. 7), which is similar to generalized infinitenes.?” The red
shift as the size of clarenes increases can be roughly understood by the fact that the gap
between HOMO and LUMO decreases in larger m-conjugated systems.®? In addition, we find
that the molar extinction coefficients (¢) gradually increases as the increasing of melocular
size (see Fig. S20 in ESI), probably due to the increase of transition probability as a result

of the increasing number of frontier molecular orbitals as the size of the m-conjugated system

grows.
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Figure 7. Maximum absorption wavelength (Ap.x) of the simulated UV-vis spectra for the
lowest-energy isomers of kekulene and clarene of various sizes, Nyng. The experimentally
synthesized kekulenes are represented by filled symbol. The inset displays the simulated

UV-vis absorption spectra for the lowest-energy isomers of kekulene and clarene with Nyine
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4 Conclusion

We have systematically proposed the two novel kinds of cycloarenes, generalized kekulenes,
[h1, ho, hs, h4, hs, he], and clarenes, <hy, ha, hs, hyg, hs, h¢>. The generalized kekulenes
have zigzag-shaped sides, while the shape of sides are in an armchair fashion for clarenes.
Clarenes can have only even-numbered side lengths, while the side lengths of kekulenes can
be any positive integer.

Based on the results of extensive xXTB and DFT calculations, we have discovered that
the relative stability of kekulene and clarene isomers is determined by 7 delocalization in
the conjugated system by using a HMO-theory-based model. For kekulenes with long side
lengths or large molecular sizes, the ground state is open-shell singlet. For smaller clarenes,
we find that the number of Clar resonators can also explain the relative isomer stability
more intuitively. For stadium-type clarenes, whether equiangular or nonequiangular, the
molecule is flexible enough to make the two longest opposite sides of the superhexagon
approach each other closely and effectively induce intramolecular m—7 stacking interactions,
which provides a considerable additional stability. In addition, among all looped polyarenes
under consideration, clarenes are almost the energetically most stable, because they achieve a
maximum number of Clar sextets, which make clarenes possess a maximized 7 stabilization.

As we all know, m—7 stacking occurs widely in biological macromolecules, which plays an
important role in the stability of macromolecular conformers caused by molecular flexibility.
For the stadium-type clarenes, we have found two distinct conformers with a small energy
difference due to the relative shift of the longest opposite sides of clarenes caused by greater
flexibility of larger molecular size. Studying conformational variations caused by m—mx stack-
ing will not only help improve the utilization of stacking effect, but also have far-reaching
significance for the practical application of this type of looped polyarene materials.

Finally, the calculated 'H NMR spectra for these new compounds show three groups of
peaks corresponding to three types of H atoms in three different regions of kekulenes and

clarenes. The deshielding effects from different aromatic or nonaromatic rings make H atoms
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in different chemical environments have different but understandable chemical shifts. In the
simulated UV-vis spectra, with the increasing size of molecules, the maximum absorption
wavelength shows a red shift, reflecting a decrease in HOMO-LUMO gap. Additionally, the
molar extinction coefficients (¢) also gradually increases casued by the increase of transition
probability as a result of the increasing number of frontier molecular orbitals as the m-
conjugated system grows. The new compounds we proposed in this work are expected to be
synthesized in future synthetic efforts, and the simulated spectra will help synthetic chemists

to identify these molecules in experimental characterization.

Electronic supplementary information (ESI) available

DFT refinement calculation for kekulenes and clarenes with lower xTB energies; comparison
between xTB and DFT relative energies for [18|kekulenes and [48|clarenes; structural com-
parison between DFT and experiment for [12]kekulene; relative energies and free energies for
looped polyarenes at BSLYP-D3(BJ)/6-31G*; simulated 'H NMR spectra and UV-vis spectra
for the lowest-energy kekulenes and clarenes; construction of equiangular and nonequiangular
hexagons; comparison between HMO and DFT relative energies for representative kekulenes
and clarenes; Clar resonators of [30|clarene, <2.8,282.8>: IRI maps and conformers of
stadium-type clarenes; structures and Cartesian coordinates for the lowest-energy kekulenes

and clarenes.
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