
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 1
/1

6/
20

26
 1

0:
39

:0
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Reversible p-syst
aDepartment of Molecular Engineering, G

University, Nishikyo-ku, Kyoto 615-8510,

imahori@scl.kyoto-u.ac.jp
bFukui Institute for Fundamental Chemistry

8103, Japan
cInstitute for Integrated Cell-Material Scienc

ku, Kyoto 606-8501, Japan

† Electronic supplementary informa
high-resolution mass spectra, NMR sp
absorption spectra, cyclic voltammogr
1841655 and 1841656. For ESI and cr
electronic format see DOI: 10.1039/c8sc02

Cite this: Chem. Sci., 2018, 9, 7528

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 4th June 2018
Accepted 7th August 2018

DOI: 10.1039/c8sc02448k

rsc.li/chemical-science

7528 | Chem. Sci., 2018, 9, 7528–7539
em switching of thiophene-fused
thiahexaphyrins by solvent and oxidation/reduction†

Tomohiro Higashino, *a Atsushi Kumagai,a Shigeyoshi Sakaki b

and Hiroshi Imahori *ac

The concept of chemical topology has generated considerable interest among chemists and one of the

state-of-the-art topics is Möbius topology in cyclic p-conjugated molecules. In this regard, expanded

porphyrins have been extensively studied because of their facile topological interconversions and

attractive optoelectronic properties. A typical example involves [28]hexaphyrins: they show topological

conversion between planar Hückel and twisted Möbius topologies owing to their flexible structure. With

this in mind, we designed a [28]hexaphyrin where one dimethine pyrrole unit was replaced with dithieno

[3,4-b:30,40-d]thiophene (b-DTT), aiming at a reversible switching between macrocyclic and cross-

conjugated p-systems by a change in molecular topologies. Considering that the b-DTT unit can offer

both macrocyclic and cross-conjugated p-circuits, we envisioned that a combination of the topological

interconversion of [28]hexaphyrin with the two p-circuits of the b-DTT unit would enable a reversible

switching between macrocyclic and cross-conjugated p-circuits on Möbius and Hückel topologies,

respectively, by a simple conformational change. Unexpectedly, the hexaphyrin revealed a unique,

unprecedented p-system switching between a Möbius cross-conjugated p-system and a Hückel

antiaromatic p-system, which was fully supported by both experimental and theoretical investigations.

Meanwhile, the [28]hexaphyrin was also found to be redox interconvertible with the corresponding [26]

hexaphyrin with a Hückel cross-conjugated p-system. These results demonstrate that the b-DTT unit is

a new effective motif to realize p-system switching by changing molecular and p-system topologies.

Importantly, external stimuli, i.e., solvent, as well as oxidation/reduction can be used to trigger the

topological changes in expanded porphyrins with the help of the b-DTT unit.
Introduction

The concept of chemical topology, which was dened by Frisch
and Wasserman in 1961,1 has evoked considerable interest
among chemists. To date, various molecular knots, links,2 and
polymers3 have been synthesized as topological molecules.
Among the chemical topologies, Möbius topology is one of the
important topics in aromaticity, which is essential for under-
standing the energetic stability of cyclic p-conjugated mole-
cules. In general, the Hückel rule can be applied to predict
whether a cyclic molecule is aromatic or antiaromatic. If the
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cyclic molecule has [4n+2]p or [4n]p electrons, it should be
aromatic or antiaromatic, respectively. On the other hand, for
the singly half-twisted cyclic molecule as a Möbius strip, Heil-
bronner predicted that the [4n+2]p and [4n]p electron rules
should be reversed.4 Namely, the cyclic molecules with [4n]p
and [4n+2]p electrons on Möbius topology are aromatic and
antiaromatic, respectively. Much attention has been devoted to
this Möbius aromaticity; however, the synthesis of Möbius
aromatic molecules has been a challenge because of the diffi-
culty in balancing between their twisted structure and cyclic p-
conjugation. Nevertheless, Herges and co-workers reported the
synthesis of the rst Möbius aromatic molecule in 2003.5 Aer
this seminal work, various porphyrinoids have been found to be
Möbius aromatic6,7 and antiaromatic8 molecules.

Compared to typical porphyrins possessing four pyrrole units,
expanded porphyrins, which consist of more than four pyrrole
units, exhibit a exible structure. They have attracted signicant
attention because of their fascinating properties such as intense
absorption in the near-infrared region, large two-photon
absorption (TPA) cross section, and facile aromatic–anti-
aromatic switching upon two-electron oxidation/reduction or
topological interconversions.9,10 In particular, noteworthy are
This journal is © The Royal Society of Chemistry 2018
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their optical and photophysical properties that can be altered
greatly by their topologies and p-systems.11 In addition,
topology and aromaticity switches based on expanded
porphyrins have attracted much interest.11d,e Thus, expanded
porphyrins could be ideal platforms for exploring novel func-
tions as well as addressing fundamental aspects of chemical
topology by rational molecular design. To date, protonation
has been one of the effective means to achieve topological
interconversions,7b,d,i,12 while solvent-dependent topological
switching is still rare.7a,13

Recently, we synthesized octaphyrins where two dimethine
pyrrole units were replaced with two dithieno[3,4-b:30,40-d]
thiophene (b-DTT) units. We found that the b-DTT unit could
yield two types of p-circuits depending on the oxidation state of
the sulfur atom.14 One is a macrocyclic p-circuit with incorpo-
ration of the lone pair of the central sulfur atom, and the other
is a cross-conjugated p-circuit without incorporation of the lone
pair (Fig. 1a). As a result, octaphyrin 1 revealed a macrocyclic
36p-electron circuit, whereas octaphyrin 2 possessed a cross-
conjugated p-circuit (Fig. 1b). Namely, the optical and electro-
chemical properties of the octaphyrins can be altered by the
corresponding change from the macrocyclic to the cross-
conjugated p-system. This transformation is basically similar
to that of N-confused porphyrins, which exhibit reversible p-
system switching between 18p aromatic and cross-conjugated
systems by NH tautomerism (Fig. 1c).15 However, it is impos-
sible to achieve reversible p-switching between 1 and 2 because
the transformation of 1 to 2 is based on chemical oxidation on
the sulfur atom. We also examined the redox interconversions
of 1 between 36p and 34p-electrons, or 36p and 38p-electrons,
but the attempts failed probably due to the presence of the two
b-DTT units, which is consistent with no examples of core-
modied expanded porphyrins exhibiting reversible redox
interconversions.16
Fig. 1 (a) Two types of p-circuits of the b-DTT unit. (b) Representation
of p-circuits of the octaphyrins with the b-DTT unit. (c) Two NH
tautomers of the N-confused porphyrin (NCP).

This journal is © The Royal Society of Chemistry 2018
Herein, to realize the reversible switching between macro-
cyclic and cross-conjugated p-systems on expanded porphyrins,
we designed a [28]hexaphyrin where one dimethine pyrrole unit
was replaced with one b-DTT unit. Typical [28]hexaphyrins are
known to exhibit topological conversion between planar Hückel
and twisted Möbius topologies because of their exible struc-
ture (Fig. 2a).6b The Hückel and Möbius topologies lead to the
antiaromatic and aromatic character, respectively. In general,
aromatic systems are energetically favorable compared to anti-
aromatic ones. Indeed, the typical [28]hexaphyrin shows
a distinct aromatic character in solution. On the basis of the two
topologies of [28]hexaphyrin and the two types of p-circuits of
the b-DTT unit, we envisioned the following four p-system
topologies (Fig. 2b): (1) Möbius macrocyclic (28MM), (2) Möbius
cross-conjugated (28MC), (3) Hückel macrocyclic (28HM), and
(4) Hückel cross-conjugated (28HC) p-systems. On the Möbius
topology, a macrocyclic 28p-circuit gains Möbius aromatic
stabilization, but a cross-conjugated p-circuit weakens the
aromatic stabilization. Accordingly, the Möbius topology would
prefer the macrocyclic 28p-electron circuit. In contrast,
a macrocyclic p-circuit on the Hückel topology is unfavorable
because of the Hückel antiaromaticity, whereas a cross-
conjugated p-circuit decreases the antiaromatic destabiliza-
tion. Namely, the cross-conjugated p-circuit would be suitable
on the Hückel topology. Overall, we predicted reversible
switching between the macrocyclic p-circuit on the Möbius
topology and the cross-conjugated p-circuit on the Hückel
topology by a simple conformational change. Meanwhile, hex-
aphyrins can exhibit reversible redox interconversions between
28p and 26p-electron systems (Fig. 2a). Typical [26]hexaphyrins
take a planar Hückel topology, but [26]hexaphyrins with the
Möbius topology have not been reported because of the plau-
sible instability of their Möbius antiaromaticity.6c,f Although the
Möbius topology is unfavorable for [26]hexaphyrins, we can also
make a list of the four p-system topologies, as proposed for [28]
hexaphyrin (Fig. 2b). Taking into account that typical [26]hex-
aphyrins prefer the Hückel topology, we anticipated that a [26]
hexaphyrin with the b-DTT unit would possess a macrocyclic p-
system on the Hückel topology (26HM), and if possible, cross-
conjugated p-system on the Möbius topology (26MC). Thus,
a combination of the redox interconversions between [28]hex-
aphyrin and [26]hexaphyrin with the change in molecular
topologies would accomplish the three-component reversible p-
system switching between (1) 28p Möbius macrocyclic (28MM),
(2) 28p Hückel cross-conjugated (28HC), and (3) 26p Hückel
macrocyclic (26HM) p-systems. In this work, we describe the
synthesis and characterization of hexaphyrins with the b-DTT
unit and unexpected, unprecedented p-system switching with
full support of theoretical calculations.

Results and discussion
Synthesis and characterization

Synthetic schemes of the hexaphyrins with the b-DTT unit are
shown in Scheme 1. The acid-catalyzed condensation of bis-
(pyrrolyl)dithienothiophene 314 and tripyrrane dicarbinol 4,17 fol-
lowed by oxidation with 2,3-dichloro-5,6-dicyanobenzoquinone
Chem. Sci., 2018, 9, 7528–7539 | 7529
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Fig. 2 (a) Molecular topologies of [28]hexaphyrin and [26]hexaphyrin. (b) Possible p-system topologies of hexaphyrins with the b-DTT unit on
Hückel and Möbius topologies.
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(DDQ), afforded [28]hexaphyrin 5 in 6.9% yield. The high-
resolution mass spectrum (HRMS) of 5 exhibits an ion peak
at m/z ¼ 1234.0210 (calcd for C56H16N5F20S3, [M + H]+:
1234.0243), which matches with its 28p electronic state
(Fig. S1†). Then, we attempted the redox interconversion and
found that [28]hexaphyrin 5 and [26]hexaphyrin 6 were
Scheme 1 Synthesis of thiophene-fused thiahexaphyrins 5 and 6.

7530 | Chem. Sci., 2018, 9, 7528–7539
quantitatively interconvertible through oxidation with MnO2

and reduction with NaBH4. To the best of our knowledge, 6 is
the rst example of thia[26]hexaphyrin.18 It is noteworthy that
further reduction of 5 and oxidation of 6 resulted in decom-
position without formation of the corresponding [30]hex-
aphyrin and [24]hexaphyrin.
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 1H NMR spectra of 5 in (a) CDCl3 at 50 �C and (b) DMF-d7 at
25 �C, and (c) 6 in CDCl3 at 25 �C.
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Fortunately, we obtained single crystals suitable for X-ray
diffraction analysis by vapor diffusion of n-hexane into
a CH2Cl2 solution of 5. The structure of 5 was revealed to be
a twisted Möbius structure (Fig. 3a and S5†).‡ The structure of 5
also showed bond length alternation to a certain extent.
Although this suggests the antiaromatic or nonaromatic char-
acter of 5, it is difficult to distinguish between the antiaromatic
macrocyclic p-circuit and nonaromatic cross-conjugated p-
circuit from the X-ray crystal structure of 5. Because of the
rigidity of the b-DTT unit, the pyrrole A neighboring the b-DTT
unit is signicantly tilted. Consequently, the torsion angle at
C(5)–C(6) is the largest value (66�). Although the largest torsion
angle in the conjugation circuit of 5 is larger than those of
typical Möbius aromatic [28]hexaphyrins (26–49�),6 it is virtually
identical to that of a [28]hexaphyrin monophosphorus complex
(65�).8b The 1H NMR spectra of 5 were measured in various
solvents. The 1H NMR spectrum in CDCl3 displays the signals
from b-protons at d ¼ 6.94–6.24 ppm, two signals from thio-
phene protons at d¼ 7.67 and 7.62 ppm, and three signals from
NH protons at d¼ 13.09, 12.25, and 9.97 ppm (Fig. 4a). Contrary
to our expectation from the crystal structure, the 1H NMR
spectrum implies the nonaromatic character of 5 because those
of nonaromatic acyclic p-conjugated oligopyrromethenes show
the characteristic signals of pyrrolic b-protons in the range of
6.0–6.7 ppm.9c,19 On the other hand, the [28]hexaphyrin mono-
phosphorus complex exhibits a moderate 28pMöbius aromatic
character even with a large torsion angle.8b Namely, the large
torsion angle (66�) of 5 would not interrupt the macrocyclic p-
circuit. Therefore, the nonaromatic character of 5 indicates that
Fig. 3 X-Ray crystal structures of (a) 5 and (b) 6: top view (left) and s
unsymmetric unit cell is shown. Thermal ellipsoids represent 50% prob
components are omitted for clarity. The torsion angles at the most disto

This journal is © The Royal Society of Chemistry 2018
the cross-conjugated p-network arising from the b-DTT unit is
dominant despite its Möbius structure. Remarkably, we found
a dramatic solvent effect on the 1HNMR spectra of 5. In DMF-d7,
the spectrum displays four signicantly deshielded signals from
b-protons at d ¼ 10.14, 9.45, 8.80, and 8.30 ppm (Fig. 4b). The
downeld shis of b-protons imply a weak diatropic ring
current effect originating from the weak 28p Möbius aroma-
ticity with retention of the Möbius structure, or a weak
ide view (right). For 6, one of the two independent molecules in the
ability. meso-Aryl substituents, solvent molecules, and minor disorder
rted points are indicated.

Chem. Sci., 2018, 9, 7528–7539 | 7531
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Fig. 5 UV/vis/NIR absorption spectra of 5 in CH2Cl2 (black) and DMF
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paratropic ring current effect originating from the weak 28p
Hückel antiaromaticity on the different structures with Hückel
topology.9c This means that the p-system of 5 can be switched
between cross-conjugated and macrocyclic 28p-electron
systems by solvent. In addition, the spectrum in acetone-d6 at
25 �C shows two sets of peaks, the major one similar to those in
DMF-d7, and the minor one similar to those in CDCl3 (Fig. S3†).
The intensities of the minor peaks are increased at 50 �C, sug-
gesting the equilibrium between two conformations. Therefore,
[28]hexaphyrin 5 should adopt two conformations in solution.
Namely, 5 takes a Möbius conformation as the crystal structure
(obtained from a CH2Cl2 solution) with the cross-conjugated p-
system in CDCl3, whereas it takes a different conformation with
a macrocyclic 28p-system in DMF-d7. Unfortunately, we could
not obtain single crystals from a solution in polar solvents (i.e.,
DMF and acetone) to reveal the conformation despite extensive
trials. Finally, by analyzing the results of density functional
theory (DFT) calculations and simulated 1H chemical shis
judiciously, we assigned the conformation in DMF-d7 to
a planar conformation exhibiting a 28p Hückel antiaromatic
character (vide infra). Consequently, unexpectedly, the 1H NMR
spectra displayed the switching between cross-conjugated and
macrocyclic p-circuits on Möbius and Hückel topologies,
respectively, both of which were anticipated to be unfavorable
energetically. It should be emphasized that we conrmed the
reversibility by repeated measurements in both nonpolar and
polar solvents.

Meanwhile, the structure of 6 was revealed to be a planar
rectangular structure on the basis of X-ray diffraction analysis
(Fig. 3b and S6†).‡ Basically, the bond length alternation also
suggests the nonaromatic or antiaromatic character of 6.
Taking into account that a macrocyclic p-circuit on planar [26]
hexaphyrin provides a 26p aromatic character, the bond
alternation of 6 implies a nonaromatic cross-conjugated
p-circuit. Although pyrrole A is tilted by 33� with respect to
the mean-plane (core 36 atoms), the mean-plane deviation is
rather small (ca. 0.20 Å), which can be ascribed to the rigid
b-DTT unit. In the packing structure, the b-DTT unit and
pyrrole E form one-dimensional p–p stacking motifs and the
separation distance between the two planes is approximately
3.5 Å (Fig. S7†). The 1H NMR spectrum of 6 in CDCl3 displays
ten signals of b-protons at d ¼ 7.73–6.67 ppm, two signals of
thiophene protons at d ¼ 7.95 and 7.93 ppm, and one broad
signal of NH proton at 10.11 ppm (Fig. 4c). This spectrum
indicates the almost nonaromatic character of 6, which is
similar to those of cross-conjugated quinonoidal hexaphyr-
ins.20 Thus, the dominant p-circuit of 6 is a cross-conjugated
p-network derived from the b-DTT unit, which is also
contrary to our initial intuitive expectation. Compared to 5, 6
displays a minor solvent effect on the 1H NMR spectra, which
suggests no signicant conformational change in solution
(Fig. S4†). Therefore, hexaphyrins with the b-DTT unit ach-
ieved three-component reversible p-system switching between
28p Möbius cross-conjugated, 28p Hückel macrocyclic, and
26p Hückel cross-conjugated p-systems by solvent-dependent
topological or redox interconversions.
7532 | Chem. Sci., 2018, 9, 7528–7539
Optical and electrochemical properties

The UV/vis/NIR absorption spectra of 5 and 6 were measured in
various solvents (Fig. 5). The spectrum of 5 in CH2Cl2 has a weak
Soret-like band and weak and broad Q-like bands at 539 and
734 nm, respectively. The spectrum of 6 in CH2Cl2 also displays
a weak Soret-like band at 487 nm and a broad Q-like band at
712 nm. These features are analogous to those of nonaro-
matic20,21 and phlorin-type porphyrinoids,22 which are consis-
tent with the dominant nature of their cross-conjugated p-
networks. In addition, as observed in the 1H NMR spectra, the
absorption spectra of 5 also exhibit the remarkable solvent
effect (Fig. S8 and S9†). In polar solvents, the Q-like bands are
red-shied in the order of THF (837 nm) < methanol (965 nm) <
acetone (1032 nm) < DMSO z DMF (1044 nm). This trend
suggests that hydrogen bonds of the NH protons with solvent
molecules induce a p-system switching to the macrocyclic 28p-
electron system. A moderate solvent effect in acetone can be
rationalized by the equilibrium between the two conformations,
which is seen in 1H NMR spectroscopy. The spectrum of 5 in
DMF displays an intense Soret-like band at 556 nm and Q-like
bands at 940 and 1044 nm. Then, we also measured the
steady-state uorescence spectra of 5 and 6. It should be noted
that 5 exhibits no uorescence in DMF, while 5 and 6 exhibit
weak uorescence at 955 and 930 nm in CH2Cl2, respectively
(Fig. S10†). The weak uorescence of 5 and 6 in CH2Cl2 is
consistent with the cross-conjugated p-networks.14 The optical
properties of expanded porphyrins empirically enable us to
judge whether they are aromatic or antiaromatic.11c,23 Intrigu-
ingly, the intense Soret- and Q-like bands in DMF imply an
aromatic character, whereas no uorescence implies an anti-
aromatic character. Although the reason for these conicting
features is not clear at this stage, the replacement of one
dimethine pyrrole with the b-DTT unit in [28]hexaphyrin plays
an important role in the unusual optical properties. As
described below, DFT calculations support the moderate 28p
antiaromatic character of 5 in DMF and as far as we know, [28]
hexaphyrin 5 is the sole exception among antiaromatic
expanded porphyrins with both intense Soret- and Q-like bands,
whereas antiaromatic porphyrinoids with only an intense Soret-
band have been reported.24
(red) and 6 in CH2Cl2 (blue).

This journal is © The Royal Society of Chemistry 2018
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The electrochemical properties of 5 and 6 were studied by
using cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) in CH2Cl2 versus ferrocene/ferrocenium ions
(Fc/Fc+) with tetrabutylammonium hexauorophosphate
(Bu4NPF6) as an electrolyte (Fig. S11†). [28]Hexaphyrin 5
exhibits three irreversible reductions at �1.19, �1.41, and
�1.83 V and two reversible oxidations at �0.03 and +0.28 V.
These values are similar to those of a typical [28]hexaphyrin.22e

On the other hand, [26]hexaphyrin 6 shows three reversible
reductions at �0.13, �0.59 and �0.91 V, while no oxidation
peak is observable. The more positive reduction potentials of 6
than those of the typical [26]hexaphyrin (�0.55 and �0.88 V)20

can be rationalized by the cross-conjugated character.
DFT calculations

DFT calculations were carried out to shed light on the unique
p-system switching of [28]hexaphyrin 5. We performed opti-
mization at the B3LYP/6-31G(d,p) level in the gas phase and
obtained the optimized structure of 5a using the crystal struc-
ture as the initial geometry (Fig. 6a). Assuming that 5 adopts
different conformations in DMF, we explored metastable
conformations by structural optimization using various initial
geometries in which the tilt angles of pyrroles A and D were
varied. Finally, we obtained three metastable conformations,
planar Hückel conformations 5b and 5c (Fig. 6b and c) and
Möbius conformation 5d (Fig. 6d). The largest torsion angles in
the conjugation circuit of 5b (46�) and 5c (44�) are smaller
than that of 5a (60�). On the other hand, the largest torsion
angle of 5d (63�) is slightly larger than that of 5a. The
relative total energies of 5b, 5c, and 5d are calculated at the
B3LYP/6-311G(d,p) level to be +18.4, +39.3, and +39.5 kJ mol�1,
respectively. The relative total energies calculated at
CAM-B3LYP/6-311G(d,p) and M06-2X/6-311G(d,p) levels are
Fig. 6 The calculated conformations and relative total energies of [28]he
distorted points are indicated.

This journal is © The Royal Society of Chemistry 2018
consistent with those at B3LYP/6-311G(d,p) (Table S2†).25 While
conformations 5b and 5d possess one inverted pyrrole ring
(pyrrole A), conformation 5c possesses two inverted pyrrole
rings (pyrroles A and D).

Then, we simulated 1H chemical shis on the three confor-
mations 5a–d using the gauge-including atomic orbital (GIAO)
method at the B3LYP/6-311G(d,p) level (Fig. S12 and S13†). The
1H chemical shi values were calculated with reference to
CHCl3 (d ¼ 7.26 ppm). The simulated 1H chemical shis of the
b-protons and two thiophene protons on 5a are 7.27–6.51, and
7.88 and 7.83 ppm, respectively, which are in good agreement
with the 1H NMR spectrum of 5 in CDCl3. For 5d, the 1H
chemical shis of the b-protons and two thiophene protons are
7.35–5.03, and 7.80 and 7.69 ppm, respectively. The upeld
shis of the b-protons on pyrrole A (6.32 and 5.03 ppm) are
probably due to a local ring current effect induced by the pen-
tauorophenyl ring (Fig. S14†). Accordingly, these results
predict the nonaromatic character of 5d. In the case of 5b, the
simulated 1H chemical shis appear at 8.46–6.29 ppm for
b-protons and 7.59 and 7.51 ppm for the two thiophene protons.
It is noteworthy that b-protons on pyrrole A show clear down-
eld shis (8.46 and 7.83 ppm), although the difference
between the chemical shis of the most shielded and deshiel-
ded b-protons is moderate (Dd ¼ 2.17 ppm). These downeld
shis largely agree with the 1H NMR spectrum of 5 in DMF-d7
(Dd¼ 3.80 ppm). Since the b-protons on pyrrole A are located on
the inside of the macrocycle, these chemical shis suggest the
28p Hückel antiaromatic character on the planar conformation
5b. Meanwhile, the simulated 1H chemical shis of b-protons
for 5c are 11.79–6.02 ppm. The b-protons on pyrroles A and D
clearly exhibit a downeld shi (10.35 and 8.99 ppm for pyrrole
A, 11.79 and 9.83 ppm for pyrrole D), which suggests the distinct
28p Hückel antiaromatic character. However, the large Dd
xaphyrin: (a) 5a, (b) 5b, (c) 5c, and (d) 5d. The torsion angles at the most
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Fig. 7 Possible zwitterionic structures of [28]hexaphyrin 5 (top) in
comparison to the methylpyridinium-substituted analogue (bottom).
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values of the b-protons (5.77 ppm) and two NH protons on
pyrroles A and D (6.42 and 5.64 ppm) imply the mismatch with
the 1H NMR spectrum of 5 in DMF-d7. Furthermore, we
attempted to evaluate the antiaromatic character on 5b and
5c.10b,26 Since the magnetic properties are sensitive to the
aromaticity, we calculated the nucleus-independent chemical
shi (NICS) values at the gravity centers of 36 core atoms (Table
S3†).27 The NICS value of 5b is�0.14 ppm, which is less negative
than those of 5a (�0.57 ppm) and 5d (�0.68 ppm). The NICS
value of 5b is almost zero due to the small Dd value relative to
those of typical antiaromatic [28]hexaphyrins (Dd > 10 ppm).6i,28

On the other hand, the small positive NICS value of 5c (+2.48
ppm) implies the weak antiaromatic character, as suggested by
the simulated 1H chemical shis. In addition, we also calcu-
lated the harmonic oscillator model of aromaticity (HOMA)29 of
5a–d to be �0.544, �0.651, �0.109, and �0.440, respectively.
The negative HOMA values can be ascribed to their bond
alternations, suggesting their almost nonaromatic character.

We also performed time-dependent DFT (TD-DFT) calcula-
tions to predict the absorption spectra at the B3LYP/6-311G(d,p)
level on the optimized structures 5a–d in the gas phase because
the PCM solvation model exhibited negligible differences in
excitation energies in various solvents (Fig. S15†). The calcu-
lated excitation energies and oscillator strengths for 5a largely
match with the absorption spectrum of 5 in CH2Cl2. If [28]
hexaphyrin 5 has a macrocyclic p-circuit with zwitterionic
character, the excitation energies should be increased in polar
solvents. Thus, zwitterionic species of 5 should be excluded,
although zwitterionic pyridinium-substituted [28]hexaphyrin
was reported by Osuka and co-workers (Fig. 7).30 The calculated
excitation energies and oscillator strengths of 5b and 5c may
reproduce intense Soret- and Q-like bands of 5 in DMF. The
lowest excitation energies of 5b (937 nm) and 5c (1005 nm) are
smaller than that of 5a (829 nm), which is in good accordance
with the red-shied Q-like bands. On the other hand, the lowest
excitation energy of 5d (770 nm) is larger than that of 5a, which
is in contrast to the red-shied Q-like bands of 5 in DMF. In
addition, the Soret-like bands of 5b and 5c can be assigned to
two excitations with large oscillator strengths (f > 0.4), which
originate mainly from HOMO�1/LUMO and HOMO/LUMO+2
transitions. The high-energy transitions for the Soret-like bands
of 5b and 5c are consistent with the ngerprints of anti-
aromaticity on the photophysical properties of expanded por-
phyrins.24b However, the distinct Q-like bands for the allowed
HOMO/LUMO transitions are inconsistent with the nger-
prints, as seen in the distinct Q-like band of 5 in DMF. Although
the reason for the appearance of the distinct Q-like bands is not
clear at this stage, the b-DTT unit in [28]hexaphyrin may play an
important role in the unique photophysical properties.
Combined with the relative total energies and the simulated 1H
chemical shis, we can nally conclude that 5b is the most
probable conformation observed in DMF.

Nevertheless, it is rather difficult for 5 to take the confor-
mation 5b in solution considering the high relative total energy
of 5b (+18.4 kJ mol�1). Given the stabilization by polar solvents,
we conducted calculations for 5a and 5b using the PCM solva-
tionmodel, but the relative total energy of 5b was still large even
7534 | Chem. Sci., 2018, 9, 7528–7539
in DMSO (ca. +14 kJmol�1). Surprisingly, the calculations of 5 in
the presence of an explicit DMF molecule afford the negative
relative total energy of 5b (�6.2 kJ mol�1) in comparison with 5a
(Fig. 8). The conformation 5b is stabilized by a hydrogen bond
of the NH proton of pyrrole A with the oxygen atom of the DMF
molecule. The broad signal of the NH proton observed in the 1H
NMR spectrum is attributable to this hydrogen bond. Moreover,
the relative total energy of 5b in the presence of an acetone
molecule is �0.4 kJ mol�1 (Fig. S16†). This small energy
difference coincides with the equilibrium observed in the 1H
NMR spectra in acetone-d6. The calculations using CAM-B3LYP
and M06-2X as DFT functionals also afforded negative relative
total energies of 5b (Table S4†). Consequently, these calcula-
tions demonstrate that the hydrogen bond of the NH protons
with polar solvent molecules induces the conformational
change between Möbius conformation 5a and planar confor-
mation 5b. The theoretical conclusion is contrary to our initial
intuitive prediction that switching would occur between the
Möbius aromatic p-system and Hückel cross-conjugated p-
system. Indeed, the calculation supports the unique p-system
switching of 5 between the Möbius cross-conjugated p-system
and Hückel antiaromatic p-system on the basis of the change in
molecular topologies, which is triggered by external stimuli (i.e.,
solvent).

Meanwhile, we also performed DFT calculations for [26]
hexaphyrin 6. The 1H chemical shis of the b-protons and two
thiophene protons are 7.94–6.29, and 8.36 and 8.28 ppm,
respectively (Fig. S17†). The NICS value at the gravity center is
�2.52 ppm. Thus, the NMR calculation supports the almost
nonaromatic character of 6. The calculated excitation energies
and oscillator strengths reproduce the absorption spectrum of 6
(Fig. S18†). These results also verify the nonaromatic character,
which is consistent with the cross-conjugated nature of 6.

Finally, we sought to elucidate the origin of the dominant p-
circuits of hexaphyrins 5 and 6. To gain insight into the struc-
tural parameters, we calculated the bond lengths and Wiberg
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 The optimized structures and relative total energies of [28]hexaphyrin conformations 5a and 5b in the presence of one DMF molecule.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 1
/1

6/
20

26
 1

0:
39

:0
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
bond indices based on NAO (natural atomic orbital) on the b-
DTT unit, but these values turned out to be almost the same
(Table S5†). Thus, it is impossible to predict the dominant p-
circuits from the structural parameters and bond orders on the
b-DTT unit.31 Then, we conducted DFT calculations of 3 as
a model of the b-DTT unit (Fig. S19†). The HOMO of 3 has an
Fig. 9 Selected Kohn–Sham orbitals for 3, 5a, 5b, and 6 that were calcu

This journal is © The Royal Society of Chemistry 2018
orbital distribution on the central sulfur atom, which indicates
the involvement of the pz orbital of the sulfur atom (Fig. 9). In
contrast, the HOMO�1 has no orbital distribution on the
central sulfur atom, indicating no contribution of the pz orbital.
Additionally, the orbital phases on the two pyrrole rings are
identical for the HOMO, or opposite for the HOMO�1. Notably,
lated at the B3LYP/6-311G(d,p) level.

Chem. Sci., 2018, 9, 7528–7539 | 7535
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Fig. 10 Schematic representation of reversible p-system switching between hexaphyrins 5a, 5b, and 6. meso-Aryl substituents are omitted for
clarity.
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the HOMO of 5b originates from the HOMO of 3, while the
HOMOs of 5a and 6 from the HOMO�1 of 3 (Fig. 9 and S20†).
For 5a and 5b, the orbital exchanges of the HOMO and
HOMO�1 are probably induced by topologies of their p-
systems. The planar conformation 5b stabilizes the HOMO�1 of
3, while the singly half-twisted conformation 5a stabilizes the
HOMO of 3 because the orbital phase is inverted by the twisted
structure. Since the pz orbital of the central sulfur atom is
involved in the HOMO of 5b, the cyclic 28p-system through the
sulfur atom results from the HOMO. In contrast, the HOMOs of
5a and 6 provide linear p-systems owing to a disruption of the
cyclic p-systems at the central sulfur atom. In accordance with
the interpretation, the HOMOs of 5c and 5d also indicate the
cyclic 28p-system and linear p-system, respectively, although
we have no experimental evidence of these conformations
(Fig. S21†). In addition, the energy gaps between HOMO�1 and
HOMO�2 of 5b and 5c (ca. 0.2 eV) are smaller than those of 5a,
5d, and 6, which also implies an antiaromatic character origi-
nating from the macrocyclic p-circuit.24b As a result, the HOMO
orbital distributions determine whether the hexaphyrins with
the b-DTT unit possess a macrocyclic p-circuit or cross-
conjugated p-circuit. Therefore, these calculation results
imply that the orbital distribution of the HOMO is an important
factor to determine the dominant p-circuit for expanded
porphyrins. However, it is unclear at this stage why hexaphyrins
5 and 6 prefer a cross-conjugated p-circuit rather than an
aromatic p-circuit.

Conclusion

We synthesized and characterized new hexaphyrins 5 and 6
where the dimethine pyrrole unit was replaced with the b-DTT
unit. The structure of [28]hexaphyrin 5was determined to be the
7536 | Chem. Sci., 2018, 9, 7528–7539
twisted Möbius conformation in the single crystal obtained
from the CH2Cl2 solution. Despite its Möbius topology, the 1H
NMR and UV/vis/NIR absorption spectra of 5 in nonpolar
solvents (i.e., CDCl3 and CH2Cl2) exhibited nonaromatic char-
acter, indicating a cross-conjugated p-circuit. In contrast, the
1H NMR and UV/vis/NIR absorption spectra of 5 in polar
solvents (i.e., DMF and DMSO) were completely different, which
suggests the unexpected unique p-system switching from the
cross-conjugated p-circuits in the nonpolar solvent to macro-
cyclic p-circuits in the polar solvents (and vice versa). This p-
system switching stems from the change in their molecular
topologies with the help of the hydrogen bonds of the NH
protons with the polar solvent molecules, which was validated
by DFT calculations. More importantly, the DFT calculations
provided a theoretical verication of the unprecedented, unique
p-system switching of 5 between the Möbius cross-conjugated
p-system and the Hückel antiaromatic p-system based on
their molecular topologies induced by the solvents (Fig. 10).
Although this conclusion was contrary to our initial simple
prediction that the switching occurs between the Möbius
aromatic p-system and the Hückel cross-conjugated p-system,
we successfully corroborated that the b-DTT unit was the
effective motif to achieve the p-system switching based on
molecular topologies induced by the external stimuli (i.e.,
solvent). Meanwhile, the 1H NMR and UV/vis/NIR absorption
spectra of [26]hexaphyrin 6 exhibited nonaromatic character
because of the dominant cross-conjugated p-system despite its
planar conformation, which was also supported by DFT calcu-
lations. In contrast to 5, 6 displayed minor solvent effects,
suggesting no signicant change in its molecular topology.
Collectively, hexaphyrins 5 and 6 achieved three-component
reversible p-system switching between 28p Möbius cross-
conjugated, 28p Hückel macrocyclic, and 26p Hückel cross-
This journal is © The Royal Society of Chemistry 2018
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conjugated p-systems by solvent-dependent topological or
redox interconversions (Fig. 10). Finally, we explored the origin
of the dominant p-circuits of hexaphyrins 5 and 6. The calcu-
lation results suggested that the orbital distribution of the
HOMO was the important factor to determine the dominant p-
circuit for expanded porphyrins. However, the next challenge is
to elucidate the reason why hexaphyrins 5 and 6 prefer a cross-
conjugated p-circuit rather than a macrocyclic p-circuit with
aromaticity. Furthermore, the insight would provide a hint for
novel 26p Möbius antiaromatic systems because 5 prefers
a macrocyclic p-circuit despite its antiaromaticity. Overall, this
study will open an avenue to create topological molecules of
interest by integrating cyclic p-conjugated molecules with the b-
DTT unit, where their molecular and p-system topologies are
controlled by external stimuli such as solvent as well as
conventional protonation and oxidation/reduction.
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and L. Szterenberg, Angew. Chem., Int. Ed., 2007, 46, 7869–
7873; (b) S. Saito, J.-Y. Shin, J. M. Lim, K. S. Kim, D. Kim
and A. Osuka, Angew. Chem., Int. Ed., 2008, 47, 9657–9660;
(c) J. K. Park, Z. S. Yoon, M. Yoon, K. S. Kim, S. Mori,
J. Shin, A. Osuka and D. Kim, J. Am. Chem. Soc., 2008, 130,
1824–1825; (d) J. M. Lim, J.-Y. Shin, Y. Tanaka, S. Saito,
A. Osuka and D. Kim, J. Am. Chem. Soc., 2010, 132, 3105–
3114; (e) S. Gokulnath, M. Toganoh, K. Yamaguchi,
S. Mori, H. Uno and H. Furuta, Dalton Trans., 2012, 41,
6283–6290; (f) T. Yoneda, Y. M. Sung, J. M. Lim, D. Kim
and A. Osuka, Angew. Chem., Int. Ed., 2014, 53, 13169–
13173; (g) B. Szyszko, N. Sprutta, P. Chwalisz, M. Stępień
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