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Synthesis and chiral optical activity of a quadruple
heterohelicene based on 1,4-dihydropyrrolo[3,2-
blpyrrole—picene hybrid
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The synthesis and structural elucidation of a diaza-quadruple helicene, comprising a double [6]helicene
and two [5]helicene subunits fused around a 1,4-dihydropyrrolo[3,2-blpyrrole (DHPP) core with appended
picene units, is reported. The target compound was accessed via a straightforward protocol involving a
multicomponent reaction to form a tetraarylpyrrolo[3,2-blpyrrole (TAPP) intermediate, followed by
regioselective bromination and a twofold intramolecular direct arylation. X-ray crystallography confirmed
the highly twisted, quadruple helical architecture, while separation of the enantiomers of the double anti-
S,-[6]helicene fragment by chiral HPLC enabled comprehensive chiroptical analysis via electronic circular
dichroism (ECD) and circularly polarized luminescence (CPL) spectroscopy. Density functional theory (DFT)
calculations support the experimental findings by revealing pronounced m-expansion, a distinct charge-
transfer character in the excited state, and enhanced alignment of electric and magnetic transition dipole
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DOI: 10.1039/d5tc04545b moments, and allow assigning a PP helicity to the central helicenes for the enantiomer whose ECD
spectrum has a negative Cotton effect at low energy. Consequently, the structural and chiroptical

rsc.li/materials-c properties of the diaza-quadruple helicene are thoroughly characterized.
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Introduction

Helicenes represent a remarkable class of screw-shaped, inher-
ently chiral polycyclic aromatic hydrocarbons (PAHs), character-
ized by a three-dimensional helical structure enforced by steric
congestion from ortho-fused aromatic rings." This architecture
induces chirality without the presence of stereogenic centers,
giving rise to pronounced chiroptical properties such as circular
dichroism (CD)? and circularly polarized luminescence (CPL).>"
Since the first report of the parent’-azahelicene - the earliest
isolated heterohelicene - the chemistry and properties of these
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molecules have fascinated researchers for over a century.® Their
unique structure and exceptional optical and electronic behavior
render helicenes highly attractive for a wide spectrum of applica-
tions, including (chir)optoelectronics,” ' chiral sensing,'* asym-
metric catalysis,"> and optical data storage."*

Advancements in synthetic methodologies have significantly
accelerated progress in this field, particularly in the development
of heterohelicenes. These approaches have enabled the precise
introduction of various heteroatoms- such as nitrogen,'*>?
boron,**° oxygen,*" sulfur,’>** and phosphorus*** into heli-
cene frameworks, thereby expanding their electronic versatility
and fine-tuning their photophysical profiles. For example, the
incorporation of pyrrole-type nitrogen atoms into helicene back-
bone has been shown to substantially destabilize the HOMO level,
resulting in a bathochromic shift of absorption and emission
spectra, aswell as an increase in fluorescence quantumyield when
compared to their carbohelicenes counterparts.®®*

Simultaneously, molecular engineering has facilitated the
integration of multiple helicene subunits into a single
molecule.®® These multi(hetero)helicenes not only display
amplified chiroptical responses due to cooperative interactions
among the helical units, but can also exist as stereoisomers
with finely tunable optical behavior.*>* Recent progress has
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been driven by strategies aimed at boosting CPL brightness
(Bcpr) as a key metric that integrates fluorescence quantum
yield (®§), molar absorption coefficient (¢), and luminescence
dissymmetry factor (gium), providing a comprehensive evalua-
tion of CPL emitter performance.” This is particularly impor-
tant given that relatively small helicenes typically exhibit low
fluorescence quantum yields (¢5)*>** and modest dissymmetry
factors (gium and gaps)-** Consequently, the rational design of
multi(hetero)helicenes plays a critical role in enhancing these
photophysical and chiroptical parameters.*> For instance, lateral
n-extension of the helicene backbone improves @z and ¢,***°
while symmetric, delocalized architectures enhance gium, "
collectively guiding the rational design of high-performance
CPL-active materials.

Despite these developments, much remains to be explored
regarding multihelicene architectures based on unconventional
cores. While traditional aromatic systems like benzene,>' ™’
naphthalene® or pyrene®" have been extensively utilized, more 7-
conjugated systems, such as perylene,**®* hexabenzocoronene®*>
and corannulene,®* " allowed expanding the molecular design
space to include more diverse and underrepresented scaffolds,
which opens new avenues for innovation. Specifically, the incor-
poration of other than six-membered rings, often combined with
heteroatom doping, such as nitrogen or boron, can significantly
alter intramolecular strain, modulate aromaticity, and reshape
molecular conformations of polycyclic helicenes.”””” These mod-
ifications not only fine-tune the chiroptical and photophysical
properties but also affect the redox behavior, potentially leading to
unprecedented electrochemical profiles.*®”®

Previously, our group has reported several successful synth-
eses of helicenes featuring a 1,4-dihydropyrrolo[3,2-b]pyrrole
(DHPP) core.”®®! Notably, the most robust approach employed
a double direct-arylation reaction as a straightforward and
efficient synthetic strategy.®> Building upon this foundation,
we aimed to further exploit the highly electron-rich heteropen-
talene core by integrating multiple helical motifs, ultimately
leading to the construction of a quadruple heterohelicene with
a stable configuration and enhanced (chir)optical properties

(Fig. 1).

Results and discussion
Design and synthesis

Building upon our previous results on direct arylation®* and
having in mind the electronic requirements for photocyclization
reaction®® as well as geometrical constraints of oxidative aromatic
coupling (Scholl reaction) in the DHPP chemistry,®"%*%* we
designed a novel quadruple helicene composed of double anti-
[So]-type-[6]helicene embedding the central 1,4-dihydropyrrolo-
[3,2-b]pyrrole moiety and embedded in two [X]-type-[5]helicene
units located on the periphery.®

We employed a general three-step protocol for the modular
synthesis of nonplanar 1,4-dihydropyrrolo[3,2-b]pyrrole con-
taining four aromatic subunits, starting from 2-(picen-13-
yl)benzaldehyde (1), 4-octylaniline, and diacetyl (Scheme 1).5¢
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Fig. 1 Chemical structures of
(multi)heterohelicenes.

selected, previously reported aza-

The study commenced with the preparation of the respective
aldehyde 1. We utilized a Suzuki-Miyaura coupling using 2-
formylphenylboronic acid and picen-13-yl triflate to obtain the
ortho-aryl substituted benzaldehyde, while picen-13-ol was
synthesized according to the reported one-pot pinacol-
Ullmann procedure (see SI).*”

With the aldehyde in hand, we readily prepared the tetra-
arylpyrrolopyrrole 2 in a remarkable 74% yield by applying the
optimized conditions developed by our group.®® The compound
2 was subjected to a selective dibromination reaction of the
DHPP core with NBS that yielded 3, which was subsequently
exposed to a two-fold Pd-catalyzed intramolecular direct aryla-
tion to smoothly produce the desired product as a mixture of
isomers. In the transformation, two picene subunits are intra-
molecularly coupled to the pyrrolo[3,2-b]pyrrole core to produce
two new rings, resulting in a quadruple diazahelicene.

The chosen route leverages on the recently published find-
ing that 2-arylbenzaldehydes, which possess sterically demand-
ing substituents in the ortho position (e.g. derivatives of
naphthalene and fluorene) undergo a multicomponent reac-
tion, providing respective TAPPs in exceptionally high yield.?*®
It seems that their low solubility in the reaction mixture
(toluene: acetic acid 1/1) pushes the equilibrium of the reaction
towards their formation. Moreover, an important feature of our

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Synthetic route to compound 4. Reagents and conditions: (a) 4-n-octylaniline, butan-2,3-dione, Fe(ClO4)3-xH,O (6% mol), AcOH/toluene,
50 °C, 16 h; (b) NBS, CHCls, reflux, overnight; (c) Cs,COs3 (3 eq), PPhs (0.5 eq), Pd(OAc), (20% mol), toluene, 120 °C, overnight.

design is the utilization of N-aryl substituent on the pyrrolo[3,2-
blpyrrole core as a steric constraint for obtaining a stable
configuration of the central double [6]helicene. The identity
of the final compound was verified by variable temperature
NMR analysis and high-resolution mass spectra, as well as by X-
ray crystallography. In analogy to our recent study,®® the
helicene 4 exhibits temperature-dependent spectral features
arising from the restricted rotation of the 4-octylbenzene sub-
stituents. At room temperature, the "H NMR spectrum displays
coalescence of the signals corresponding to the protons of the
4-octylbenzene units, indicating dynamic averaging. Upon cool-
ing, broad signal around 6.5 ppm resolve into distinct peaks,
confirming a slow exchange regime and highlighting the tor-
sional restriction of the aryl groups (Fig. 2). This spectral clarity
at lower temperatures supports the presence of conformational
rigidity imposed by those substituents. The helicene 4 is stable
under ambient light in air at room temperature, as well as
exhibits good solubility in toluene and dichloromethane.

The helicene 4 was obtained as a mixture of diastereomers,
consisting of a pair of enantiomers and a meso-form. Chiral
HPLC separation allowed for the isolation of the stereoisomers
in a pure state. The racemic fraction, which accounted for
approximately 30% of the initial mixture subjected to separa-
tion, was resolved into its individual enantiomers in nearly
equimolar ratio (1:1). Both enantiomers were successfully
isolated with an enantiomeric excess (ee) of 99.5%, as deter-
mined by chiral HPLC. Further experimental details are pro-
vided in the SI.
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Fig. 2 Variable temperature *H NMR experiment. Comparison of aro-
matic signals for enantiomeric form of 4.
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X-ray structure

The meso-form of the molecule 4 crystallizes in triclinic P1
space group with three halves forming the asymmetric part of
the unit cell. These halves are located at inversion centers, so
the unit cell consists of three molecules. They are highly
distorted and form a helical structure, differing mainly in the
disorder of the octyl substituents. The geometry of the helices is
quite similar, although not identical (see Fig. 3 for the repre-
sentative molecule), and their shape allows for an intra-
molecular n-n interaction between the outer picene scaffold
and the benzene ring. The distance between those rings varies
from 3.08 A to 3.20 A, so the interactions are not strong. The
DHPP core acting as a linker between benzenoid fragments is
planar and does not participate in intramolecular interactions.

Fig. 3 Molecule in the crystal of the meso-form of compound 4. Crystal
data: triclinic, P1, a = 15.5568(12), b = 20.3308(16), ¢ = 20.5121(17) A, o =
101.392(3), B = 102.858(3), y = 104.546(3). The displacement ellipsoids are
given at 30% probability level.

J. Mater. Chem. C
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The crystal structure is stabilized by weak intramolecular van
der Waals interactions. More details can be found in the SI.

Photophysical properties

Steady-state absorption and emission spectra were recorded to
probe the fundamental spectroscopic properties of dye 4 (Fig. 4
and 5). To evaluate the impact of the solvent on absorption and
fluorescence spectra of both diastereoisomeric helicenes, spec-
troscopic measurements were performed in dichloromethane
and toluene. All stereoisomers exhibited a prominent absorp-
tion band spanning from the high-energy UV region (~300 nm)
to approximately 500 nm. Integration of the absorption peaks
gives very high values of oscillator strengths (f > 1), Fig. S16,
S17 and Table S3, which, according to the DFT calculations
presented later, can be only partly attributed to unresolved
resonances. According to DFT calculations, the transitions
within the absorption band can be attributed to n-n* transi-
tions extending over all the conjugated pattern, with a character
of charge transfer from the nitrogen towards other parts of the
helicene (see later). Notably, the meso-form displayed higher
molar absorption coefficients (¢) than the enantiomers in both
solvents. Nevertheless, the molar extinction coefficient at
~475 nm was approximately 4700 M~" cm ™" for all stereo-
isomers. In the emission spectra of all stereoisomers, vibronic
features were largely smeared out by inhomogeneous broad-
ening, with a stronger effect in the mildly polar DCM solvent
than in the non-polar toluene.

(Chir)optical properties

The CD spectra of the enantiomers of 4 in dichloromethane
(Fig. 6) display multiple peaks, with absorption dissymmetry
factors (g.ps) remaining below 10~ (Fig. S14). CPL spectra were
recorded by exciting the samples at 405 nm, with a horizontal
polarizer placed in the excitation path to avoid potential artifacts
arising from linearly polarized emission components.* The raw
CPL data were smoothed using a Savitzky-Golay filter. As shown in
Fig. 6, the CPL spectrum closely resembles the fluorescence
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Fig. 4 Absorption (solid) and emission (dot) spectra of (P,PP,P)-

enantiomer of 4 (black — toluene, red — dichloromethane).
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Fig. 5 Absorption (solid) and emission (dot) spectra of meso-form of dye
4 (black - toluene, red - dichloromethane).

spectrum recorded in the same solvent (Fig. 4). The dissymmetry
factor for CPL (gj,m) is approximately 1.1 x 10~ (absolute value),
suggesting moderate chiral luminescence activity. Notably, gj,nm is
lower than the g, value of the lowest-energy CD peak (3.9 x 10™3),
suggesting sizable structural rearrangements after excitation,
prior to emission.

To further assess the chiroptical performance of 4, its
circularly polarized luminescence brightness (B¢pr) was deter-
mined according to the expression:?

1
BcpL = >8lum - Pr-¢

where @y is the fluorescence quantum yield and ¢ is the molar
absorptivity at a fixed wavelength (usually the absorption max-
imum). The Bepy, calculated for helicene 4 in dichloromethane,
for excitation at 320 nm, amounts to 5.1 M~ cm ™' (Table 1),
classifying the compound as a moderate CPL emitter.*
Additional measurements were performed in toluene
(Fig. S15), to address the effect of the solvent polarity. The
|gium| factor amounts to 1.8 x 103, sizably higher than the one
obtained in dichloromethane: this, together with the higher
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Fig. 6 CD (solid lines) and CPL (dotted lines) spectra of the two enantio-
meric atropisomers PP and MM of 4 in dichloromethane.

This journal is © The Royal Society of Chemistry 2026
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Table 1 CPL dissymmetry factor (gum). fluorescence quantum yield,
absorption coefficient at 320 nm and CPL brightness of the two enantio-
meric atropisomers PP and MM of 4 in dichloromethane and toluene

glum €320 nm BCPL
Solvent  (P,PP,P/M,MM,M) & M'em'] M 'em )
CH,Cl, —1.1x107°/1.1 x 10> 0.16 58000 5.1
Toluene —1.8 x 107%/1.8 x 107> 0.20 65000 11.7

fluorescence quantum yield, leads to a more than doubled Bgp,
value, amounting to 11.7 M~ ' ecm ™" (Table 1).

Computational studies

DFT computations have been carried out to determine the
absolute configuration of the two eluted fractions (see SI for
details). The geometry of the quadruple helicenes can be
described in terms of the P or M helicity of the four helicene
units: the two lateral [5]helicenes and two central abutting
[5]aza-helicenes. Despite the ease of isomerization of [5]heli-
cenes,” the central fragments do contribute to stable chirality
at room temperature, thanks to the benzene ring linked with
the nitrogen atom. Therefore, we expect 3 atropisomers, each
having 4 conformers, e.g. for the stable configuration PP of the
two central helicenes, at room temperature we expect the
thermal average of the four rapidly interconverting configura-
tions P,PP,P, M,PP,P, P,PP,M and M,PP,M. Calculated conforma-
tional free energies at the BP86-D3/TZVP-PCM level (see Tables
S4 and S5) show that the configuration of each lateral helicene
is mainly induced by the central helicene, so that the dominat-
ing conformations are the C, enantiomers (P,PP,P) and
(M,MM,M) and the C; meso-form (M,MP,P). According to the
calculations, thermodynamic equilibrium in DCM at room
temperature would lead to 12% of racemic form, which is in
qualitative agreement with the 30% stereoselectivity of the
reaction. The presence of more than a single conformer at
room temperature is clearly appreciated from the temperature
change of the NMR spectrum (Fig. 2); according to calculations
(see Table S6) the H atoms undergoing significant changes with
temperature are those of the 4-alkylbenzene substituents, as
well as some H attached to the lateral [5]helicenes. Therefore,
the simulation of the ECD spectra at room temperature, has
been performed first considering the thermal average of the
spectra of the conformers. The simulation of the ECD spectrum
as sum of Gaussians with frequencies and intensities taken
from the TD-DFT computation, after a constant blue-shift of all
the resonance frequencies and multiplication of all computed
intensities by a scale factor, indicate that PP atropisomer, ie.
the thermal average of the 4 PP-centered conformers, leads to
the best match with the ECD spectrum of the first eluted
fraction (Fig. 7). The same result is obtained considering only
the best matching conformer of the two atropisomers. Quanti-
tative analysis of the computed and experimental spectra in
terms of the cosine similarity (COSI),*"*> which is a robust
goodness-of-fit indicator, together with the errors associated
with it,”® fully confirms the better ability of the PP atropisomer

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

* MM, *

AE=0.5 eV SF=0.0785

R

AE=-0.48 eV SF=0.2

+ Experimental
‘Scaled-Shifted DFT Spectrum

+ Experimental
Scaled-Shifted DFT Spectrum

Acem™)

E -150
200 300 400 500 600 200 300 400 500 600
A (om)  (om)

P,PP,P

AE=-046 oV SF=0.149

+ Experimental
Scaled-Shifted DFT Spectrum

P,MM,P

AE=-02 oV SF=0.129

+ Experimental
‘Scaled-Shifted DFT Spectrum

ae em™)

150
om) 200 300 400 500 600
A (oem)

Fig. 7 Comparison of experimental and DFT spectra for the studied
azahelicene. Calculations have been performed at the wB97X-D/TZVP-
PCM//BP86-D3/TZVP-PCM level. Gaussian functions with HWFM of 0.25
eV have been used to generate the computed spectra. The two top figures
are the free-energy weighted spectra of the 4 conformers of each
atropisomer (the symbol * stands for the thermal average over P and S
helicity of the lateral [Slhelicenes). The two bottom figures show the
comparison for the more abundant conformers of the two atropisomers.

to reproduce the ECD trace of the first eluted fraction (see Table
S7 and the SI for details).

An independent confirmation of the absolute configuration
of the first eluted fraction comes from its negative gj,m, and the
values computed for the P,PP,P conformer which are of the
same sign, although overestimated in magnitude (—3.7 x 107>
in dichloromethane and —3.6 x 10? in toluene).

The TD-DFT calculations provide information on the nature
of the excited states, which, due to the C, symmetry can be
labelled as A and B. Symmetric states (A) can couple with the
symmetric ground state only through the z component of
the electric or the magnetic dipole. In pristine helicenes, the
unique symmetry axis is perpendicular to the helical axis, and,
consistently, considering that the molecules extend perpendi-
cularly to the symmetry axis, transitions with larger oscillator
strength are from the ground state A to B states.”* In our
molecule the z axis is not strictly perpendicular to any of the
axes of the four helical fragments, but the molecule still
develops mainly perpendicularly to the z axis. Indeed, larger
dipole-allowed transitions are still of B symmetry (Table S8). In
particular, the first excited energy of B symmetry is already
stronger than the second of A symmetry, so that the strategy of
a synthesis-driven orbital permutation for the enhancement of
luminescence® cannot be pursued in this case. The lowest
energy excited state (mainly of HOMO — LUMO character), as
well as that with the strongest absorption (state 7, mainly of
HOMO-1 — LUMO+2 character), are endowed of a charge
transfer from the DHPP core towards the helicenes, as can be
inferred from the sketches of the orbitals (Fig. S19). Consis-
tently, the first excited state can be expected to have an
enhanced dipole. Indeed we computed an increase of dipole
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passing from the ground to the first excited state: from 0.6925
to 1.0872 D (in DCM) and from 0.9021 D to 1.1734 D (in
toluene). The increased dipole in the excited state is consistent
with the solvatochromic effect reported above.

Conclusions

We have demonstrated that easily available 1,2,4,5-tetraaryl-
pyrrolo[3,2-b]pyrroles constitute a perfect core for building
nonplanar aromatic systems. The methodology is general and
makes it possible to incorporate multiple helicities to make S-
shaped helicenes in only three steps. The enantiomers of
quadruple helicene based on a DHPP core were resolved by
semipreparative HPLC to afford enantiomerically pure samples.
Photophysical and chiroptical properties of purified stereoi-
somers were studied by UV-Vis and ECD spectra. The findings
highlight the importance of a combination of electron-rich
heterocycles like 1,4-dihydropyrrolo[3,2-b]pyrroles with multi-
ple helicities to enhance chiroptical behavior. By elucidating
the relationship between molecular structure and chiroptical
activity, this work provides valuable insights for the rational
design of next-generation chiral materials.
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