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Linear w-conjugated polycyclic compounds
consisting of four-, five-, and six-membered rings:
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Linear m-conjugated polycyclic compounds, BBCTs, containing linearly annulated 5-, 4-, 6-, 4-, and 5-
membered rings were produced via copper-mediated double intramolecular coupling reactions. The
absorption spectra and electrochemical results confirmed their moderate optical energy gaps and high
HOMO energy levels, respectively. In a crystalline state, the BBCT molecules adopt a herringbone

structure, while the methylated molecules form slipped one-dimensional columns. The local and global
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Accepted 27th January 2023 aromaticity of the new polycyclic compounds is discussed based on the experimental results and

theoretical predictions. The present fundamental findings are useful for the further design and synthesis
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Introduction

Acene has attracted research interest for over a century,
including investigations of its fundamental properties and
aromaticity and its applications in organic electronic devices."*
The incorporation of heteroatom(s) into acene alters its
stability, electronic properties, and intermolecular interaction
modes. The incorporation of nitrogen or sulfur atoms modu-
lates the energy levels of the frontier orbitals and crystal packing
structures of acene, and some of these compounds are n- or p-
type organic semiconducting materials, respectively.*® Another
approach to tailoring the properties of acene is the incorpora-
tion of hydrocarbon rings of different sizes. The inclusion of
a four-membered ring (4MR) is particularly interesting because
of its planarity and inherent anti-aromatic character.® Vollhardt
and co-workers reported linear [n]phenylenes in which the 4MR
bridges every benzene ring, resulting in unique local aroma-
ticity and electronic properties compared to acene with similar
sizes.'®** Linear m-conjugated polycyclic compounds contain-
ing 4MRs have also been reported to show intriguing photo-
physical and electronic properties owing to the modulated local
aromaticity and frontier orbital energies."*® Moreover, the
incorporation of both nitrogen atoms and 4MRs into acene
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of novel w-conjugated polycyclic compounds containing four-membered
applications in electronic materials.

rings with potential

strongly affects these properties, with some of these compounds
exhibiting distinguished semiconducting and luminescence
properties.” ¢

The incorporation of both sulfur atoms and 4MRs into acene
affects its aromaticity and electronic properties. We previously
investigated the geometries, electronic properties, and aroma-
ticity of benzo[3,4]cyclobuta[1,2-cthiophene (¢BCT) and its
extended homologues using density functional theory (DFT)
calculations (Fig. 1).>” While the synthesis of ¢BCT was reported
previously,>?® its extended homologues have not been experi-
mentally explored. Among the homologues, benzo[1”,2":3,4;4’
''5":3,4']bis(cyclobuta[1,2-c]thiophene) (BBCT) was chosen as
the first test molecule for experimental investigation for the

g
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Fig. 1 Chemical structures of cBCT, biphenylene, BBCT, BBCT-Me,

and [3]phenylene. Roman numerals on the BBCTs and [3]phenylene
indicate bond positions.
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following reasons. BBCT will be more stable than its b-type
isomer.?”?>>* The energy gap (Egap) and HOMO energy level of
BBCT predicted by the DFT calculations are moderate due to the
production of a p-type organic semiconducting material. BBCT
will show moderate global aromaticity; the two fused 4MRs will
attenuate the aromaticity of the central benzene ring and the
fused thiophene ring at the 3,4-bond (c-type) with low electron
density because its inherent diene character will attenuate the
antiaromatic character of the 4MRs.””*'** Finally, BBCT has a
unique structural feature, i.e., the linear annulation of 5-, 4-, 6-,
4-, and 5-membered rings.***

In this context, we herein report the synthesis, electronic
properties, crystal structures, and aromaticity of BBCT and its
methylated compound BBCT-Me and compare them with the
properties and structure of [3]phenylene as a reference
compound,* for future potential application of these molecules
as p-type semiconducting materials.

Results and discussion

For the construction of the small, yet strained 4MRs, we chose
a copper-mediated intramolecular coupling reaction of dibro-
mobiaryls under ambient conditions.”>** We first tested the
synthesis of biphenylene and ¢BCT. Biphenylene and ¢BCT were
isolated in 54% and 29% yields from 2,2"-dibromobiphenyl and
3-bromo-4-(2-bromophenyl)thiophene (2), respectively (Scheme
1). The lower yield obtained for ¢BCT is attributed to the larger
strain associated with 4MR formation between the rings of
different sizes, as supported by DFT calculations (Fig. S1, ESIT).
While the isolated yield of ¢BCT is not high, it is higher than the
reported values.”?** Thus, we employed this reaction for the
synthesis of BBCT. Precursors 4a and 4b were synthesized via
a palladium-catalyzed cross-coupling reaction between 3,4-
dibromothiophenes and 1,4-dibromo-2,5-diiodobenzene. The
double-fold 4MR formation in both 4a and 4b afforded BBCT

— n-BuLi, CuCl, ~
THF, -78 °C
Br
X = C,H,, Biphenylene 54%
X=CoH, X =8, ¢cBCT 29%
X=8,2
| Br
O
(TMEDA), n-BuLi, Br |
ZnCl, Pd(PPhs),
-78°Cto 0°C THF, reflux
R sec-BuLi, (TMEDA) R R
CuCl, ~ _
S S
— =
THF, -78 °C

R =H, BBCT 4%
R = CH3, BBCT-Me
isolated <1%, gNMR 2.3%

R=H, 4a 36%
R =CHjs, 4b 47%

Scheme 1 Synthesis of biphenylene, cBCT, BBCT, and BBCT-Me.
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and BBCT-Me in 4% and <1% (2% based on the NMR internal
standard method) isolated yields, respectively. In the case of
BBCT-Me, the addition of N,N,N’,N-tetramethylethylenedi-
amine (TMEDA) is needed due to the steric influence of the
methyl groups. The BBCTs containing the strained 4MRs are
stable under ambient conditions. As a reference compound, we
synthesized [3]phenylene (see ESI).

Fig. 2 shows the absorption spectra of ¢BCT, BBCT, BBCT-
Me, and [3]phenylene in CH,Cl, at room temperature. The
absorption spectrum of ¢BCT shows two strong bands with
maxima at 348 and 249 nm. The absorption spectra of the
BBCTs are similar, displaying strong bands with maxima at 423
and 285 nm for BBCT and 427 and 304 nm for BBCT-Me. The
red shift in absorption for the BBCTs with respect to ¢BCT is due
to the extension of m-electron conjugation. The absorption
spectrum of [3]phenylene is similar to those of the BBCTs,
although the very weak absorption band extends to 520 nm. The
optical band gap (Eopt.cap) values estimated from the absorp-
tion edges are 3.43, 2.68, 2.69, and 2.38 eV for ¢BCT, BBCT,
BBCT-Me, and [3]phenylene, respectively (Table 1). The smallest
excitation energy (calc. Eexcitation) values predicted by time-
dependent (TD) DFT calculations at the B3LYP/6-311+G(d,p)
level agree with the Eqp¢.gap values. Moreover, TD-DFT calcula-
tions support that the lowest-energy transitions of these
compounds involve the HOMO, LUMO, and LUMO+1 (Fig. S2,
S3 and Tables 1, S2-S5, ESIf). The blue shift of the adsorption
edges of the BBCTs with respect to that of [3]phenylene is
attributed to the lower LUMO level of [3]phenylene.

Cyclic voltammetry measurements of cBCT, BBCT, BBCT-Me,
and [3]phenylene were conducted at room temperature in
CH,Cl, using [n-Bu,N][ClO,] as the supporting electrolyte (Table
1 and Fig. 3). The cyclic voltammogram of ¢BCT shows one
irreversible oxidation wave at Ep, = 1.23 V (F¢/Fc"). Two irre-
versible oxidation waves were recorded in the voltammograms
of BBCT and BBCT-Me, with the first oxidation waves peaking at
Ep, = 0.59 and 0.38 V, respectively. [3]Phenylene also shows two
irreversible oxidation waves, with the first peaking at E,, =
0.47 V. The electrochemically derived HOMO energy levels (exp.
Epomo) of ¢BCT, BBCT, and BBCT-Me were —5.7, —5.2, and
—5.0 eV, respectively, based on the onsets of each first oxidation
wave in the voltammograms (Eonset)- These values qualitatively
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Fig.2 UV-visabsorption spectra of cBCT (red), BBCT (blue), BBCT-Me
(green) and [3]phenylene (black) at room temperature in CH,Cl,.
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Table 1 Electronic properties of BBCT, BBCT-Me, cBCT, and [3]phenylene

Aedge
Compound (nm)  EXp. Eopecap” (€V) Calc. Eexcitation” (€V)  Calc. Egap (V) Eonset (V) Epa (V) Exp. Enomo® (eV)  Cale. Enomo’ (€V)
BBCT 463 2.68 2.78 3.47 0.39 0.59 —5.2 —5.35
BBCT-Me 461 2.69 2.87 3.53 0.21 0.38 —5.0 —5.09
¢BCT 362 3.43 3.72 4.51 0.86 1.23 —5.7 —5.83
[3]Phenylene 520  2.38 2.25 2.97 0.26 0.47 —5.1 —5.13

“ Determined from the absorption edges in the UV-vis absorption spectra. ” The smallest excitation energies estimated by TD-DFT calculations at
the B3LYP/6-311+G(d,p) level of theory. © Estimated from the optimized geometries at the B3LYP/6-311+G(d,p) level of theory. ¢ Derived from the

onsets of the first oxidation waves in the cyclic voltammograms (Fig. 3).

agree with those predicted by DFT simulation (calc. Exomo,
Table 1). These results suggest that the size of the w-conjugated
system and methyl groups affect the electronic properties.*®
Based on comparison with the HOMO energy levels of thie-
noacenes with the same number of rings, the BBCTs are
reasonable electron donors.***

Platelet single crystals of BBCT and BBCT-Me suitable for X-
ray diffraction analysis were grown from THF/EtOH and
CH,Cl,/hexane, respectively. Both compounds adopt virtually
planar geometries, confirming the linearly annulated 5-, 4-, 6-,
4-, and 5-membered rings (Fig. 4a and 5a). The BBCT and BBCT-
Me molecules pack in the P2,/c space group. The BBCT mole-
cules adopt a herringbone structure (Fig. 4b and c).* Within the
column consisting of molecules with the same orientation, the
adjacent molecules slip completely with limited intermolecular
contacts. The nearest interatomic distances between the carbon
atoms in the same and different columns are 3.46 A. The
interatomic distances between the hydrogen and carbon atoms
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range from 2.73 to 3.26 A, suggesting (C-H)-7 interactions
between the columns.’® Moreover, there are close contacts
between the sulfur and hydrogen atoms (3.09 A).** On the other
hand, the BBCT-Me molecules form slipped one-dimensional
columns with two different orientations (Fig. 5b and c). The
nearest interatomic distances of the carbon atoms of adjacent
molecules within the column are 3.43 A. The methyl groups of
BBCT-Me are located on the thiophene rings of the adjacent
molecules in the different columns with distances of 2.86 A
between the hydrogen atoms of the methyl groups and the
centroid of the thiophene rings, indicating (C-H)-m interac-
tions. The methyl groups of BBCT-Me are also close to the 4MRs
of adjacent molecules within the column. The nearest distances
between the hydrogen atoms of the methyl groups and the
carbon atoms of the 4MRs are 2.78 A, again indicating (C-H)-7
interactions. The methyl groups influence the crystal packing
structure of the BBCTs. The non-covalent interaction (NCI)
plots®® were calculated at the r?SCAN-3c/def2-mTZVPP level of

e
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Fig.3 Cyclic voltammograms of BBCT (a), BBCT-Me (b), cBCT (c), and [3]phenylene (d) in CH,Cl, (concentration: 2 mM; supporting electrolyte:
[n-BusNI[ClO,]; scan rate: 100 mV s7%). Black dotted lines are the linear extrapolations which were used for the estimation of the onset potentials
(Eonset)- The potentials are against the ferrocene/ferrocenium (Fc/Fc*) couple. Ep,s are the peak top potentials of the first oxidation waves.
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Fig. 4 Crystal structure of BBCT. (a) Molecular structure of BBCT with thermal ellipsoids at 30% probability. (b) Six molecules of BBCT viewed
from the direction of the medium line of the unit cell vectors a and c. (c) Twelve molecules of BBCT viewed from the direction of the unit cell
vector c. (d)-(f) NCl plots of the BBCT molecules in the crystal structure calculated at the r’'SCAN-3c/def2-mTZVPP level (isovalue: 0.60 a.u.). 2D
reduced density gradient vs. sign(1,)p plots are shown in Fig. S10 (ESI]).

theory® to visualize these interactions (Fig. 4d-f, 5d-f, S10 and
S11}). Charge-transfer integral calculations predict that the
BBCT molecules show molecular orbital interactions in the
herringbone structure (Fig. S12, ESI), implying potential in the
application of p-type semiconducting material.

The local and global aromaticity of the novel polycyclic
compounds is an intriguing subject. We analyzed the bond
lengths of BBCTs from the crystal structures. The two shared
and four non-shared bonds of the central benzene ring of the
BBCTs are similar in length (Table 2 and Fig. S7, S8, ESII),

(@)

indicating negligible bond length alternation. The shared
bonds show single-bond character to reduce the electron
density in the 4MRs.?”** As the structural criterion for the local
aromaticity, we performed the harmonic oscillator model of
aromaticity (HOMA).>* The HOMA value of the central benzene
ring of BBCT is large (0.88, Fig. S9, ESI), which is attributed to
the small degree of bond length alteration rather than cyclic -
electron delocalization.’ The thiophene rings retain diene
character (Table 2). It should be noted that the lengths of the
shared bonds in the 4MR differ by 0.018 A between the benzene

Fig. 5 Crystal structure of BBCT-Me. (a) Molecular structure of BBCT-Me with thermal ellipsoids at 30% probability. (b) Fifteen molecules of
BBCT-Me viewed from the direction of the unit cell vector a showing slipped one-dimensional columns with two different orientations. (c) Eight
molecules of BBCT-Me viewed from the unit cell vector c. The central molecule in which the methyl groups show short contacts with adjacent
molecules is colored blue. (d)-(f) NCI plots of the BBCT-Me molecules in the crystal structure calculated at the r’SCAN-3c/def2-mTZVPP level
(isovalue: 0.60 a.u.). 2D reduced density gradient vs. sign(1,)p plots are shown in Fig. S11 (ESI).

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2023, 13, 4578-4583 | 4581
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Table 2 Bond lengths (A) of BBCT, BBCT-Me, and [3]phenylene determined by X-ray single-crystal analysis

Compound” i ii iii v vi vii viii
BBCT 1.341(4) 1.443(3) 1.342(4) 1.505(3) 1.496(3) 1.384(3) 1.425(3) 1.387(3)
BBCT-Me 1.349(2) 1.443(2) 1.353(2) 1.502(2) 1.501(2) 1.393(2) 1.430(2) 1.389(2)
[3]Phenylene” 1.363(2) 1.419(2) 1.365(2) 1.514(2) 1.514(2) 1.392(2) 1.416(2) 1.390(2)

“ Bond positions are described in Fig. 1. * Bond lengths of [3]phenylene were referred from ref. 55.
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Fig. 6 H NMR spectra of cBCT (red), BBCT (blue), BBCT-Me (green),
and [3]phenylene (black) in acetone-dg at 25 °C.

and thiophene sides. Moreover, the shared bonds of the central
benzene rings are elongated in BBCT compared with those of [3]
phenylene,” indicating the larger strain of BBCT. This could be
a factor in the low efficiency of 4MR construction in BBCT. As
the measure of aromatic ring current effect, we compared the
signals of the hydrogen atoms in the "H NMR spectra recorded
in acetone-ds (Fig. 6). The signals of the hydrogen atoms (Ha) of
BBCT and [3]phenylene resonated at 6.73 and 6.41 ppm,
respectively, while those of the hydrogen atoms of the benzene
ring in ¢BCT appeared at 7.02-6.90 ppm. The aromatic shield-
ing effect from the diatropic ring currents of the central
benzene ring is attenuated in BBCT, although it is still stronger
than that in [3]phenylene. A similar trend was observed in the
chemical shift of the hydrogen atoms attached to the thiophene
ring (6.74 and 6.64 ppm for ¢BCT and BBCT, respectively). The
nucleus-independent chemical shift (NICS) scans and calcu-
lated current paths and strengths also agree with the above
observations (Fig. S4-S6, ESI}).?”** The local aromaticity of the
central benzene ring and thiophene rings is attenuated in
BBCT. Moreover, theoretically predicted paratropic character of
the 4MRs in BBCT is weaker than those of [3]phenylene, indi-
cating the limited anti-aromatic character of the 4MRs in
BBCT.” Overall, BBCT has moderate global aromaticity.

Conclusions

In conclusion, we synthesized a new family of linearly fused
polycyclic compounds, BBCTs, containing the strained 4MRs
that bridge thiophene and benzene rings. UV-vis absorption
and electrochemical investigations confirmed that the BBCTs

4582 | RSC Adv, 2023, 13, 4578-4583

have moderate Egp.gap values and high HOMO energy levels. X-
ray single-crystal analysis revealed that BBCT and BBCT-Me
adopt herringbone and one-dimensional columnar structures,
respectively. The structural features derived from the X-ray
single crystal analysis and the aromatic ring current effect
estimated by the 'H NMR spectra indicated moderate aromatic
character in BBCT. This finding is useful for producing novel
organic materials based on polycyclic compounds containing
4MRs that bridge thiophene and benzene rings.
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