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Cyclobishelicenes: Shape-Persistent Figure-Eight Aromatic
Molecules with Promising Chiroptical Properties
Antoine Robert,[a] Guillaume Naulet,[a] Harald Bock,[a] Nicolas Vanthuyne,[b] Marion Jean,[b]
Michel Giorgi,[c] Yannick Carissan,[b] Christie Aroulanda,[d] Antoine Scalabre,[e] Emilie Pouget,[e]
Fabien Durola,*[a] and Yoann Coquerel*[b]
riers to enantiomerization (> 200 kJ mol!1). The enantiomers
of a cyclobis[5]helicene were resolved by HPLC and their unusual chiroptical properties were attributed to the inherent
chirality of their macrocyclic figure-eight.

Abstract: Cyclobis[n]helicenes (n = 3 or 5) are chiral D2-symmetric p-conjugated macrocycles with stable lemniscular, or
figure-eight, shapes. The conformational analysis of five different cyclobis[n]helicenes revealed that these molecules
can only exist as their lemniscular conformers with high bar-

Introduction
Molecular chirality is a property of utmost importance in chemical and physical sciences, as well as in medicine and technology.[1] Chiral shape-persistent p-conjugated macrocycles are
molecules of enormous fundamental interest, at this stage,
and are extremely rare.[2] Cyclobis[n]helicenes appear as perfect
prototypes of chiral and configurationally stable macrocycles
with lemniscular, that is figure-eight, shapes having D2 symmetry, and no data is currently available on the chirality-related
properties of these molecules (Figure 1). Cyclobisphenanthrene
or dibenzo[def,pqr]tetraphenylene (1 a), a negatively curved cyclooctatetraene derivative that may be regarded as a cyclobis[3]helicene considering the severe helical distortion of its
two phenanthrene units, was synthesized as early as 1977 by
Thulin and Wennerstrçm who concluded that this molecule
must be considerably twisted and of D2 symmetry, with a barrier to enantiomerization higher than 108.7 kJ mol!1.[3] Sheldrick
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Figure 1. Known cyclobis[n]helicenes and scope of the present study (in
bold).
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mers embedded in the crystal and confirmed the assumptions
of Thulin and Wennerstrçm on its geometry.[4] p-Extended analogs of cyclobisphenanthrene (1 a) were prepared more recently, namely cyclobistriphenylene (1 b)[5] and the functionalized
cyclobisperylene 1 c.[6] Significantly, the enantiomers of 1 c
have been resolved by HPLC and found configurationally
stable for three hours at 150 8C and their absolute configurations were tentatively assigned without further investigation.
The substituted cyclobis[4]helicenes 2 a,b were reported by
Isobe.[7] These molecules can adopt several moderately distorted conformations that interconvert rapidly at 20 8C with barriers to enantiomerization determined at 42.2 and 53.9 kJ mol!1,
respectively. Their time-averaged structures may actually be regarded as flat planes without peculiar topology. Cyclobis[5]helicene (3 a) was synthesized, again, by Thulin and Wennerstrçm
in the early days of chiral polycyclic aromatic hydrocarbons
chemistry and its fluorescence properties examined.[8] Recently,
the synthesis of the substituted octaester analog 3 b was reported by some of us.[9]
Herein, we report the resolution of cyclobis[5]helicene 3 b
by HPLC techniques, and the full structural, chiroptical, and
conformational analyses of its enantiomers. The computed
enantiomerization processes and barriers to enantiomerization
of all cyclobis[n]helicenes in Figure 1 are also reported.

Scheme 1. Highlights of the syntheses of cyclobis[5]helicene 3 b and [5]helicene 6.

Results and Discussion
Unsubstituted cyclobis[n]helicenes contain four individual stereogenic elements: two [n]helicenes with helical chirality and
two biaryl units with axial chirality. They could thus theoretically exist as four distinct conformers, each forming a pair of
enantiomers: a D2-symmetric figure-eight-shaped conformer,
two C2-symmetric conformers and one C1-symmetric conformer. The figure-eight conformers depicted in Figure 1 having
(P)-configured helicenes combined with (aR)-configured axes
offer the optimum spatial arrangements. While all metastable
conformers may transiently exist for cyclobis[4]helicenes,[7b]
geometrical constraints limit the flexibility of cyclobis[3]helicenes and cyclobis[5]helicenes (see below).
Cyclobis[5]helicene 3 b was prepared in the racemic series as
previously described[9] by using a glyoxylic Perkin reaction for
the formation of the intermediate flexible macrocycle 4, which
was rigidified by a four-fold Mallory photocyclization
(Scheme 1). Racemic [5]helicene 6 was prepared by the same
approach.[10]
The discrimination of the enantiomers of 3 b was first investigated by using NMR spectroscopy in chiral liquid crystals.[11]
Indeed, because of enantioselective solute–solvent interactions
in those mesophases, enantiomers orient themselves differently, which leads to different NMR observables such as, for instance, 13C chemical shifts because of different 13C chemical
shift anisotropy terms. In practice, three 13C-{1H} NMR spectra
of racemic 3 b were recorded in (a) CD2Cl2 alone, (b) a chiral
liquid crystalline solvent made of a chiral enantiopure polymer,
poly-g-benzyl-L-glutamate (PBLG) dissolved in CD2Cl2, and c) a
racemic liquid crystalline solvent made of a 1:1 PBLG and its
enantiomer PBDG dissolved in CD2Cl2 as a control experiment
&

&
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Figure 2. 100 MHz 13C-{1H} NMR spectra (in part) of racemic 3 b in a) CD2Cl2
alone, b) a chiral liquid crystalline solvent PBLG/CD2Cl2, and c) a racemic
liquid crystalline solvent made of 1:1 PBLG:PBDG/CD2Cl2. Peak picking is reported in [Hz], see the Supporting Information for full details.

(Figure 2). Spectral enantiodifferentiation of the two enantiomers was observed on various sites on the molecule when
data were recorded in the enantiopure mesophase, as illustrated in Figure 2 for the methyl groups of the ethyl esters (d
" 14.5 ppm, see also the Supporting Information).
The resolution of 3 b was achieved by semipreparative HPLC
methods (see the Supporting Information), and both enantiomers were obtained as enantiopure materials (first eluted:
> 99 % ee, second eluted: > 98 % ee). Structurally, cyclobis[5]helicene 3 b may be regarded as a cyclodimer of the substituted
[5]helicene 6, the C2 and C13 atoms of which are linked in a
head-to-tail manner, and the enantiomers of 6 were also resolved. The absolute configurations of the enantiomers of 3 b
and 6 were safely determined from their structural and chiroptical analyses (see below and the Supporting Information). The
structure of crystalline racemic 3 b was previously resolved by
X-ray diffraction techniques,[9a] and for the present work the
structures of both enantiomers of 3 b were determined, which
allowed unambiguous assignment of their respective absolute
configurations (Figure 3).[12] The first eluted enantiomer of 3 b
was found (P,aR,P,aR)-configured and the second eluted enantiomer was, logically, confirmed as (M,aS,M,aS)-configured.
These assignments were also confirmed by circular dichroism
spectroscopy (see below).
2
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account for about 12 % of the cell volume and are distributed
as separate pockets along the unit cell axis a in the enantiopure crystals. Accordingly, crystalline enantiopure 3 b appears
less dense than the racemic material, which is consistent with
the analysis of the intermolecular interactions in both materials. Only two significant p–p interactions (a " 168, slippage "
1.5 ! and Cg–Cg " 4.0 !; a: dihedral angle between the two
rings, slippage: distance between the centroid of one ring to
the perpendicular projection of the second ring, Cg–Cg: distance between the centroids Cg of the two rings) could be
found in the enantiopure crystals of 3 b and therefore are only
observed within the asymmetric unit. In contrast, eight significant p–p interactions were found in the racemic crystal that
apply to molecules within the asymmetric unit as well as symmetry-related molecules within the crystal. Similarly, a single
CH–p interaction was found in crystalline enantiopure 3 b and
nine of them were identified in the racemate.
The chiroptical properties of cyclobis[5]helicene 3 b were examined and compared with those of the [5]helicene 6. The optical rotations of enantiopure 3 b and 6 were measured in dichloromethane at four different wavelengths (Table 1). Strikingly, the sign of the optical rotation of the cyclobis[5]helicene
(P,aR,P,aR)-3 b was the opposite of the one of the [5]helicene
(P)-6 by a large magnitude, and of course the same holds for
(M,aS,M,aS)-3 b relative to (M)-6. This is largely unexpected because (P)-configured helicenes invariably lead to positive [a]25
D
values.[15]

Figure 3. Representation of the structure of (P,aR,P,aR)-3 b obtained by X-ray
diffraction analyses. Top: top view; bottom: side view. Representative interplanar angles and torsion angles are highlighted. Only one molecule of the
asymmetric unit has been drawn and H atoms and solvent molecules have
been omitted for clarity.

Table 1. Optical rotations of enantiopure 3 b and 6 (R = CO2Et).

The racemic and enantiopure crystals obviously have different packings and supramolecular arrangements in the solid
state, and their molecular structural parameters were found
very similar in the three structures. As previously analyzed
from racemic 3 b, the [5]helicene fragments in enantiopure 3 b
are nearly undistorted compared with [5]helicene itself. For instance, the interplanar angles between the two terminal rings
of each [5]helicene unit range from 35.90 to 39.218 in the racemic crystal, and from 37.79 to 41.628 in the enantiopure crystals (Figure 3). In comparison, the interplanar angle in [5]helicene itself is 46.08.[13] Similarly, the mean torsion angles at the
stereogenic axes range from 59.64 to 65.068 in the racemate
and from 60.80 to 65.298 in the enantiopure crystals, which indicates no unusual strain around the stereogenic axes. The
average lengths of the single Csp2!Csp2 bonds linking the two
[5]helicene units were found nearly identical in the three structures, ranging from 1.449 to 1.515 !, which corresponds to the
lengths observed in biphenyls.[14] These new measurements
confirmed that the figure-eight macrocyclic conformational arrangement in 3 b nicely accommodates its four individual stereogenic elements with an overall very moderate strain. At the
supramolecular level, intermolecular interactions and solvent
(chloroform) distribution are somewhat different within the
crystals made of racemic and enantiopure 3 b. While solvent
voids represent less than 7 % of the cell volume and build up
continuous channels along the cell axis a in the racemate, they
Chem. Eur. J. 2019, 25, 1 – 7
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The comparison of the experimental and simulated UV/Vis
and electronic circular dichroism (ECD) spectra of the cyclobis[5]helicene (P,aR,P,aR)-3 b and the [5]helicene (P)-6 was also
informative. The superimposition of the spectra is presented in
Figure 4 with those of (P)-6 scaled by a factor 2 on the absorbance axis for direct comparison. The experimental spectra recorded for (P,aR,P,aR)-3 b and (P)-6 are barely comparable. The
UV/Vis spectrum of (P,aR,P,aR)-3 b is globally redshifted relative
to the one of (P)-6. The ECD spectrum of (P,aR,P,aR)-3 b differed
dramatically from the one of (P)-6. Most significantly, the
bands are inversed between 185 and 250 nm, and the cyclobis[5]helicene (P,aR,P,aR)-3 b shows an intense band between
350 and 400 nm, whereas there is almost no signal in this
region for the [5]helicene (P)-6. However, the ECD spectra are
3
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cene units but seemingly by the inherent chirality of its macrocyclic figure-eight.[2]
No data is currently available on the conformational behavior and configurational stability of cyclobis[3]helicenes and cyclobis[5]helicenes. For the present work, we have computationally investigated the flexibility of cyclobis[5]helicenes 3 a and
3 b and computed their barriers to enantiomerization
(Figure 6). A similar study for cyclobis[3]helicenes 1 a, 1 b, and

Figure 4. Superimposition of the experimental and simulated UV/Vis (top)
and ECD (bottom) spectra of (P)-6, scaled by a factor 2 on the vertical absorbance axis for the latter, and (P,aR,P,aR)-3 b. TD-DFT calculations were performed at the PBE0/def2-SV(P) level of theory with the random phase approximation approach.

more or less comparable in the 250–350 nm region, a marker
of the carbohelicenes.[15] Simulations of the UV/Vis and ECD
spectra of (P,aR,P,aR)-3 b and (P)-6 were performed by using
DFT methods (see the Supporting Information for details). The
computed spectra fairly matched the experimental spectra,
however, with a notable difference: the band observed experimentally at 350–400 nm in the ECD spectrum of (P,aR,P,aR)-3 b
is redshifted by about 50 nm in the simulation. The circularly
polarized luminescence (CPL) response of (P,aR,P,aR)-3 b and
(M,aS,M,aS)-3 b was also investigated. As expected, strong CPL
with opposite signals can be observed around the fluorescence
emission (Figure 5). CPL characteristics of a molecule are quantified by the luminescence dissymmetry factor g lum. The value j
g lum j = 5.10!3 measured for 3 b at the maximum of fluorescence (447 nm) is in the high of the range of values for organic
molecules (comparatively, j g lum j = 0.14.10!3 for [6]helicene).[16]
Overall, the chiroptical properties of the cyclobis[5]helicene 3 b
are not governed by the chirality of its two homochiral [5]heliFigure 6. Enantiomerization processes of the cyclobis[5]helicenes 3 a (top)
and 3 bMe (bottom) obtained by DFT calculations, see the Supporting Information for details. Symmetry groups are noted below each stationary point,
H atoms are omitted for clarity, and Gibbs free energies are reported in
[kJ mol!1].

1 d is available in the Supporting Information. The DFT calculations were performed by using PBE0-D3/def2-TZVP//PBE0-D3/
6-31G(d), a level of theory recently demonstrated suitable for
large [n]helicenes.[17] Cyclobis[5]helicene (3 a) inverted its absolute configuration preferentially through a single centrosymmetric transition state computed at DG ¼6 enant = 214.0 kJ mol!1
(Figure 6, top). Two single-step alternative paths involving
nearly isoenergetic transition states with Cs and C2v symmetry,
computed at DG ¼6 enant = 217.5 kJ mol!1 and DG ¼6 enant =
220.7 kJ mol!1, respectively, were also located. Relative errors
greater than # 10 kJ mol!1 are certainly possible in the computational model. It is remarkable that both [5]helicenes and

Figure 5. Circularly polarized luminescence (CPL) spectra of (P,aR,P,aR)-3 b
(blue) and (M,aS,M,aS)-3 b (red). The dashed lines are the fluorescence emissions. Concentration = 8 mmol L!1 in dichloromethane. The excitation wavelength was 315 nm.
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both stereogenic axes in 3 a inverse their configurations in a
single event, whatever the path followed. This was attributed
to geometrical factors inherent to the [5]helicene moieties and
their head-to-tail connectivity by their C2 and C13 atoms. Similarly, two roughly isoenergetic single-step enantiomerization
paths were found for cyclobis[5]helicene 3 bMe, the methyl
ester analog of 3 b employed for the calculations: a C2v-symmetric transition state calculated at DG ¼6 enant = 212.9 kJ mol"1
and a centrosymmetric transition state calculated slightly
higher in energy at DG ¼6 enant = 221.3 kJ mol"1 (Figure 6,
bottom). Notably, the presence of the ester substituents induced a relative stabilization of the C2v-symmetric transition
state. While we could easily determine experimentally the barrier to enantiomerization of the [5]helicene 6 to be DG ¼6 enant =
104.3 kJ mol"1, which compared nicely with its computed value
DG ¼6 enant = 104.7 kJ mol"1, heating a 1,2,4-trichlorobenzene solution of enantiopure (P,aR,P,aR)-3 b (ee > 99 %) at 214 8C for
16 days resulted in no detectable loss of the enantiomeric
purity or degradation. This confirmed the high thermal stability
of 3 b and indicated a high barrier to enantiomerization greater than 195 kJ mol"1 in line with the calculations and practically
difficult to measure experimentally. Generally, it was found that
cyclobis[3]helicenes enantiomerize through transition states or
high-energy metastable intermediates with C2h symmetry (see
the Supporting Information), whereas the enantiomerization of
cyclobis[5]helicenes preferentially proceeds via Ci- or C2v-symmetric transition states. Overall, the lemniscular shapes of cyclobis[3]helicenes and cyclobis[5]helicenes are responsible for
their high configurational stability and their unusual singlestep, or just like, enantiomerization processes.
Some double, triple, and hextuple [5]helicenes with Dn symmetry have been prepared in the past few years as chiral propeller-shaped nanographenes (Figure 7).[18] The enantiomerization processes of these multiple helicenes involve multiple
transition states (one per [5]helicene unit in the structure) and
their barriers are in the range DG ¼6 enant = 109.9–152.8 kJ mol"1,
which indicates that they are much more flexible and prone to
racemization than cyclobis[5]helicenes 3 a and 3 b. Also, the
global chiroptical properties of the multiple helicenes in
Figure 7 can be roughly estimated as the sum of the individual
chiroptical properties of each [5]helicene unit in the structure,
which is not the case for cyclobis[5]helicene 3 b (see Table 1
and Figures 4 and 5). In a broader meaning, we suggest that

multiple helicenes on the one hand and cyclohelicenes on the
other hand should be regarded as two distinct classes of helicene-containing chiral polycyclic aromatic hydrocarbons.

Conclusions
In summary, the conformational behavior and enantiomerization processes of cyclobis[3]helicenes and cyclobis[5]helicenes were investigated, together with the chiroptical properties of a cyclobis[5]helicene. It was found that these molecules
are exceptionally conformationally stable for medium-sized
rings and macrocycles with very rigid but yet moderately
strained conformations, and barriers to enantiomerization
greater than 200 kJ mol"1. The chiroptical responses of cyclobis[5]helicene 3 b were of large magnitude, for instance with
j [a]25
D j = 1000, and not directly correlated with the chiroptical
properties of [5]helicene 6. The inherent chirality of the macrocyclic figure-eight is apparently responsible for these remarkable chiroptical properties. Cyclobis[5]helicene 3 b is a very
rare example of a polyaromatic molecule embedding a stable
lemniscular conformation allowing for its isolation as a single
enantiomer for possible applications in chirosciences. Studies
on other cyclohelicenes and their applications are ongoing in
our laboratories.
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The ouroboros, a snake swallowing its
own tail famous to chemists for its alleged role in the discovery of the structure of benzene by K!kul!, is sometimes
represented as a lemniscate, a curve
shaped like a figure-eight. At the molec-
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ular scale, cyclobishelicenes form a class
of shape-persistent figure-eight aromatic molecules (see graphic), the conformational behavior and chirality-related
properties of which are investigated for
the first time.
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