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A π-expanded X-type double [5]helicene comprising dihydro-
pyracylene moieties was synthesized from commercially avail-
able acenaphthene. X-ray crystallographic analysis revealed the
unique highly twisted structure of the compound resulting in
the occurrence of two enantiomers which were separated by
chiral HPLC, owing to their high conformational stability. The
compound shows strongly bathochromically shifted UV/vis
absorption and emission bands with small Stokes shift and
considerable photoluminescence quantum yield and circular

polarized luminescence response. The electrochemical studies
revealed five facilitated reversible redox events, including three
reductions and two oxidations, thus qualifying the compound
as chiral multistage redox amphoter. The experimental findings
are in line with the computational studies based on density
functional theory pointing towards increased spatial extension
of the frontier molecular orbitals over the polycyclic framework
and a considerably narrowed HOMO–LUMO gap.

Introduction

Helicenes have attracted chemists for more than hundred
years.[1] Owing to their unusual structural features helicenes
initially belonged to the category of chemical curiosities,
however, during the last decades their applicability in asym-
metric catalysis,[2] molecular machines,[3] and liquid crystals[4]

was successfully demonstrated. Recently, emission of circularly
polarized light by π-expanded superhelicenes was shown.[5]

Especially the incorporation of multiple helicene moieties within
the same π-system affords interesting scaffolds with appealing

chiroptical properties.[6] Depending on the relative orientation
of the helicene subunits around a common π-conjugated linker
’fused’, ’crossed’, and ’serial’ polycyclic frameworks are
distinguished.[7] Double helicenes are categorized as ’crossed’ if
they are fused at their central domain resulting in an X-shaped
overall geometry. Although the first X-type double helicene 1
with two [5]helicene moieties attached to a common benzene
core has already been reported back in 1959 (Figure 1),[8] further
representatives such as 2 and 3 of this structurally appealing
compound family still remain comparably scarce.[9] This sit-
uation is most likely owed to the fact that unsubstituted
[5]helicenes generally possess relatively low energy barrier
towards racemization,[10] preventing separation and chiroptical
characterization of optically pure compounds. However, in all
the hitherto reported cases the polycyclic scaffolds consist
exclusively of benzenoid rings, while, to the best of our
knowledge, compounds with odd-membered rings have not
been reported to date. This is rather surprising, as for example
π-conjugated cyclopentadiene moieties are known to readily
undergo a facilitated electron uptake to give aromatic cyclo-

[a] Dr. J. Bergner, J. Borstelmann, C. Walla, Dr. F. Rominger, Prof. Dr. M. Kivala
Organisch-Chemisches Institut
Universität Heidelberg
Im Neuenheimer Feld 270, 69120 Heidelberg (Germany)
E-mail: milan.kivala@oci.uni-heidelberg.de

[b] L. M. Cavinato, J. P. Fuenzalida-Werner, Prof. Dr. R. D. Costa
Technical University of Munich Campus Straubing
Chair of Biogenic Functional Materials
Schulgasse 22, 94315 Straubing (Germany)

[c] C. Walla, Prof. Dr. A. Dreuw
Interdisziplinäres Zentrum für Wissenschaftliches Rechnen
Universität Heidelberg
Im Neuenheimer Feld 205 A, 69120 Heidelberg (Germany)

[d] H. Hinrichs, Dr. P. Schulze
Abteilung Chromatographie & Elektrophorese
Max-Planck-Institut für Kohlenforschung
Kaiser-Wilhelm-Platz 1, 45470 Mülheim an der Ruhr (Germany)

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202303336

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

Figure 1. The evolution of X-type double [5]helicenes highlighted by the
most relevant examples having a common benzene ring as the linking unit.

Wiley VCH Donnerstag, 01.02.2024

2408 / 332714 [S. 269/274] 1

Chem. Eur. J. 2024, 30, e202303336 (1 of 6) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Chemistry—A European Journal 

www.chemeurj.org

Research Article
doi.org/10.1002/chem.202303336

http://orcid.org/0000-0002-4960-4636
https://doi.org/10.1002/chem.202303336
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202303336&domain=pdf&date_stamp=2023-12-14


pentadienyl-like anions, thereby acting as reversible electron
acceptors.[11]

Motivated by the electronic impact of the incorporated
5-membered rings we present herein the synthesis and
characterization of π-expanded X-type double [5]helicene
(DHDP) comprising two dihydropyracylene moieties.[12] The
synthesized polycyclic framework is strategically decorated with
tBu groups to enhance the solubility, on the one hand, and,
more importantly, to increase the steric demand and conse-
quently to provide for conformational stability, on the other.
Furthermore, the ethylene bridges of the dihydropyracylene
moieties prevent the system from polymerization during the
final cyclization step under oxidative conditions.[13] This strategy
allowed for isolation of enantiomerically pure compounds and
their chiroptical characterization.

Results and Discussion

The key precursor compound 4 was synthesized from commer-
cially available acenaphthene through a two-step sequence
involving electrophilic bromination and a Sonogashira cross-
coupling (for synthetic details, see the Supporting
Information).[14] Oligophenylene 5 was obtained via a two-fold
Rh-catalyzed [(2+2)+2] cyclotrimerization[15] of 4 with bis(4-
tert-butylpenylethynyl)benzene in 77% yield upon heating in o-
xylene (Scheme 1). The resulting beige solid of 5 was subjected

to a Brønsted acid-mediated cyclodehydrogenation with DDQ
and triflic acid at 0 °C to achieve the desired rac-DHDP as red
solid in 48% yield after HPLC. Other isomers were observed
only in traces and could not be separated preparatively.

Single crystals of both the oligophenylene 5 and rac-DHDP
suitable for X-ray crystallographic analysis were grown upon
slow vapor diffusion of MeOH into a saturated solution of the
compound in toluene (Figure 2 and the Supporting Informa-
tion). An overall twisted structure is observed for rac-DHDP
which is attributed to the steric hindrance induced by the
adjacent tBu groups strategically placed within the [5]helicene
moieties (Figure 2). The helical pitch of both [5]helicene
subunits, expressed as the distance between the ’ortho–ortho’
carbons, is in a range of 3.01–3.04 Å, which is in agreement
with 2.93 Å reported for unsubstituted [5]helicene.[10] Compared
to parent [5]helicene with the dihedral angle of 22.3°,[10] the
respective mean values within the DHDP scaffold are slightly
increased to 24.9° and 26.3°, which can be ascribed to the
sterical hindrance of the tBu groups. Moreover, the peripheral
[5]helicene-like subunits involving the dihydropyracylene moi-
eties are spanned wider in the solid state and the respective
’ortho–ortho’ carbon distances of 3.14–3.22 Å. As a result of the
overall twisted geometry the central benzene ring (labeled I in
Figure 2) acting as a common junction between the [5]helicene
moieties appears distorted from its ideal hexagonal shape.
While in precursor 5 no such distortion is observed (see the
Supporting Information), the cyclization towards rac-DHDP
leads to slight elongation of the C(sp2)–C(sp2) bonds by 0.02–
0.04 Å (compared to benzene with 1.39 Å).[16] In addition, the
carbon atoms of the benzene ring are located 0.01–0.15 Å
above the mean plane. The dihedral angles within the benzene
ring range from 11.1° to 25.3°, leading consequently to large
bending angles of 30.7° and 32.3° (for definition, see the
Supporting Information). Similar deformations of the benzene
ring have been observed previously for example for the
phosphorus-containing double helicene.[17]

rac-DHDP crystallizes as a racemic compound. As no other
stereoisomers were found, it can be assumed that during the
cyclization step both [5]helicenes are formed in a stepwise
fashion. In this case, the chirality of the initially formed
[5]helicene induces the stereochemistry of the second helical
moiety during cyclization, leading to the formation of enan-
tiomers rather than diastereomers. Analogous effects have been
observed during the synthesis of other multiple helicenes
previously.[18] The crystal packing of rac-DHDP is dictated by
C(sp3)–H···π interactions involving the dihydropyracylene moi-
eties and occurring in a distance of about of about 3.75 Å. In
addition, dispersion interactions between the tBu groups are
observed (see the Supporting Information).[19]

To assess the local aromaticity within the polycyclic frame-
work of DHDP, nucleus independent chemical shift (NICS)[20]

values were determined using the geometry optimized struc-
ture (Table 1 and the Supporting Information). While certain
differences between the NICS(0) and NICS(�1) are found,
reflecting the twisted geometry of the polycyclic framework, a
distinct trend is clearly discernible. Thus, the rings of the
peripheral naphthalene moiety (A and B in Figure 2) and the

Scheme 1. Synthesis of rac-DHDP. a) Bis(4-tert-butylpenylethynyl)benzene,
[RhCl(PPh3)3], o-xylene, 135 °C, N2, 52 h. b) DDQ, TfOH (1 v%), CH2Cl2, 0 °C, N2,
15 min. DDQ=2,3-dichloro-5,6-dicyano-1,4-benzoquinone; TfOH= trifluoro-
methanesulfonic acid.

Figure 2. X-ray crystal structure of rac-DHDP (50% probability level, H-atoms
and solvent molecules omitted, tBu groups shown as wireframe for clarity).
The most relevant structural parameters of the [5]helicene subunits and the
central benzene ring are highlighted.
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benzenoid rings with clearly assignable Clar π-electron sextets
(D, F, G, I, and K) possess pronounced aromatic character, while
the remaining 6-membered rings are basically non-aromatic. In
contrast, the cyclopentadiene-like ring C is clearly antiaromatic.
The harmonic oscillator model of aromaticity (HOMA) values as
determined by using the atomic positions derived from X-ray
crystallographic analysis of rac-DHDP nicely confirm the trends
suggested by the NICS values.[21] The somewhat decreased
NICS(0) and HOMA values of the central benzene ring I in DHDP
of � 7.04 and +0.76, respectively, compared to oligophenylene
precursor 5 (� 8.93 and +0.99; see the Supporting Information),
nicely reflect the lowered aromaticity as a result of the
geometrical distortion.

To gain insight into the optoelectronic properties, UV/vis
spectroscopic analysis of 5 and rac-DHDP was performed in
CH2Cl2 at room temperature (Figure 3A and Table 2). The lowest
energy absorption maximum of 5 is observed at 383 nm
(accompanied by a shoulder at 399 nm), which is in line with
the values reported for related fluoranthene derivatives.[22]

Cyclization towards rac-DHDP shifts the lowest energy absorp-
tion bathochromically to 554 nm and leads to the occurrence of
additional bands in the visible region. This observation
corresponds to a narrowing of the optical band gap from
2.94 eV (for 5) to 2.18 eV (for rac-DHDP), which is in line with
the evolution of the HOMO and LUMO energies as revealed by

DFT calculations at the B3LYP level of theory (Figure 5).
Solutions of 5 and rac-DHDP in CH2Cl2 show intense yellow to
orange fluorescence. While the oligophenylene precursor 5
displays a single unstructured emission band at 461 nm with a
Stokes shift of 4371 cm� 1, rac-DHDP features vibronically
structured emission with distinct maxima at 569 nm and
607 nm. The considerably smaller Stokes shift of 476 cm� 1

observed for rac-DHDP reflects the increased rigidity of the
polycyclic framework. The corresponding PLQYs of 0.55 (for 5)
and 0.43 (for rac-DHDP) are remarkably high in comparison to
other related polycyclic scaffolds comprising multiple helicene
units.[6,7]

The promising spectroscopic features of rac-DHDP
prompted us to separate its enantiomers by chiral HPLC for
characterization of their chiroptical properties (for experimental
details, see the Supporting Information). The circular dichroism

Table 1. Calculated NICS(X) (X= � 1, 0, +1) and HOMA values for DHDP.

ring[a] NICS(X) HOMA

� 1 0 +1

A � 10.5 � 7.39 � 8.30 +0.85

B � 10.6 � 7.49 � 8.44 +0.95

C +2.89 +3.99 +2.04 � 0.10

D � 10.8 � 7.55 � 8.46 +0.80

E � 3.76 +0.44 � 3.56 +0.31

F � 9.14 � 7.85 � 10.7 +0.96

G � 11.8 � 8.57 � 9.28 +0.88

H � 4.54 +0.64 � 1.88 +0.26

I � 10.1 � 7.04 � 9.85 +0.76

J � 1.93 +0.48 � 5.24 +0.28

K � 7.20 � 6.87 � 10.4 +0.91

[a]Ring labels are assigned in Figure 2.

Figure 3. A: UV/vis absorption (full line) and emission (dashed line) spectra
of 5 (red) and rac-DHDP (black). B: CD spectra of DHDP enantiomers (M,M)-
DHDP (blue) and (P,P)-DHDP (green). All spectra were recorded in CH2Cl2 at
room temperature. C. Simulated CD spectra of the enantiomers (M,M)-DHDP
(blue) and (P,P)-DHDP (green) by TD-DFT calculations at the B3LYP(D3BJ)/6-
311G(d,p) level of theory. For better comparability, the simulated spectra are
blueshifted by 0.04 eV.

Table 2. Optoelectronic, electrochemical, and theoretical data of compounds 5 and rac-DHDP.

λmax
[nm]

λend
[nm]

Eg
opt

[a]

[eV]

λem
[nm]

Stokes
shift[b]

[cm� 1]

Φ[c] Ered,3
[d]

[V]
Ered,2

[d]

[V]
Ered,1

[d]

[V]
Eox,1

[d]

[V]
Eox,2

[d]

[V]
HOMO[e]

[eV]
LUMO[e]

[eV]
Eg

DFT

[eV]

5 383 422 2.94 460 4371 0.55 – – � 2.39 – – � 5.40 � 1.78 3.62

DHDP 554 570 2.18 569 476 0.43 –2.45 –2.18 –1.87 +0.52 +0.79 � 4.88 � 2.25 2.63

[a]Calculated according to hcλend
-1, λend estimated from the intersection of a tangent line to the lowest energy absorption band of the UV/vis spectrum with

the x-axis. [b]Calculation of the Stokes shift by λem–λmax and converted to wavenumbers.
[c]Determined by using an integrating sphere. [d]Measured in THF

and reported vs. Fc/Fc+. [e]DFT calculated values (B3LYP(D3BJ)/6-311G(d,p)).
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(CD) spectra recorded in CH2Cl2 are perfect mirror images,
supporting the occurrence of the respective enantiomers of
DHDP (Figure 3B). By comparison of the experimental and
simulated CD spectra at the B3LYP(D3BJ) level of theory with 6–
311G(d,p) as basis set, the absolute configurations of the two
enantiomers (P,P)-DHDP and (M,M)-DHDP were determined
(Figure 3C).[23] The observed gabs values are calculated to
3.26×10� 3 at 272 nm and are, thus, in the range of the values
reported for structurally related helical scaffolds.[7] Absorption
of circularly polarized light is observed in the region from 250–
570 nm and, thus, covers the whole UV/vis absorption. The
conformational stability was investigated by heating a solution
of the enantiopure (M,M)-DHDP in n-heptane to 60 °C for 4 h.
Periodically recorded UV/Vis absorption and CD spectra showed
no evidence of racemization or decomposition, allowing to
estimate the lower limit of the energy barrier for racemization
of 26.1 kcalmol� 1 at 333 K (see the Supporting Information).

Since organic emitters typically show a proportional relation
between CD and circularly polarized luminescence (CPL),[24] CPL
measurements were conducted to corroborate that the high
degree of ground state chirality as documented by the CD
spectra (Figure 3B) also translates into excited state chirality.
Both enantiomers show only a weak CPL signal with glum values
of about 1×10� 3, which is well in the range reported for other
purely organic emitters (see the Supporting Information).[25]

To assess the evolution of the redox properties when going
from oligophenylene 5 to rac-DHDP differential pulse voltam-
metry (DPV), cyclic voltammetry (CV) and square wave
voltammetry (SWV) studies were conducted in THF (between
ca. � 2.5 V and +1.0 V vs. ferrocene/ferrocenium (Fc/Fc+)) with
n-Bu4NPF6 as supporting electrolyte (Figure 4 and Table 2). For
precursor 5 only a single reversible reduction was observed at
� 2.39 V (vs. Fc/Fc+). In strong contrast, rac-DHDP shows three
reversible reductions at � 1.87 V, � 2.18 V, and � 2.45 V and two
reversible oxidations at +0.52 V and +0.79 V. The occurrence
of five reversible redox events for rac-DHDP clearly highlights
the beneficial effect of cyclization on charge stabilization
through efficient delocalization within the polycyclic framework.
This is further supported by the DFT calculations pointing
towards increased spatial extension of both the HOMO and the

LUMO with a concomitant dramatic narrowing of the HOMO–
LUMO gap by 0.99 eV when going from oligophenylene 5 to
cyclized rac-DHDP (Figure 5).[23]

Conclusions

In summary, a new type of conformationally stable X-type
double [5]helicene with dihydropyracylene moieties has been
realized starting from commercially available acenaphthene. X-
ray crystallographic analysis of the racemic compound con-
firmed the highly twisted molecular structure comprising two
types of [5]helicene subunits. The strategic placement of tBu
groups provided for high conformational stability and separa-
tion of enantiomers by chiral HPLC which were characterized by
chiroptical spectroscopy. Compared to the oligophenylene
precursor the double helicene shows strongly bathochromically
shifted UV/vis absorption and emission bands with small Stokes
shift and considerable photoluminescence quantum yield. This
observation indicates the progressive narrowing of the optical
band gap and increased rigidity of the polycyclic framework.
The double helicene undergoes five reversible redox events,
including three reductions and two oxidations, which further
showcases the beneficial effect of cyclization on charge
stabilization by efficient delocalization within the polycyclic
framework. These findings are further corroborated by compu-
tational studies based on density functional theory suggesting
increased spatial extension of the frontier molecular orbitals
and a significantly narrowed HOMO–LUMO gap. Our results
overall identify the title compound as a new type of chiral
fluorophore with multistage redox behavior and enhanced
conformational stability.

Experimental Section
Experimental details and characterization data for all compounds
can be found in the Supporting Information. Deposition Numbers
2288649 (S1, for structure see the Supporting Information),
2288650 (4, for structure see the Supporting Information), and

Figure 4. Electrochemistry of 5 (red) and rac-DHDP (black) (THF, n-Bu4NPF6,
Fc/Fc+). Top: DPV; center: CV (scan rate 149 mVs� 1); bottom: SWV. Figure 5. HOMO and LUMO of 5 and rac-DHDP (B3LYP(D3BJ)/6-311G(d,p)).[23]
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2288651 (5, for structure see the Supporting Information), and
2288652 (rac-DHDP) contain the supplementary crystallographic
data for this paper. The data can be obtained from The Cambridge
Crystallographic Data Centre via Access Structures service.

Supporting Information

The authors have cited additional references within the
Supporting Information.[27–37]
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