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Organic p-conjugated polycyclic hydrocarbons (PHs) with an open-shell diradical character are attracting

increasing interest due to their promising applications in organic electronics and spintronics. However,

most of the open-shell PHs synthesized thus far are based on planar p-conjugated molecules. Herein,

we report the synthesis and characterization of two new quinodimethane-embedded expanded

helicenes H1 and H2. The helical structures of both molecules were revealed using X-ray

crystallographic analysis. It was elucidated in detailed experimental and theoretical studies that they

possess an open-shell singlet biradical structure in the ground state and show a small energy gap and

amphoteric redox behavior. Both compounds can also be easily oxidized or reduced into relatively stable

charged species. The dianions of H1 and H2 exhibit similar electronic structures to the respective

isoelectronic structures of their all-benzenoid helical analogues according to NMR measurements and

theoretical calculations. Moreover, the structures of the dication and dianion of H2 were identified by X-

ray crystallographic analysis, revealing the effect of electron transfer on their backbones and aromaticity.

This study thus opens up new avenues for both helical polycyclic p-systems and diradicaloids.
Introduction

Organic p-conjugated open-shell polycyclic hydrocarbons (PHs)
have attracted a great deal of interest because of their unique
optical, electronic, and magnetic properties, which make them
promising candidates suitable for functional materials in
organic electronic and spintronic devices.1 According to broken
symmetry density functional theory (DFT) calculations, any
molecule with a nonzero diradical character in the ground state
can be classied as a diradicaloid (diradical-like molecule). It
has been demonstrated that the physical properties of open-
shell singlet diradicaloids closely correlate with their diradical
character.2 However, PHs with a larger diradical character are
expected to show higher reactivity; therefore, instability
remains a key obstacle for their practical applications. Over the
past few decades, various families of stable diradicaloids based
on indenouorenes,3 zethrenes,4 anthenes,5 bisphenalenyl,6

and extended quinodimethanes (QDMs)7 through thermody-
namic and kinetic stabilizing strategies have been synthesized
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to elucidate the interaction of two unpaired electrons and the
properties originating from their unique electronic structures.
So far, however, most reported open-shell PHs are derived from
planar p-conjugated skeletons, and there are only a few exam-
ples based on helical systems. For example, cethrene,8

diindeno-fused bischrysen,9 5,14-diaryldiindeno[2,1-f:10,20-j]
picene,10 para-QDM embedded double [6]helicene,11 and dinor
[7]helicene12 were developed by the groups of Juŕıček, Feng, Wu,
Chi, and Stępień, respectively, and these demonstrated an
open-shell singlet diradical character and unique electronic
properties. Despite these encouraging advances, structural
diversity of helical singlet diradicaloids is still limited, which
hampers detailed understanding of their electronic structures
and properties and the exchange interaction between radicals
on the 3D framework. On the other hand, there has been very
limited exploration of the effects of electron transfer in these
systems, which are of great fundamental importance to under-
stand their electronic and structural responses. In this context,
here, we designed and synthesized two novel open-shell helical
p-conjugated PHs (H1 and H2) in which one m-QDM or p-
extended p-QDM unit is fused by two phenanthrene rings. We
also demonstrated that the recovery of Clar's13 aromatic sextet
rings (the hexagons shaded in blue color in Fig. 1) in the dir-
adical canonical form can serve as a major driving force to form
diradicals. For both molecules, two additional aromatic sextet
rings can be gained from their closed-shell forms to their dir-
adical forms, and thus, a moderate diradical character can be
expected for both molecules. Therefore, they are expected to
Chem. Sci., 2024, 15, 10519–10528 | 10519
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Fig. 1 Representative resonance structures of H1/H2 and their
charged species. The structures of all-benzenoid expanded helicenes
are also shown.

Scheme 1 Synthetic route for H1 and H2: (a) (1) Pd(PPh3)4, K2CO3,
THF/H2O; (2) K2CO3, MeOH/DCM; (b) PtCl2, DCE; (c) B(pin)2, Pd(dppf)
Cl2, dioxane; (d) Pd(PPh3)4, K2CO3, THF/H2O; (e) (1) 2,6-dichloro-1-
bromobenzene, isopropylmagnesium chloride, THF; (2) boron tri-
fluoride etherate, DCM; (f) (1) potassium tert-butoxide, 18-crown-6,
THF; (2) p-chloranil.
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show signicant magnetic characters. Considering their
potential open-shell diradical character, bulky and electron
decient 2,6-dichlorophenyl groups are attached onto two
cyclopenta (CP) rings to kinetically block the reactive sites. In
addition, two-electron oxidation/reduction of the two diradicals
may induce aromaticity switching. In particular, their dianions
could be regarded as isoelectronic structures of the corre-
sponding all-benzenoid expanded helicenes because of two CP
rings in the dianion being aromatic and equal to the benzene
ring. Therefore, their aromaticity in neutral and charged forms
was discussed, which is also of great interest to understand
their unique electronic structures. These characteristics arising
from both their helical non-planar structure and aromaticity
tunability also make them appealing for photoswitchable
applications.14 In this work, we disclose their synthesis, (anti)
aromaticity and magnetic, photophysical and electrochemical
properties, together with in-depth elucidation of their redox
states.
Results and discussion
Synthesis

The synthesis of H1 and H2 was mainly based on a Suzuki
coupling and intramolecular Friedel–Cras alkylation followed
by an oxidative dehydrogenation strategy (Scheme 1). First,
palladium-catalyzed Suzuki coupling between equimolar
amounts of 1-iodo-2-bromobenzene 3 and boronic acid 4 fol-
lowed by desilylation gave the biphenyl 5 in 86% yield. Subse-
quent intramolecular cyclization provided the phenanthrene
monobromide 6 in 82% yield. Next, palladium-catalyzed
Suzuki–Miyaura borylation of 6 gave the key intermediate
10520 | Chem. Sci., 2024, 15, 10519–10528
pinacol borate 7 in 76% yield. Suzuki coupling between 7 and 8
or 11 (ref. 15) produced the dialdehyde intermediates 9 and 12,
respectively. Treatment of 9/12 with 2,6-dichlor-
ophenylmagnesium chloride reagent afforded the correspond-
ing diols, which were subjected to a BF3$OEt2-mediated Friedel–
Cras alkylation reaction to generate the dihydro-precursors 10/
13. Finally, deprotonation of 10/13 by KOBut (to generate dia-
nions) followed by oxidization by p-chloranil provided the nal
target compounds H1 and H2 in 87% and 85% yield, respec-
tively. The bulky 2,6-dichlorophenyl groups are essential to
kinetically block the reactive sites, and also make the nal
products soluble. BothH1 andH2 are stable and can be puried
by normal silica gel column chromatography.

X-ray crystallographic analysis

Single crystals suitable for X-ray crystallographic analysis were
obtained for H1 and H2 by a slow solvent diffusion method.16

H1/H2 show a helical p-conjugated structure (Fig. 2a and b).
The extents of twisting in the helical structures of H1/H2 were
obtained by analyzing the corresponding torsion angles, and
the geometries of H1/H2 deviate from C2 symmetry due to the
helical twisting, which introduces chirality and asymmetry in
the molecule, breaking the C2 symmetry. As a result, both
molecules adopt a C1 symmetry, which is reected by the
unequal torsion angles of the two cyclopenta-fused [5]helicene
substructures. As dened by the selected dihedral angles, the
angles of torsion are 21.19° for C1b–C1c–C1d–C1e, 24.08° for
C1b0–C1c0–C1d0–C1e0 (Fig. 2a), 21.49° for C2b–C2c–C2d–C2e
and 22.17° for C2b0–C2c0–C2d0–C2e0 (Fig. 2b). In H1, bonds
a (1.430 Å) and d (1.409 Å) are longer than those in typical
olens (1.33–1.34 Å), and there is also large bond length alter-
nation between bonds b (1.449 Å) and c (1.392 Å) in the central
benzenoid rings (Fig. 2e), indicating that the molecule still
remains a major s-indacene sub-structure aer annulation with
two respective aromatic phenanthrene rings. In H2, bonds
a (1.407 Å), c (1.398 Å) and d (1.421 Å) are signicantly longer
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Top view and side view of the X-ray crystallographic structure of H1 (a), H2 (b), [H22+$2SbCl6
−] (c) and [2K+$H22−] (d). (e) Selected bond

lengths (in Å) of the backbone of H, H2, [H22+$2SbCl6
−] and [2K+$H22−].
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than those in typical olens, while bond b (1.408 Å) is much
shorter than a typical C(sp2)–C(sp2) bond (∼1.47 Å) (Fig. 2e),
indicating that the quinoidal character of the central extended
para-quinodimethane unit is diminished by the emergence of
the diradical contribution. The above bond length alternation
together with the spin populations (Fig. S5†) demonstrates the
signicant contributions of their diradical resonance structures
in the ground state. In the two molecules, the slightly but
distinctly different length exo-methylene bond a is in accor-
dance with their different singlet diradical character. Indeed,
our spin-unrestricted DFT calculations (LC-UBLYP/6-31G(d,p))
predict a diradical character (y0) of 37.5% and 49.9% for H1
and H2, respectively, in agreement with the bond length
analysis.

Interestingly, both H1 and H2 contain paired enantiomers
(P- and M-type) in the crystals (Fig. S19†), but our attempted
resolution using various chiral columns was not successful so
far, presumably due to the low racemization energy barrier (Fig.
S2†). The racemization processes of H1 and H2 were found to
proceed through the transition states with face-to-face oriented
terminal aromatic rings (Fig. S2†). The transition states adopt
a Cs symmetric structure, which is oen observed in the tran-
sition states of other classical [n]helicenes with n $ 5.17 The
calculated racemization barriers from C2-symmetric P- to M-
forms for H1 and H2 were 6.1 and 7.4 kcal mol−1 at 298 K,
respectively, which are much lower than that of classical [n]
helicene (n $ 5, DG‡ $ 24.4 kcal mol−1).17 On the other hand,
there is no p–p interaction between adjacent molecules in the
3D packing structures of H1/H2, and each molecule is
© 2024 The Author(s). Published by the Royal Society of Chemistry
connected to adjacent molecules through intermolecular [C–
Cl/p] halogen bonds and [C–H/p] interactions (Fig. S22†).
Magnetic properties

The diradical nature of H1 and H2 was explored by variable
temperature (VT) proton NMR spectroscopy (Fig. 3). Based on
their calculated diradical characters and singlet–triplet gaps,
one would expect the need for lower temperatures to observe
clear NMR signals. As such, some peaks of H1 showed broad-
ened 1H NMR signals in THF-d8 at room temperature, while
decreasing the temperature led to sharpened peaks and nally
the peaks became clear at 243 K (Fig. 3a). This is strong evidence
that themolecule has an open-shell singlet ground state and the
NMR broadening is due to the thermal population of triplet
species at higher temperatures.18 For H2, its 1H NMR spectra in
THF-d8 at room temperature showed a completely at baseline
for the aromatic region, while the aliphatic region displayed
well-resolved butoxyl resonances (Fig. S1†). Upon cooling, some
peaks did begin to come up while the aromatic signals still do
not gain full resolution even aer cooling down to 173 K
(Fig. 3b). The aliphatic region in H2 become broad as the
temperature was lowered (Fig. S1†). All of this indicates that the
unresolved spectrum of H2 is a result of two main factors—
moderate diradical character and slow congurational ipping
at lower temperature (the calculated racemization barrier
between the P and M forms of H2 is 7.4 kcal mol−1 at 298 K,
Fig. S2†). Similar to the computations, these different results
suggest thatH1 andH2 have very different singlet–triplet energy
gaps.
Chem. Sci., 2024, 15, 10519–10528 | 10521
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Fig. 3 VT 1H NMR spectra (aromatic region) of H1 (a) and H2 (b) in THF-d8 (refer to Scheme 1 for labelling). VT ESR spectra and fitted I × T–T
curves by using the Bleaney–Bowers equation of compounds H1 (c and e) and H2 (d and f) in crystalline solid state. Inset is the calculated spin
density distribution of the singlet diradical form.

Fig. 4 (a) UV-vis-NIR spectra of H1 and H2 in DCM solutions. Inset
shows photos of the solutions. (b) Cyclic voltammograms ofH1 andH2
in DCM solutions.
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The magnetic properties of both prepared samples were
further investigated by variable temperature electron spin
resonance (VT ESR) measurements. Strong ESR signals were
observed in the crystalline solid at room temperature, and the
ESR intensity of H1 and H2 decreased with decreasing
temperature (Fig. 3c and d), in excellent agreement with their
VT NMR data. The ESR signal intensity recorded at different
temperatures could be tted by the Bleaney–Bowers equation19

to provide a singlet–triplet gap of DES–T = −3.31 and −2.58 kcal
mol−1 for H1 and H2, respectively (Fig. 3e and f). Furthermore,
broken-symmetry DFT calculations (UCAM-B3LYP/6-31(d,p))
also predict that the energies of the open-shell singlet dir-
adical states inH1/H2 are lower than that of the triplet diradical
states, with a singlet–triplet energy gap (DES–T) of −1.78 and
−1.47 kcal mol−1 for H1 and H2, respectively, indicating that
they possess an open-shell singlet ground state, which is
consistent with the above experimental results.

Optical and electrochemical properties

The optoelectronic properties ofH1 andH2were investigated by
UV-vis absorption spectroscopy and time-dependent density
functional theory (TD DFT) calculations. The new compounds
show specic colors in a solution of dichloromethane (see the
inset photos in Fig. 4a). These colors originate from intense
absorptions in the visible region. The UV-vis absorption spectra
of H1 and H2 in dichloromethane at room temperature are
depicted in Fig. 4a. H1 shows a well-resolved absorption band
with a maximum (lmax) at 750 nm (Fig. 4a), which is signi-
cantly redshied as compared to that of the indeno[2,1-b]uo-
rene derivative (lmax = 638 nm)3b due to p-extension. TD DFT
10522 | Chem. Sci., 2024, 15, 10519–10528 © 2024 The Author(s). Published by the Royal Society of Chemistry
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calculations suggest that this band originates from the
HOMO−1 / LUMO electronic transition ( f = 0.4254) (Fig. S6
and Table S1†). There is another weak broad absorption in the
900–2000 nm region, which mainly originates from the HOMO
/ LUMO electronic transition ( f = 0.0265) according to TD
DFT calculations (Fig. S6 and Table S1†). The electronic
absorption spectrum for H2 in dichloromethane displays an
intense absorption band with lmax at 692 nm and a weak broad
absorption in the region of 750–1200 nm (Fig. 4a). Consistent
with experimental results, TD DFT calculations predicted
a broad absorption at 1362 nm (HOMO/ LUMO transition, f=
0.2269) and an intense band at 768 nm (HOMO−1 / LUMO
transition, f = 0.4161) (Fig. S10 and Table S5†). In addition, the
optical energy gaps (Eoptg ) of H1 and H2 on the basis of the
lowest energy absorption onset were roughly estimated to be
0.63 and 0.92 eV, respectively.

To investigate the electrochemical properties of both radicals,
cyclic voltammetry and differential pulse voltammetry measure-
ments were carried out in a typical three-electrode electrochemical
cell in a solution of tetrabutylammonium hexauorophosphate
(0.1 M) in dry DCM with a scan rate of 100 mV s−1 (Fig. 4b). H1
displayed one reversible oxidation wave and one irreversible
oxidation wave with half-wave potential (Eox1/2) at 0.26 and 1.00 V,
Fig. 5 (a) UV-vis-NIR absorption spectra of H1 and its radical cation (RC)
and dication (DC) in DCM. (c) UV-vis-NIR absorption spectra of H1, its
spectra of H2, its radical anion (RA) and dianion (DA) in THF; the backgr
vibration of the solvent. Insets show photos of the solutions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
and two reversible reduction waves with half-wave potential (Ered1/

2) at −0.89 and −1.64 V (vs. Fc/Fc+, Fc = ferrocene, Fig. 4b). H2
exhibited two reversible oxidation waves with Eox1/2 = 0.18 and
0.51 V and two reversible reduction waves with Ered1/2 = −0.96 and
−1.21 V (vs. Fc/Fc+, Fig. 4b). By combining these results with the
observed absorption edge, the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
energy levels of H1 and H2 were determined to be −5.00 and
−3.99 eV forH1, and−4.92 and−3.92 eV forH2. Accordingly, the
electrochemical energy gaps (EECg ) are estimated to be 1.01 and
1.00 eV for H1 and H2, respectively, which are consistent with the
trend observed in their optical energy band gaps.
Chemical oxidation and reduction

The good redox reversibility from the electrochemical data
indicates that both compounds can be easily converted into
stable charged species, thus offering the opportunity to inves-
tigate optical properties and aromaticity. The rst one-electron
oxidation of H1 and H2 with the oxidant NO$SbF6 gave rise to
the corresponding radical cation species. The electronic
absorption spectra for H1c+ and H2c+ display a weak broad
absorption band in the region of 1500–3000 nm and multiple
moderate bands in the visible and near-infrared (NIR) region
in DCM. (b) UV-vis-NIR absorption spectra of H2, its radical cation (RC)
radical anion (RA) and dianion (DA) in THF. (d) UV-vis-NIR absorption
ound absorbance at ca. 2250 nm may arise from the overtone of CH

Chem. Sci., 2024, 15, 10519–10528 | 10523
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(Fig. 5a and b). Further oxidation of H1 was not observed even
when excess oxidant was added. The second oxidation of H2
with the oxidant NO$SbF6 generated a stable dication species,
which exhibits strong shoulder peaks with lmax at 775 and
882 nm (Fig. 5b). The one-electron and two-electron reductions
ofH1 andH2 with freshly prepared sodium anthracenide in dry
THF gave their radical anions and dianions, respectively (Fig. 5c
and d). The radical anion of H1 shows an intense absorption
band in the NIR region (lmax = 892 and 1572 nm, respectively,
Fig. 5c), while the radical anion of H2 displays long wavelength
absorption with a maximum beyond 2200 nm (Fig. 5d). The
dianions of H1 and H2 exhibit an intense absorption band in
the short-wavelength range (lmax = 474 nm for H12− and
468 nm for H22−, Fig. 5c and d). The observed spectra are in
agreement with the TD DFT calculations (Fig. S7–S9/S11–S14
and Tables S2–S4/S6–S9†).

The dication of H2 and the dianions of H1 and H2 were in
situ generated, and all showed sharp 1H NMR spectra at room
temperature (Fig. 6 and S3†), thus indicating that all of these
charged species possess a closed-shell singlet ground state. The
1H NMR spectra of the dication and dianion of H2 clearly show
that protons b and j are shielded in the dicationic state, whereas
protons a, b and j are highly deshielded in the dianionic state
(Fig. 6). Similarly, the 1H NMR spectra of the dianion of H1
clearly show that most of the protons on the backbone appear at
low eld although the molecule contains two negative charges
(Fig. S3†). Single crystals of the dication and dianion of H2
suitable for X-ray crystallographic analysis were successfully
obtained.16 The X-ray diffraction characterization conrmed the
formation of [H22+$2SbCl6

−] (Fig. 2c) and [2K+$H22–] (Fig. 2d),
respectively. The dication [H22+$2SbCl6

−] has an axisymmetric
structure with two counter cations located at the termini of the
conjugated backbone, while the dianion [2K+$H22–] adopts a C1

symmetry with two counter cations located on the top and
bottom of the H2 molecular plane. In the crystal structure of
[2K+$H22–], both K+ ions are solvent-separated from the H22–

core, avoiding direct metal ion–p interactions (Fig. 2d). The
K+ ion is axially coordinated to an 18-crown-6 ether molecule
(K/Ocrown, 2.783–2.832 Å) and capped by two THF molecules
(K/OTHF, 2.670–2.693 Å), with all K/O distances being close to
those previously reported.20 The lengths of bond a in the
Fig. 6 1H NMR spectra (aromatic region) of H2 (in CD2Cl2), H22+ (in
CD2Cl2), and H22− (in [D8]THF) (refer to Scheme 1 for labelling).

10524 | Chem. Sci., 2024, 15, 10519–10528
dication and dianion of H2 are 1.435 and 1.430 Å (Fig. 2e),
respectively, which are much larger than that of a neutral
molecule. A comparison of selected angles (Fig. 2) reveals that
H2 exhibits structural deformation upon the addition or loss of
two electrons. The torsion angle for C2b–C2c–C2d–C2e
decreases from 21.49° in H2 to 12.90° in H22+ and 18.01° in
H22−, respectively. Thus, the central helicene axis is
compressed upon two-electron oxidation or reduction. In order
to balance the resulting intramolecular steric hindrance, the
helicene core (dA–B, Fig. 2) is lengthened from 12.357 Å in H2 to
12.686 Å in H22+ and 12.722 Å in H22−, respectively.
DFT calculations

To deeply understand the NMR spectra and the difference of the
(anti)aromaticity of individual rings at different redox states,
nucleus independent chemical shi (NICS)21 and anisotropy of
the induced current density (ACID)22 calculations were con-
ducted at the CAM-B3LYP/6-31G(d,p) level of theory based on
similar previous computational studies on large polycyclic
systems.23 For the neutral compound H1, the three rings in the
s-indacene unit have positive NICS(1)zz values (57.81–70.93, i.e.,
antiaromatic), the neighbouring benzenoid rings have also
positive NICS(1)zz values (8.58), while the terminal naphthalene
rings have negative NICS(1)zz values (−10.86 to −27.22, i.e.,
aromatic) (Fig. 7a). The ACID plot shows clockwise diatropic
ring current ow along the terminal naphthalene units
(aromatic), counter-clockwise paratropic ring current for the
three rings in the s-indacene unit (antiaromatic), and there is
counter-clockwise paratropic ring current for the benzenoid
rings near the s-indacene unit (antiaromatic) (Fig. 7b), in
accordance with the NICS(1)zz results. Accordingly, proton a in
H1 appears at high eld due to the shielding effect from the
anti-aromatic s-indacene unit, while proton b in H1 appears at
low eld due to the deshielding effect from the aromatic
naphthalene ring (Fig. 3a). For H2, the terminal phenanthrene
rings have negative NICS(1)zz values (−12.75 to −29.14) and the
CP rings have positive NICS(1)zz values (21.75), while the central
benzenoid ring has a NICS(1)zz value of 0.87 (nearly non-
aromatic) (Fig. 7a). The ACID plot displays clockwise diatropic
ring current ow along the terminal phenanthrene units and
counter-clockwise paratropic ring current at the CP rings, while
there is almost no clear ring current for the central benzenoid
ring (Fig. 7d). Accordingly, proton a in H2 appears at high eld
due to the shielding effect from the anti-aromatic CP ring, while
proton b inH2 appears at low eld due to the deshielding effect
from the aromatic phenanthrene ring (Fig. 3b). NICS and ACID
calculations of the dication H22+ reveal the aromatic character
of the terminal benzene rings, while the nearby benzene rings
are nearly non-aromatic (Fig. 7a and e). The two CP rings are
anti-aromatic with counter-clockwise paratropic ring current
and positive NICS(1)zz values (44.64), while the central benze-
noid ring is nearly non-aromatic. Accordingly, proton b in H22+

is shielded by the antiaromatic CP rings (Fig. 6). The ACID plot
and NICS values of the dianionH22− (Fig. 7a and f) disclose that
all rings are aromatic with negative NICS(1)zz values (−9.83 to
−28.72), and p electrons are mainly delocalized along the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) NICS(1)zz values (the numbers in the rings) ofH1,H12−,H2,H22+ andH22− calculated at the CAM-B3LYP/6-31G(d,p) level. ACID plots of
H1 (b), H12− (c), H2 (d), H22+ (e), and H22− (f) calculated at the CAM-B3LYP/6-31G(d,p) level. The red and blue arrows indicate the counter-
clockwise (paratropic) and clockwise (diatropic) current flow, respectively.
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periphery with a clockwise current ow. Accordingly, protons a,
b and j in H22− are deshielded by the whole aromatic backbone
(Fig. 6). For H12−, each individual ring has negative NICS(1)zz
values (−15.89 to −28.61, Fig. 7a), and a diatropic ring current
circuit along the periphery is formed in the calculated ACID plot
(Fig. 7c). In addition, NICS and ACID calculations of the cor-
responding all-benzenoid analogues show that the p-electrons
can also form clockwise diatropic ring currents along the
periphery of the backbone (Fig. S15†). Thus, the dianions of H1
and H2 can be regarded as the isoelectronic structures of the
corresponding all-benzenoid expanded helicenes. All of this
suggests that in dianions a global electron delocalization is
obtained, leading to global aromaticity in the whole structure,
while in the case of the neutral structures and dication the
current-density pathways are composed of local aromatic and
antiaromatic units. On the other hand, the calculated electro-
static potential maps (Fig. S16 and S17†) suggest that the
charges are well delocalized along the entire backbone to
minimize Coulomb repulsion. Hirshfeld charge distribution
(Fig. S18 and S19†) shows that the head carbons of CP rings in
H22+ and H22− have the highest charge densities, while the
negative charges of H12− are primarily distributed along the
periphery with C18 and C31 atoms having the largest negative
charge densities.
Conclusions

In summary, we have synthesized two helical p-conjugated
diradicaloids H1 and H2 by fusion of a QDM unit with two
phenanthrene rings at the termini, and their electronic struc-
ture and geometry in the ground state were investigated by
various experiments assisted by DFT calculations. Single crystal
X-ray analysis discloses thatH1 andH2 have a helical molecular
© 2024 The Author(s). Published by the Royal Society of Chemistry
conguration. Due to the anti-aromatic character and quinoidal
character of the central units, they exhibit open-shell diradical
character and magnetic activity. Moreover, the dication of H2 is
experimentally accessible by chemical oxidation with NO$SbF6,
thus displaying a closed-shell ground electron state and a local
aromatic character. The dianions of H1 and H2 were also ob-
tained, showing similar electronic structures to their respective
isoelectronic structures, the all-benzenoid expanded [9]helicene
and [11]helicene. The successful X-ray structural characteriza-
tion of the charged products reaffirms the structural exibility
ofH2 driven by electron transfer processes and reveals a notable
helical core compression upon two-electron oxidation or
reduction. As a result of their intrinsic chirality, electronic and
magnetic properties, as well as redox activities, these molecules
could hold promise for chirality-induced spin selectivity, eld-
effect transistors, energy storage, and spintronics. This study
not only opens up a new avenue for helical polycyclic p-systems,
but also provides important insights into the construction of
stable chiral diradicaloids for organic-based magneto-optical
devices and magnetic chiral dichroism.
Computational details

All geometries were fully optimized using the B3LYP or CAM-
B3LYP functionals, in combination with the 6-31G(d,p) basis
set.24,25 Natural orbital occupation number (NOON) calculations
were done by a spin unrestricted LC-BLYP/6-31G(d) method and
the diradical character (y0) was calculated according to Yama-
guchi's scheme: y0 = 1 − (2T/(1 + T2)), and T = (nHONO − nLUNO)/
2 (where nHONO is the occupation number of the HONO, and
nLUNO is the occupation number of the LUNO).26 Calculations of
single point energies, molecular orbitals and time-dependent
DFT (TD-DFT) for all DFT-optimized structures were obtained
Chem. Sci., 2024, 15, 10519–10528 | 10525
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by using the B3LYP/6-31G(d,p). Given that hybrid long-range
corrected functionals like CAM-B3LYP are well suited for
describing electron delocalization in large polycyclic systems23

and provide magnetic properties consistent with those obtained
at the CCSD(T) level,27we chose the CAM-B3LYP/6-31G(d,p) level
of theory for NICS and ACID calculations. NICS values were
calculated using the standard GIAO procedure.21,28 An ACID plot
was calculated by using the method developed by Herges.22,29

Electrostatic potential maps and Hirshfeld charges were calcu-
lated at the B3LYP/6-31G(d,p). In the study of racemization
processes, the molecular geometries of all stationary points
were optimized at the B3LYP level of DFT with the 6-31G(d)
basis set with the IEPCM model for solvation of THF at 298 K.
Harmonic vibration frequency calculations at the same level
were performed to verify all stationary points as local minima
(with no imaginary frequency) and transition states (with one
imaginary frequency). IRC calculations30 were also performed to
check transition states.

Data availability

The experimental procedures, characterizations, spectral anal-
ysis and DFT computational details are available in the ESI.†
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V. Liégeois, Phys. Chem. Chem. Phys., 2019, 21, 14678; (f)
© 2024 The Author(s). Published by the Royal Society of Chemistry
M. Orozco-Ic, J. Barroso, N. D. Charistos, A. Muñoz-Castro
and G. Merino, Chem.–Eur. J., 2020, 26, 326; (g)
C. K. Frederickson, L. N. Zakharov and M. M. Haley, J. Am.
Chem. Soc., 2016, 138, 16827; (h) G. I. Warren, J. E. Barker,
L. N. Zakharov and M. M. Haley, Org. Lett., 2021, 23, 5012.

15 X. Lu, T. Y. Gopalakrishna, H. Phan, T. S. Herng, Q. Jiang,
C. Liu, G. Li, J. Ding and J. Wu, Angew. Chem., Int. Ed.,
2018, 57, 13052.

16 Deposition numbers 2057406 (H1), 2057410 (H2), 2342019
(H22+) and 2342022 (H22−) contain the supplementary
crystallographic data for this paper. These data are
provided free of charge by The Cambridge Crystallographic
Data Centre.†

17 J. Barroso, J. L. Cabellos, S. Pan, F. Murillo, X. Zarate,
M. A. Fernandez-Herrera and G. Merino, Chem. Commun.,
2018, 54, 188.

18 (a) S. Dong, T. S. Herng, T. Y. Gopalakrishna, H. Phan,
Z. L. Lim, P. Hu, R. D. Webster, J. Ding and C. Chi, Angew.
Chem., Int. Ed., 2016, 55, 9316; (b) S. Dong,
T. Y. Gopalakrishna, Y. Han, H. Phan, T. Tao, Y. Ni, G. Liu
and C. Chi, J. Am. Chem. Soc., 2019, 141, 62; (c) T. Xu,
Y. Han, Z. Shen, X. Hou, Q. Jiang, W. Zeng, P. W. Ng and
C. Chi, J. Am. Chem. Soc., 2021, 143, 20562; (d) A. Ong,
T. Tao, Q. Jiang, Y. Han, Y. Ou, K.-W. Huang and C. Chi,
Angew. Chem., Int. Ed., 2022, 61, e202209286; (e) Z. Li,
X. Hou, Y. Han, W. Fan, Y. Ni, Q. Zhou, J. Zhu, S. Wu,
K.-W. Huang and J. Wu, Angew. Chem., Int. Ed., 2022, 61,
e202210697; (f) T. Xu, X. Hou, Y. Han, H. Wei, Z. Li and
C. Chi, Angew. Chem., Int. Ed., 2023, 62, e202304937; (g)
W. Kueh, X. Shi, T. W. Phua, H. Kueh, Y. C. Liau and
C. Chi, Org. Lett., 2022, 24, 5935; (h) J.-J. Shen, Y. Han,
S. Dong, H. Phan, T. S. Herng, T. Xu, J. Ding and C. Chi,
Angew. Chem., Int. Ed., 2021, 60, 4464; (i) Q. Jiang, H. Wei,
X. Hou and C. Chi, Angew. Chem., Int. Ed., 2023, 62,
e202306938; (j) Q. Jiang, Y. Han, Y. Zou and C. Chi, J.
Mater. Chem. C, 2023, 11, 15160.

19 B. Bleaney and K. D. Bowers, Proc. R. Soc. London, Ser. A,
1952, 214, 451.

20 (a) Z. Zhou, X.-Y. Wang, Z. Wei, K. Müllen and
M. A. Petrukhina, Angew. Chem., Int. Ed., 2019, 58, 14969;
(b) Z. Zhou, R. K. Kawade, Z. Wei, F. Kuriakose, O. Ungor,
M. Jo, M. Shatruk, R. Gershoni-Poranne, M. A. Petrukhina
and I. V. Alabugin, Angew. Chem., Int. Ed., 2020, 59, 1256;
(c) S. N. Spisak, A. Yu. Rogachev, A. V. Zabula, A. S. Filatov,
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