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M�bius aromaticity[1,2] is an intriguing and rarely encountered
type of electron delocalization, so called because of its formal
relationship to the famous M�bius band, the classical example
of a one-sided (nonorientable) surface. M�bius p systems
(Scheme 1) are characterized by a 1808 twist, which signifi-

cantly affects their electronic structure. In particular, the
H'ckel rule, observed by untwisted annulenes, is reversed,
and 4n-electron M�bius annulenes are aromatic (stabilized)

whereas the (4n+2)-electron systems are antiaromatic (desta-
bilized).[1–3] In more general terms, conjugated cyclic mole-
cules can be classified as H'ckel or M�bius systems, depend-
ing on the number of half twists in the ring (even or odd,
respectively). The molecules with an even number of half
twists are predicted to follow the H'ckel rule, whereas those
with an odd number of half twists (M�bius systems) follow the
reverse H'ckel rule.[2] Scheme 1 shows the “twisted H'ckel”
topology, characterized by two half twists, which is equivalent
to the figure-eight structure found in certain aromatic
systems.[4]

Even though M�bius aromaticity was first considered over
40 years ago,[3] it is still more easily demonstrated in silico
than in vitro. While M�bius-type structures were proposed as
transition states[5–8] and reactive intermediates,[9] the first
examples of stable, neutral M�bius p systems have been
synthesized only recently.[10,11] In those carefully designed
molecules, developed by Herges and co-workers, the twist was
achieved by combining normal and in-plane conjugation. The
resultant rigid framework helped prevent isomerization
between H'ckel and M�bius topologies. On the other hand,
flexible systems, such as the higher annulenes, preferentially
adopt untwisted (H'ckel) topologies, which are normally less
strained.[1, 2,12] While computational data indicate that M�bius
conformations might contribute to the chemistry of higher
[4n]annulenes,[12] so far they have not been identified
experimentally. Herein we show the first example of dynamic
switching between H'ckel and M�bius topologies in a
conjugated molecule. This effect is observed in an expanded
porphyrin analogue containing para-phenylene rings. When
incorporated into a macrocyclic structure, p-phenylene units
are known to enable partial conjugation while retaining their
rotational freedom.[13,14]

The compound A,D-di-p-benzi[28]hexaphyrin(1.1.1.1.1.1)
(1; A and D denote the positions of the phenylene rings in the
macrocyclic structure) was obtained in an acid-catalyzed
condensation of dicarbinol 2 with pyrrole and benzaldehyde,
and subsequent oxidation with DDQ (Scheme 2). The result-
ing molecule bears four mesityl and two phenyl substituents.
The bulk of the mesityl groups assists the formation of
expanded macrocycles and additionally prevents molecular
aggregation. Structurally, this new system combines the
features of expanded porphyrins[15, 16] and benziporphyrins,
the phenylene-containing porphyrinoids.[13, 17] The oxidation
level of this system corresponds to a 28-p-electron conjuga-
tion pathway (Scheme 2).

The molecular structure of 1, obtained from X-ray
structural analysis, is shown in Figure 1. Compound 1 has
crystallographic C2 symmetry and, like many other expanded

Scheme 1. Topologies of conjugated p-electron systems with different
numbers of half twists; the number of p electrons in the aromatic and
antiaromatic systems is given in each case.
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porphyrins,[18–24] adopts a figure-eight conformation, with the
two phenylene rings located at the intersection. However,
these two rings, denoted A and D in Figure 1, are not
equivalent, being respectively parallel and perpendicular to
the symmetry axis, and they are aligned in an “edge-to-face”
fashion. The distance of the inner hydrogen atoms of ring A to
the mean plane of ring D is 2.98 @. Because of the non-
planarity of 1, its p system is torsionally distorted, with the
largest dihedral angle (528) adjacent to ring A. As a conse-
quence of the unusual arrangement of the phenylene rings,
the surface of the p system is single-sided, and corresponds to
the M�bius band with a single half twist. To the best of our

knowledge, 1 is the first example of this topology recognized
among expanded porphyrins and para-cyclophane deriva-
tives. As with other figure-eight expanded porphyrins, 1 is
intrinsically chiral but crystallizes in a racemic space group
(Pccn).

The M�bius conformation of 1, observed in the crystal
structure, is not rigid, and the nonequivalence of the
phenylene rings is lost in solution, as evidenced by 1H NMR
spectroscopy. The spectrum of 1, recorded in [D]chloroform
at 293 K, contains only one phenylene signal (Figure 2).

Except for that signal (see below), the observed spectrum is
consistent with a D2 symmetry of the molecular framework.
This symmetry is higher than expected for any conceivable
instantaneous configuration of 1, and provides important
information about the nature and timescale of dynamic
processes affecting the molecule:
1. The NH protons are rapidly scrambled among all nitrogen

atoms. This process, which probably occurs independently
in each dipyrromethene subunit, is very fast and similar to
intramolecular proton transfer observed in porphyrins.[25]

2. Both phenylene rings are equivalent on the NMR time-
scale and rotate freely, leading to coalescence of the
phenylene signals (two resonances are expected for a rigid
D2-symmetric structure). Similar behavior was previously
observed in p-benziporphyrin, a smaller congener of 1.[13]

3. The macrocycle is otherwise rigid and its figure-eight twist
does not unfold into a planar or boatlike conformation, or
this process is very slow on the NMR timescale. This
rigidity is likely induced by the steric bulk of the four
mesityl subsituents. Consequently, no exchange (racemi-
zation) occurs between the enantiomers of 1. Such a
dynamic process would result in a higher effective
symmetry (D2h) and in the averaging of the ortho-methyl
signals of the mesityl substituents (labeled 2- and 6- in
Figure 2). Similar rigidity of the figure-eight twist was
observed in the octaphyrins reported by Vogel et al. ,[19]

which were actually separated into enantiomers.[21] In this

Scheme 2. Synthesis of di-p-benzihexaphyrin. Reagents and conditions:
i) pyrrole (2 equiv), benzaldehyde (1 equiv), CH2Cl2, cat. BF3·Et2O;
ii) 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 2 equiv). The 28-
p-electron pathway is shown in bold.

Figure 1. X-ray crystal structure of 1 with thermal ellipsoids at the 50%
probability level.[28] Meso substituents, hydrogen atoms, and solvent
molecules are omitted for clarity. The two nonequivalent phenylene
rings are shown in red and green, and nitrogen atoms are highlighted
in blue. The elastic band follows the surface of the p system. Dihedral
angles at the Cmeso�Ca bonds are given in degrees. An animated
version of this figure is available in the Supporting Information.

Figure 2. 1H NMR spectrum of 1 (CDCl3, 293 K). Numbering follows
that given in Scheme 2. Labels: phen=2,3,17,18,31,32,35,36-H,
p1=8,12,23,27-H, p2=7,13,22,28-H, S= solvent. Peaks were assigned
on the basis of 2D correlation spectra. Inset shows the NH signal of 1
dissolved in optically active (�)-limonene and racemic (� )-limonene.
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work, the absence of racemization was additionally con-
firmed by recording the 1H NMR spectrum of 1 in (�)-
limonene. In this experiment, the use of a chiral solvent
enabled the observation of a separate NH peak for each
enantiomer (Figure 2, inset).

The symmetry of the spectrum in CDCl3 is unchanged
over a range of temperatures (203–343 K, Figure S1 in the
Supporting Information). This observation indicates that both
the NH tautomerization and phenylene rotation are in the
fast-exchange limit, even at 203 K. However, as the temper-
ature is varied, the chemical shifts of all signals experience
remarkable changes of varying direction and magnitude
(Figure 3, and Figure S1 in the Supporting Information).
This effect can be explained by assuming a temperature-
dependent equilibrium between two species, denoted 1-H and
1-M, the latter prevailing at lower temperatures. The chemical
shift data were fitted numerically to the vanGt Hoff equation,
and the assumed model was found to be very accurate
(Figure 3, see also the Supporting Information). The equilib-
rium constant K= [1-H]/[1-M] varies from 1.41 I 10�2 at
203 K to 1.43 at 343 K. The temperature dependence of K
provides the thermodynamic parameters for the equilibrium:
DH= 19.1(4) kJ mol�1 and DS= 58.7(1.1) J mol�1 K.

In addition to the thermodynamic data, the extrapolated
chemical shifts of pure 1-H and 1-M were also determined
(Table 1). Examination of these values reveals that a signifi-
cant paratropic ring current is present in 1-H. The other
species, 1-M, displays chemical shifts characteristic of por-
phyrinoids devoid of macrocyclic aromaticity.[17] The para-
tropicity of 1-H is especially evident from the chemical shifts
in the dipyrromethane fragments. In particular, the NH signal
experiences a strong downfield shift to d = 16.51 ppm,

whereas signals p1, p2, and o-Ph are shifted upfield relative
to their positions in 1-M.

According to the H'ckel rule, the 28-p-electron system of
1 (Scheme 2) should display paratropicity, provided that the
macrocycle adopts a H'ckel-type topology (either twisted or
planar). Even though defining ring currents in figure-eight
loops is far from straightforward,[2] both dia- and paratropic
effects were previously observed in figure-eight cyclophanes[4]

and expanded porphyrins.[23] Thus, in accordance with the
aromaticity rules described in the introduction,[1–3] the para-
tropic species 1-H corresponds to the H'ckel topology,
whereas 1-M is the M�bius system. In principle, 1-M should
be diatropic, but the ring current is not observed, likely
because of torsional strain, which results in inefficient overlap

of the p orbitals.[2]

Subsequently it was discovered that the equilibri-
um between 1-H and 1-M is solvent-dependent. In
some solvents, such as aliphatic hydrocarbons and
alcohols, only 1-H is observed. The 1H NMR chemical
shifts measured in [D14]hexane for 1 are in extraordi-
nary agreement with the extrapolated values for 1-H
obtained in [D]chloroform. On the other hand, in
solvents such as benzene or dichloromethane, a certain
amount of 1-M is also present and it becomes the
dominant conformer in chloroform and N,N-dime-
thylformamide. Even though the two species should
have different dipole moments (it is expected to be 0
for 1-H), there is no simple relationship between the
equilibrium constant and solvent polarity. Apparently,
specific interactions with the phenylene rings of 1
contribute to the observed solvent effects.

The dependence of the proposed equilibrium on
both temperature and solvent was further investigated
by using electronic spectroscopy. Here, advantage was
taken of the different timescale of this method,
thereby enabling observation of separate absorption
transitions for the exchanging species. As shown in
Figure 4, the two forms 1-H and 1-M possess vastly
different optical signatures. In accord with the NMR
results, lowering the temperature of a chloroform

Table 1: 1H NMR chemical shifts of conformers 1-H and 1-M.

d(1-H) [ppm] d(1-M) [ppm]
Signal[a] C6D14 CDCl3

[b] GIAO[c] CDCl3
[b] GIAO[c]

NH 16.30 16.51 19.12 10.31 6.97
phen 8.03 8.18 9.43 6.60 5.87
o- (Ph) 7.14 7.15 6.75 7.55 7.90
m- (Ph) 7.17 7.21 7.09 7.43 7.60
p- (Ph) 7.09 7.17 7.06 7.34 7.49
3- (Mes) 7.08 7.16 7.55 6.68 6.63
5- (Mes) 6.72 6.75 6.83 6.93 7.12
p1 6.22 6.16 5.80 6.76 7.06
p2 6.08 6.10 5.81 6.64 6.96
4- (Mes) 2.32 2.38 2.36 2.23 2.14
2- (Mes) 2.81 2.97 4.03 1.42 0.65
6- (Mes) 1.45 1.40 0.83 2.25 2.68

[a] Labeling follows that in Figure 2. [b] Extrapolated. [c] Calculated
chemical shifts (GIAO-B3LYP/6-31G**; B3LYP/6-31G** geometries)
averaged according to the assumed model of exchange.

Figure 3. 1H NMR chemical shifts of 1 in CDCl3 plotted as a function of
temperature. Experimental points are represented by filled circles. Solid curves
correspond to chemical shifts calculated from the van’t Hoff equation. Arrows
indicate the increase in concentration of 1-H (HQckel) and 1-M (MRbius).
Numerical details are given in the Supporting Information.
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solution results in an increase of the concentration of the
M�bius conformer.

Further support for the proposed conformational
exchange was obtained from DFT calculations. The geo-
metries of 1-H and 1-M were optimized at the B3LYP/6-
31G** level of theory (Figure 5). In 1-H, the phenylene rings
are equivalent and coplanar, leading to a twisted H'ckel
topology, which is common to all figure-eight porphyrinoids
(see Scheme 1). On the other hand, the edge-to-face arrange-
ment, observed in the X-ray structure, is reproduced in the
structure of 1-M. In agreement with the experimental
findings, the two conformers, 1-H and 1-M, are predicted to
have comparable energies, the H'ckel structure being more

stable by 12.6 kJmol�1. The exact energy ordering
has no quantitative significance as the calculations
were performed without a solvent model.

The 1H NMR chemical shifts calculated for the
DFT geometries of 1-H and 1-M using the GIAO
method are given in Table 1. There is a very good
qualitative agreement between calculated and exper-
imental shifts, even though the paratropicity of 1-H
(and, in fact, the diatropicity of 1-M) is significantly
exaggerated. This effect is likely due to the known
propensity of the B3LYP functional to overestimate
p conjugation.[26] Nevertheless, there is a remarkably
good linear correlation between the calculated and
experimental shift differences between 1-H and 1-M
(see the Supporting Information).

This contribution describes the synthesis and
properties of a dynamic H'ckel–M�bius system,
whose behavior was studied by using spectroscopic
and computational methods. In this system, the p-
phenylene ring is used for the first time as a
“topology selector”. As shown in Figure 5, each of
the two orientations of the phenylene ring induces a
908 helical twist that is either left- or right-handed.

Consequently, upon rotating the selector ring by 908, the
overall twist is reduced or increased by 1808, leading to a
change in topology of the p system.[27] Compound 1 employs
this effect to provide a topologically switchable chromophore,
a feature that might be useful in the design of functional
receptor systems. Phenylene-containing porphyrinoids hold
particular promise in this regard, as they are capable both of
metal coordination and anion binding. Efforts to explore
these possibilities are underway.
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