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Abstract: We predict the geometries, electronic properties, and aromaticity of thiophene analogues
of anti-kekulene with six to nine thiophene rings 1-4, together with those of cyclobutadithiophenes
(CDTs) and anti-kekulene as reference compounds, using density functional theory calculations.
Investigation of the simplest reference compounds, CDTs, reveals that the local aromaticity of their
thiophene rings is influenced by their fused position (b- or c-bond) to the four-membered ring (4MR).
A thiophene ring fused at the b-position (b-TR) retains its aromatic character to some extent, whereas
the aromatic character of one fused at the c-position is attenuated. The 4MR with two fused b-TRs
retains a strong anti-aromatic character. Thiophene analogues of anti-kekulene with six to eight
thiophene rings 1-3 favor bowl-shaped structures, in contrast to the planar structure of anti-kekulene,
because of the shorter distances of the sulfur bridges. Compound 4, with nine thiophene rings, adopts
a planar structure. The local aromaticity and anti-aromaticity of the thiophene ring and 4MR are
significantly attenuated in 1-4 compared with the reference compounds, the CDTs and anti-kekulene.
This can be attributed to the considerable contribution of the quinoidal electronic structure in 1-4.
The present study provides new insight into the aromatic and electronic nature of systems containing
cyclobutadienothiophene.

Keywords: polycyclic aromatic compounds; aromaticity and anti-aromaticity; cyclobutadiene;
anti-kekulene; quinoidal electronic structure; macrocycles; DFT calculation

1. Introduction

Polycyclic compounds consisting of aromatic and anti-aromatic rings are a subject
of interest because of their unique optical and electronic properties that originate from
modulated (anti-)aromaticity [1-8]. Examples of these compounds include biphenylene
(Figure 1a), which consists of two benzene rings and a four-membered ring (4MR) [9,10].
Extended analogues of biphenylene, known as [n]phenylenes, are composed of n-numbered
benzene rings and 4MRs in an alternating manner [11]. Vollhardt and different co-authors
have studied the syntheses and properties of [n]phenylenes of various sizes and topologies
(e.g., linear [12], angular [13], and branched [14]; Figure 1b). The influence of topological
differences on the aromaticity and electronic properties of these compounds has been
studied using both experimental and theoretical approaches [11,15-21]. Anti-kekulene
(cyclic [6]phenylene) has been a subject of particular interest because of its unique structure,
electronic properties, and aromaticity, as predicted by quantum chemical calculations
(Figure 1c) [19-27]. For instance, density functional theory (DFT) calculations predicted
that anti-kekulene favors a planar structure with strong bond length alternation in fused
benzene rings [19,21,25]. Moreover, Hiickel-London-Pople-McWeeny (HLPM) topological
ring-current and bond-current calculations [28,29], which are simple approaches to ring
current calculation based on Hiickel-London formalism [30,31], have confirmed both
paratropic ring current flows at 4MRs and an outer periphery featuring an overall weakly
paratropic character [24]. Despite several efforts using different synthetic approaches, the
synthesis of anti-kekulene has not yet been achieved [32-34].
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Figure 1. Chemical structures of (a) biphenylene; (b) [n]Jphenylenes of different sizes and topologies:
linear [3]phenylene, angular [3]phenylene, and branched [4]phenylene; (c) anti-kekulene (cyclic
[6]phenylene); (d) bBCT and ¢BCT; (e) thiophene analogues of cyclic [n]phenylenes 1-4; and (f) four
CDTs, syn-bbCDT, anti-bbCDT, bcCDT, and ccCDT. In (e), Roman numerals (i-vii) on 1-4 indicate
bond positions.

Annulation of thiophene ring(s) into polycyclic compounds is a useful way to produce
functional organic materials as it influences fundamental properties including molecular
geometry, electronic configuration, and aromaticity. Moreover, it modulates optoelectronic
properties and intermolecular interaction modes [35-41]. For instance, octathia [8]circu-
lene (sulflower) [42], in which eight benzene rings of a saddle-shaped [8]circulene [43,44]
are fully replaced with thiophene rings, has a planar structure [45]. Its one-dimensional
mi-stacking column with short intermolecular sulfur-sulfur contacts in the crystalline state
exhibits a reasonable field-effect transistor property [46,47]. Moreover, some thiophene-
fused acene derivatives [35,48] are promising organic semiconductors because of their
stability and high mobility. The annulation of thiophene ring(s) into an (anti-)aromatic ring
also has a strong impact on electronic properties and on local and global aroma icity [49-52].
The fusion position, i.e., the b- or c-position of the thiophene ring, determines such prop-
erties because of the diene character of thiophene [53,54]. For instance, the aromaticity of
dehydro[14]annulene derivatives with a fused thiophene ring at the b-position (b-TR) is
stronger than that of isomers with one fused thiophene ring at the c-position (c-TR) [55,56].
Similar observations have been reported for other dehydrothiophenoannulene derivatives
with two to three fused thiophene rings [57,58]. Moreover, we recently reported that the
attenuation of the anti-aromaticity of 12-membered rings is limited for those with two or
three b-TRs, but significant for the c-isomers [59]. The same tendency has been reported for
8m electron systems, such as thienopentalene derivatives [60,61]. This change in aromaticity
leads to modulation of the molecular orbital energies.

The substitution of the benzene ring(s) of biphenylene and [n]phenylene with thio-
phene ring(s) has a similar impact on aromaticity and electronic properties. Benzo[3,4]cyclo-
buta[1,2-c]thiophene (¢BCT; Figure 1d) [62,63] and its regioisomer benzo[3,4]cyclobuta[1,2-
b]thiophene (bBCT) [64], both synthesized over 40 years ago, have been reported to differ
in stability in an ambient environment; ¢BCT is persistent, whereas bBBCT decomposes
within a few hours. We recently performed quantum chemical calculations for BCTs at
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the DFT level to investigate their geometries, electronic properties, and aromaticity [65].
The anti-aromaticity of the 4MR of the b-isomer was greater than that of the c-isomer, and
the energy gap (Egap) between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) was small for the b-isomer. We extended the
study of these compounds to their homologues, in which the terminal benzene rings of
[n]phenylenes are replaced by thiophene rings. The aromaticity and electronic properties of
these extended homologues also differed depending on the fused position of the thiophene
rings. As this previous investigation was limited to its substrate scope, further studies of
the extended systems containing cyclobutathiophene moieties are required for an in-depth
understanding of the systems and their novel molecular design. Cyclic systems are of
particular interest because of their ability to form macrocyclic 7r-conjugation pathways.

In this context, we herein report a theoretical study on the thiophene analogues of
cyclic [n]phenylenes 1-4, where all thiophene rings are fused to 4MRs at the b-position,
in which we investigate their geometries and aromaticity based on DFT calculations
(Figure 1le). Together with 1-4, as reference compounds we investigated the geometries
and aromaticity of four cyclobutadithiophenes (CDTs; Figure 1f) [66,67], cyclobutal[1,2-
b:4,3-b']dithiophene (syn-bbCDT) and its regioisomer (anti-bbCDT), cyclobuta[1,2-b:3,4-
c'ldithiophene (bcCDT), and cyclobuta[1,2-c:3,4-c']dithiophene (ccCDT), as well as anti-
kekulene. In syn-bbCDT, which is the simplest substructure of 1-4, the aromaticity and
anti-aromaticity of the TRs and 4MR were preserved. On the other hand, local aromaticity
and anti-aromaticity were significantly attenuated for the thiophene analogues of cyclic
[n]phenylenes 14 because of the major contributions of the quinoidal electronic struc-
ture [68,69]. The results of the present study will be useful for the further design of novel
polycyclic compounds containing thiophene rings and 4MRs.

2. Materials and Methods

All quantum chemical calculations were performed using the Gaussian 16 program
package under vacuum (revision A.03) [70]. All molecular geometries were optimized at
the B3LYP/6-311+G(d, p) level of theory with Grimme’s dispersion correction method
D3 [71] and Becke-Johnson damping (D3B]) [72] in the closed-shell singlet state. Vibrational
frequency calculations confirmed the absence of imaginary frequencies for all optimized
geometries. The convergence criteria in all geometry optimizations (maximum force, root
mean square (RMS) force, maximum displacement, and RMS displacement) were set to
5 x 10~* a.u. We confirmed that this level of theory reliably reproduces a single-crystal
X-ray structure of the related molecule, biphenylene [73], confirming the validity of the
selection of this functional theory (bond length differences are within 0.01 A). The closed-
shell wavefunctions at optimized geometries were confirmed to be stable [74]. Molecular
orbitals and structures were visualized using the Gauss View (version 6.0.16) [75] and
Visual Molecular Dynamics (VMD) programs (version 1.9.3) [76].

To analyze the planarity of the compounds quantitatively, we calculated the molecular
planarity parameter (MPP) proposed by Lu [77]. This is a simple and universal method to
determine molecular planarity based on the deviation of given atoms from a fitting plane
determined by the coordinates of all atoms. The fitting planes were calculated using the
least squares method. The MPP values were obtained using Equation (1):

/1
MPP = N;df 1)

where N is the total number of atoms and d; is the distance between atom i and the fitting
plane. The MPP value of a planar molecule is zero; it becomes larger for a non-planar
molecule. Moreover, we obtained colored maps of molecular structures according to the
d; value of each atom using the VMD program (Figures S1 and S2). The MPP calculations
were performed using the Multiwfn program (version 3.8) [78].
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For the quantitative evaluation of the strain in 1-3, we calculated the relative
strain energies (Egyain) With respect to nearly planar 4 using a method proposed by
Nenajdenko et al. (Table S1) [42].

We employed a harmonic oscillator model of aromaticity (HOMA) analysis as the struc-
tural criterion for the local aromaticity and non-aromaticity of the benzene and thiophene
rings [79,80]. The HOMA values of the benzene rings were calculated using Equation (2)
with individual bond lengths R;:

6
HOMA =1 — ”‘% 3 (Roptcc — Rec)’? ©)
1

whereas the HOMA values of the thiophene rings were calculated using Equation (3):

3 &

1

3 2
HOMA =1 - {"‘CC Y (Ropy, cc = Reci)* + 552 Y- (Ropt, s — RCS,i)Z} ®
i

where the subscripts CC and CS denote carbon—carbon and carbon-sulfur bonds, respec-
tively. The optimal bond lengths Ropt and constants a were derived from Equations (4) and
(5), respectively:

Roptj = (R +wRa;) /(1 +w) )

-1
o =2 {(Rs,j - ROPtJ‘)Z + (Raj — Ropt, )2] o

In these equations, the subscript j denotes the bond type (CC or CS, not single or
double bond); Rs and R4 correspond to the reference lengths for single and double bonds,
respectively; and w is the ratio of force constants for double and single bonds. The values
of Ropt and & were obtained from the literature [80]. HOMA values close to 1 indicate a
high degree of cyclic -electron delocalization, and smaller values indicate poor m-electron
delocalization. The HOMA values were calculated using the Multiwfn program [78].

The multicenter bond index (MCI) is a widely used aromaticity descriptor calculated
on the basis of electron delocalization [81,82]. The MCI of a ring consisting of atoms A, B,
C, ..., Kcan be obtained using Equation (6):

MCI = Z Z Z Z(Ps)zxﬁ(PS)ﬁy(PS)fy(S (PS)KD( (6)

x€A BeByeC xeK

In this equation, the Greek subscripts «, B, 7, ..., k are the basis functions, and
summations extend only over the range of the basis functions centered on a certain atom
A, B, C, ..., K. The parameters P and S are the charge bond order and overlap matrix,
respectively. Density matrices in the natural atomic orbitals [83] were computed using the
NBO 3.1 program implemented in the Gaussian 16 program [84]. The MCI values were
calculated using the Multiwfn program [78]. A large MCI value indicates strong aromaticity
at the ring, whereas a small MCI value indicates non-aromaticity at the ring.

In order to characterize bonding nature, the Wiberg bond indices (WBI) [85] on the ba-
sis of natural atomic orbitals [83] were calculated using the NBO 3.1 program implemented
in the Gaussian 16 program [84]. Moreover, a localized orbital locator (LOL) analysis [86,87]
was performed using the Multiwfn program [78]. The LOL analysis was useful for the
visualization of the behavior of electron (de)localization. In this study, only the contribution
of m-type molecular orbitals was considered in the LOL analysis (LOL-m). The calculated
LOL-7 isosurfaces were visualized using the VMD program [76]. The MCI, WBI, and
LOL-m analyses were performed at the B3LYP-D3BJ/6-311G(d, p) level of theory.

Nucleus-independent chemical shift (NICS) values provide a convenient and useful
measure of the degree of local ring current effects in 7-conjugated systems [88]. In this
study, we used NICS(1),,, which is the zz component of the isotropic NICS value calculated
at1 A above the ring centers (NICS(1);5) [89]. In the case of the bowl-shaped molecules,
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the NICS(1),, values calculated on the convex face of the molecular bowls were used in
discussions. The NICS(1),, values of the concave face are summarized in Table S3. The
coordinates of the ghost atom (Bq) and the NICS(1),, value were calculated using the
Multiwfn program [78]. In an aromatic ring, the external magnetic field induces a diatropic
ring current, leading to magnetic shielding at the ring, which results in a negative NICS
value. Conversely, in an anti-aromatic ring, a paratropic ring current is induced, result-
ing in deshielding at the ring, which results in a positive NICS value. In a non-aromatic
ring, the absolute value is close to zero. It should be noted that NICS(1),, analysis gives
more reliable results for magnetic response compared with NICS(1);5, or NICS(0);s, in the
case of a planar system [89]. The magnetically induced current (MIC) strengths and the
current densities were calculated using the gauge-including magnetically induced current
(GIMIC, version 2.1.4) method [90,91]. This has been extensively used and is known to
give results comparable to those of the graph-theoretical [28,29,92-94] and the continuous
transformation of the origin of the current density (CTOCD) approaches [95,96]. Prior
to the GIMIC calculations, information about atomic orbital density matrices, first-order
perturbed atomic orbital density matrices, molecular coordinates, and basis functions were
obtained from the magnetic shielding calculations. The input files for the GIMIC program
were generated using the Gaussian2gimic.py program [97]. Each current strength was
calculated by numerical integration of the MIC density flowing across a plane perpen-
dicularly to the molecular plane and bisecting the chosen chemical bond. The current
paths are represented by arrows. The clockwise and counterclockwise current flows in-
dicate diatropic and paratropic ring currents, respectively. The current strength is given
in nA/T. For example, benzene exhibits diatropic and paratropic currents of 16.9 nA/T
and 5.1 nA /T, respectively. In total, a diatropic current of 12 nA /T flows in a clockwise
manner (Figure S3). Thiophene shows a clockwise diatropic current of 11 nA/T in to-
tal. On the other hand, cyclobutadiene shows a counterclockwise paratropic current of
20 nA/T. The signed modulus of the current densities (Figures S8-510) were visualized
using the ParaView program (version 5.8.1) [98]. The grid information for the calculations
of current density was obtained using the Multiwfn program [73]. All magnetic shielding
calculations were conducted at the B3LYP/6-311+G(d, p) level of theory employing the
gauge-independent atomic orbital (GIAO) method [31].

3. Results and Discussion
3.1. Structures, Electronic Properties, and Aromaticity of Cyclobutadithiophenes

First, we discuss the structures, aromaticity, and electronic properties of the four CDTs
as the simplest models of cyclic systems 1-4.

The geometry optimizations of syn- and anti-bbCDTs afforded non-planar C, and C;
symmetric structures with MPP values of 0.070 A and 0.066 A, respectively (Table 1 and
Figure S1). On the other hand, the geometry optimizations of bcCDT and ccCDT gave
planar structures with Cs and Cyj, symmetry groups. There were very small differences in
the bond lengths (bond orders), aromaticity, zero-point-corrected total energy, and frontier
orbital energy levels of the bbCDTs. The lengths and WBI values of the fused bonds of the
bbCDTs were 1.38 A and 1.47, respectively, indicating a double bond character (Figure 2a,b).
The lengths of the fused bonds differed in bcCDT depending on the fused position of the
thiophene ring (Figure 2c). Accordingly, the WBI value of the fused bond of the b-TR was
larger than that of the c-TR. In the case of ccCDT, the lengths and WBI values of the fused
bonds were 1.449 A and 1.12, indicating a single bond character (Figure 2d). For the non-
shared bonds of the CDTs, the b-bonds in both b- and ¢-TRs had a double bond character
(WBI values of 1.54-1.70), whereas the c-bonds in the b-TRs showed an intermediate
character with WBI values of 1.32-1.33. The bonding character of the fused thiophene rings
was in agreement with the findings of our previous study on thiopheno[12]annulenes [59].
All bridging bonds in the 4MRs exhibited a single bond character. The LOL-7 analyses
of the CDTs also supported larger m-electron densities at the b-bonds in all thiophene
rings (Figure 2).
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Table 1. HOMA, MCI, and NICS(1),, values for 1-4 and reference compounds syn-bbCDT, anti-
bbCDT, bcCDT, ccCDT, and anti-kekulene.

HOMA Value MCI Value NICS(1),, Value (ppm)
Compound Thiophene Ring Benzene Thiophene Ring Benzene AMR Thiophene Ring Ben.zene Macrocylic
b-TR ¢ TR Ring b-TR ¢ TR Ring b-TR TR Ring Center
syn-bbCDT (Cy) * 0.875 — — 0.0758 — — 52.5 —16.3 — —
anti-bbCDT (C;) * 0.870 — — 0.0766 — — 53.0 —16.4 — —
bcCDT (Cs) * 0.831 0.126 — 0.0685 0.0401 — 29.2 —19.1 —52 —
ccCDT (Dy,) * — 0.373 — — 0.0514 — 17.8 — —14.3 —
anti-kekulene (Dg) * — — 0.448 — — 0.0484 24.3 — — 1.9 16.6
1(Cen)* —0.707 — — 0.0121 — — 8.9 —-0.9 — — 57
2(Cr) " —0.683 — — 0.0121 — — 10.7 —-0.9 — — 47
3(Cy)" —0.661 — — 0.0128 — — 10.9 —-0.8 — — 4.9
4 (Dg) " —0.643 — — 0.0129 — — 11.6 —0.5 — — 4.3
? Symmetry group of the optimized geometries in parentheses.
(C) 171 243 (d) o 73511 498 438
,égb S 7233 11%927 ’\«_6;5 ,.,j_é_} &ci@ 163 5o 5ok f};%
i o) [ S Qo E]
&4 2 g S = <=
ES N L e,
) A8 [ Zr 1.498 7 <\ ~
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Figure 2. Bond lengths (black numbers, top), WBI values (green numbers, top), LOL-7t isosurfaces
(isovalue of 0.60 a.u., middle), and paths and strengths (nA/T) of MICs (bottom) for each bond of
syn-bbCDT (a), anti-bbCDT (b), bcCDT (c), and ccCDT (d).

Next, we investigated the local aromaticity of the CDTs using structural (HOMA),
electronic (MCI), and magnetic (NICS and GIMIC) criteria. As additional references, benzene,
thiophene, and cyclobutadiene were also subjected to these analyses (Figure S3 and Table S2).
The HOMA values for the b-TRs of syn-bbCDT, anti-bbCDT, and bcCDT were larger than
that of thiophene (Tables 1 and S2). On the other hand, those of the c-TRs in bcCDT and
ccCDT were very small. The MCI values of the b-TRs were larger than those of the c-TRs
(Table 1), whereas they were comparable to that of thiophene. This indicates that cyclic
conjugation is preserved in the b-TR. The NICS(1),, values of the b-TRs in syn-bbCDT,
anti-bbCDT, and bcCDT were larger than that of thiophene (Tables 1 and S2). The NICS
(1)2z values of the c-TRs in bcCDT and ccCDT were greater than those of the b-TRs (Table 1).
The large value for the former can be attributed to an asymmetric fusing mode [65]. The MIC
calculations performed using the GIMIC method corroborated the results of the NICS(1),,
analyses. Though there were clockwise diatropic current flows over both the b- and c-
TRs (Figure 2), the diatropic character of the b-TRs was stronger than that of the c-TRs.
From the results of these analyses, we concluded that the local aromaticity of the b-TRs
was preserved to some extent. The 4MRs of syn-bbCDT, anti-bbCDT, bcCDT, and ccCDT
afforded respective positive NICS(1),, values of 52.5 ppm, 53.0 ppm, 29.2 ppm, and 17.8 ppm
(Table 1). The former two values were close to that of the cyclobutadiene (Table S2). The
GIMIC calculations confirmed counterclockwise paratropic current flows over the 4MRs
(Figure 2). These analyses revealed that the anti-aromatic character of the 4MRs was
comparable to that of the cyclobutadiene when the two b-TRs were fused [54,59,65].

Finally, we discuss the differences in the Eg,p values and total potential energies
among the isomers. The Eg,p values of syn-bbCDT and anti-bbCDT were smaller than
those of bcCDT and ¢cCDT (Table 2). When the number of fused b-TRs increased, the Egap
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became smaller. The zero-point-corrected energies confirmed that ccCDT was the most
stable. The relative total energy (E.¢) values of syn-bbCDT, anti-bbCDT, and bcCDT were
22.7 kecal/mol, 22.4 kcal/mol, and 7.0 kcal /mol, respectively, with respect to that of ccCDT.
An increased number of fused b-TRs led to potential energy increments, probably because
of the preserved anti-aromatic character of the 4MRs.

Table 2. EGap values for 1-4 and reference compounds syn-bbCDT, anti-bbCDT, bcCDT, ccCDT,
and anti-kekulene, and E | values for syn-bbCDT, anti-bbCDT, bcCDT, and ccCDT.

Compound EGap Value (eV) E,e1 ¢ Value (kcal/mol)
syn-bbCDT 3.13 22.7
anti-bbCDT 3.23 224
bcCDT 3.94 7.0
ccCDT 4.35 0.0
anti-kekulene 2.77 —
1 2.74 —
2 2.85 —
3 2.67 —
4 2.78 —

# Calculated from the zero-point-corrected total energies.

3.2. Structure and Aromaticity of Anti-Kekulene

As the next reference compound, we briefly discuss the geometry and aromaticity
of anti-kekulene based on our calculations. The optimized geometry of anti-kekulene
was very close to planar, with a Dg symmetry group (Figure S2e). The benzene ring
showed strong bond-length alternation (Figure 3a) with a difference of 0.101 A, featuring a
1,3,5-cyclohexatriene-like part structure. The fused bond was elongated compared with
that of benzene, whereas the non-shared bonds were shortened compared with those of
benzene. The bridging bonds in the 4MR showed a single bond character. Moreover, the
LOL-m isosurface of anti-kekulene confirmed that the 7-electrons were localized at the three
non-shared bonds (Figure 3b), in contrast to the full r-electron delocalization in benzene
(Figure S3). The HOMA and MCI values of the fused benzene ring were smaller than
those of benzene (Table 1 and Table S2). The cyclic m-electron conjugation of the fused
benzene ring was significantly attenuated. The NICS(1),, values were 1.9 ppm, 24.3 ppm,
and 16.6 ppm at the benzene ring, 4MR, and center of the macrocycle, respectively. The
benzene rings showed a non-aromatic character. Notably, the paratropic character of the
4MR was attenuated compared with those of the cyclobutadiene and bbCDTs. The GIMIC
calculation corroborated the results of the NICS(1),, analysis (Figure 3c). There was a
paratropic current circuit in the 4MR, but no diatropic circuit in the benzene ring. Our
GIMIC results were also in good agreement with the HLPM topological bond-current
calculation reported by Dickens and Mallion [24].

Figure 3. (a) Bond lengths (black numbers) and WBI values (green numbers), (b) LOL-7 isosurface
(isovalue: 0.55 a.u.), and (c) paths and strengths (nA/T) of MIC at each bond of anti-kekulene.
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3.3. Structures, Electronic Properties, and Aromaticity of Thiophene Analogues of Anti-Kekulene

The geometry optimization of 1 with six thiophene rings afforded a bowl-shaped struc-
ture with a Cg, symmetry group, in contrast to its planar benzo-analogue, anti-kekulene
(Figure 4a). This can be attributed to the shorter distance of the sulfur bridge. Upon
enlargement of the cycles, the bowl depth became shallow. The MPP values of compounds
1, 2, and 3 were decreased upon ring enlargement (Figure 4b and Figure S2a—c). Compound
4 with nine thiophene rings adopted a nearly planar structure with a very small MPP value,
similar to that of anti-kekulene. Next, we calculated the relative strain energies (Estrain)
for 1-4 (Materials and Methods and Table S1). As shown in Figure 4b, the Egqin values
became small when the molecules were close to planar, similar to previous reports on
[n]circulenes [99] and thia[n]circulenes [42].

(b) 09 ¢ I 30.0

m 284
08
® 25.0
0.7 0.760 1 ~
0.6 . 1 200 g
<L 05 ] =
~ sl ® 15.0 @
o 04 0.440 ] k=
Q o3 1100
= 1 &
0.2 m7.0 ] £
150
o 0.0] -
0.0 ' . 0004 g1 00
1 2 3 4
Compound
S
n-5
S S

Figure 4. (a) Side view of the optimized structures of 1-4. (b) MPP values (A; blue; left y-axis) and
relative strain energies (Egtrain, kcal/mol; red; right y-axis) of 1-4. (c) LOL-m isosurface (isovalue:
0.60 a.u.) of 4. (d) Major electronic structures appearing in 1-4.

The lengths of fused bond iii in 1-4 were slightly longer (by 0.1 A) than the shared
bonds of the b-TR in the CDTs (Table 3). The WBI value of bond iii indicated its single
bond character. On the other hand, the length and WBI values of bond iv confirmed its
double bond character. The thiophene rings in 1-4 lost the original diene character of
thiophene. It should be noted that bond vi in the 4MRs had a double bond character,
as judged by its length and WBI values (1.38 A and 1.52-1.53, respectively). The LOL-7t
analyses for 1-4 supported the above conclusions, as the isosurfaces localized at bonds iv
and vi (Figures 4c and S4). These bonding characters were distinctly different from those
of the bbCDTs. On the basis of these results, we suggest the significant contribution of
a quinoidal electronic structure in 1-4 (Figure 4d) [68,69]. Notably, a theoretical study
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by Fabian and Hartmann reported no contribution of such a quinoid structure in neutral
cyclo[n]thiophenes (1 > 5) [100].

Table 3. Bond lengths (A), WBI values, and calculated current strengths (nA/T) for 1-4.

Bond Position

Compound X " X . ”
i ii iii iv v vi vii
bond length (A) 1.781 1.781 1.494 1.334 1.494 1.379 1.481
1 WBI value 1.08 1.08 1.02 1.64 1.02 1.53 1.02
current strength (nA/T) 0.91 0.91 2.89 0.96 2.89 1.68 1.29
bond length (A) 1.778 1.778 1.493 1.333 1.493 1.378 1.479
2 WBI value 1.09 1.09 1.02 1.64 1.02 1.53 1.02
current strength (nA/T) 1.40 1.40 3.44 0.99 3.44 2.46 2.47
bond length (A) 1.777 1.777 1.492 1.332 1.493 1.378 1.479
3 WBI value 1.09 1.09 1.02 1.64 1.02 1.52 1.02
current strength (nA/T) 1.72 1.72 4.32 1.52 4.32 3.01 2.61
bond length (A) 1.773 1.773 1.493 1.334 1.493 1.375 1.483
4 WBI value 1.09 1.09 1.02 1.65 1.02 1.52 1.01
current strength (nA/T) 2.13 213 5.10 1.56 5.10 343 3.29

? Bond positions are included in Figure 1.

The HOMA values of the fused thiophene rings of 1-4 were very small (Table 1). The
MCI values also became smaller than those of the fused thiophene rings of the bbCDTs.
Obviously, the cyclic m-conjugation in the fused thiophene rings in 1-4 was significantly
attenuated. The NICS(1),, values of the thiophene rings in 1-4 were close to zero, indi-
cating a negligible diatropic character. Moreover, the NICS(1),, values of the 4MRs in
1-4 indicated significant attenuation of paratropic character compared with the bbCDTs
and anti-kekulene. The NICS(1),, values calculated at the macrocyclic centrum were
small and positive. According to the current paths obtained from the GIMIC calculations
(Figure 5), there were weak diatropic and paratropic current circuits in the thiophene
rings and 4MRs. The weak current strengths agreed with the small NICS values (Table 3).
Overall, both the aromaticity and anti-aromaticity of the thiophene rings and 4MRs in 1-4
were considerably attenuated compared with those of the bbCDTs. We attribute this to the
major contribution of a quinoidal electronic structure in 1-4. In both anti-kekulene and its
thiopheno-analogues, to reduce the electron density at the shared bonds, n-electrons are
localized at the non-shared bonds. For the fused benzene rings of anti-kekulene, 7-electrons
can be localized at three of the four non-shared bonds by adopting a 1,3,5-hexatriene-like
part structure. On the other hand, it is impossible to adopt such an electronic structure
in the five-membered thiophene rings of 1-4. Instead, the quinoidal electronic structure
appeared in compounds 1-4.

Upon increasing the number of the fused thiophene ring, the MPP and Egy,in, values
were reduced and the local aromaticity and anti-aromaticity of the thiophene ring and
4MR gradually recovered (Tables 1 and 3). We concluded that this was because of the
planarization of the molecular frameworks. It should be noted that there was only a
small change in the Eg,p, values among 1-4 (Table 2), indicating very limited 7-electron
delocalization through the macrocyclic pathway.
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Figure 5. The MIC paths in 1-4. The current strengths of each bond are summarized in Table 3.

4. Conclusions

We predicted the structures, electronic properties, and aromaticity of novel thiophene
analogues of cyclic [n]Jphenylenes 1-4 together with four CDTs and anti-kekulene, as
reference compounds.

Among the four CDTs, the b-TRs and 4MR in the bbCDTs preserved local aromaticity
and anti-aromaticity, whereas the c-TRs and 4MR in ccCDT showed attenuated local
aromaticity and anti-aromaticity. The fusion of the b-TRs to the 4MR led to a reduction in
EGap, as well as an increment in total potential energy. For the other reference compound,
anti-kekulene, the results of our calculations support the findings of previous studies, i.e.,
local paratropic features at the 4MRs.

The geometry optimizations of 1-3 afforded bowl-shaped structures, whereas that of 4
gave a nearly planar structure. The molecular planarity increased upon ring enlargement.
The fused bonds of 1-4 were elongated, in contrast to those of the bbCDTs. Moreover, the
structural features of compounds 1-4 indicated the significant contribution of a quinoidal
electronic structure. We attribute this to strong 7-electron localization at the non-fused
bonds of the thiophene rings and 4MRs. Several aromaticity indices proved that the local
cyclic conjugations in the thiophene rings were significantly attenuated and featured a
non-aromatic character. Moreover, the anti-aromaticity of the 4MRs decreased compared
with that of the reference compounds. This we again attribute to the significant contribution
of the quinoidal electronic structure.
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The results presented here provide a fundamental understanding of the aromatic and
electronic nature of a cyclic m-conjugated system containing cyclobutadienothiophene, and
will be useful for the further design of novel functional polycyclic organic molecules.
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the Supplementary File S1.
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