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of Chemistry Helicenes of increasing dimensions and complexity have recently burst into the scene due to their unique
structures coupled with interesting chiral, optical, and conducting properties. The helicene-related
research has quickly progressed from fundamental curiosity to a diverse range of applications in organic
catalysis, optoelectronic devices, chiroptical switches, sensors, and energy storage. The in-depth
understanding of electron accepting properties of helicenes should further advance their materials
chemistry applications, however, previous reports only relied on spectrocopic and electrochemical
studies, while their structural changes weren't extensively discussed. Therefore, we initiated a broad
investigation of chemical reduction behaviour of helicenes ranging in size and properties coupled with
X-ray diffraction characterization of the reduced products. The responses of helicenes with different
structures to the stepwise electron addition were investigated using a combination of X-ray
crystallography, spectroscopic methods, and calculations. This study revealed topology- and charge-
dependent consequences of chemical reduction ranging from reversible geometry perturbation to
irreversible core transformation and site-specific reactivity of helicenes in addition to original alkali metal
coordination patterns. This overview is focused on the crystallographically confirmed examples
stemming from chemical reduction reactions of different helicenes with alkali metals. The opened
discussion should stimulate further exploration of reactivity and complexation of novel w-expanded and
heteroatom-doped helicenes based on the revealed structure—property correlations, thus advancing
their applications as intriguing new materials.
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backbone (all called m-expanded helicenes, Scheme 1e)**** has

Introduction : L
been broadly used as a strategy to synthesize “hybrid” helicenes

Helicenes are a class of polyaromatic compounds that are
comprised of a certain number of consecutive ortho-fused
aromatic rings (Scheme 1a).' The sterically induced curvature
along the spiral backbone, as described by M- (minus) or P-
(plus) configuration, provides helicenes with nonplanarity,
inherent chirality, and structural flexibility, as well as tunable
chemical and physical properties. Since the pioneering report of
helicene synthesis by Meisenheimer in 1903,* a wide variety of
carbohelicenes with different lengths and substituents has been
prepared either as racemic or enantioenriched forms.>® In the
following decades, doping with heteroatoms or combining two
or more helicene units enabled the preparation of hetero-
helicenes (Scheme 1b),”*> multiple helicenes (Scheme 1c¢)"2°
and topological helicenes* with modulated helicity and
stability/reactivity. Moreover, fusion of additional rings or
planar/nonplanar subunits (i.e. pyrene, hexabenzocoronene,
and corannulene) to a helicene periphery (Scheme 1d)**** or
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with different topological carbon frameworks. Nowadays, heli-
cenes constitute a very extended family of polyaromatic
compounds with a diverse range of three-dimensional
structures.*** The development of helicenes has recently
grown from a lab curiosity to a practically important field of
research, which was triggered by multiple applications of heli-
cenes in fundamental chemistry and materials science, such as
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[5]helicene

[6]helicene [7]helicene

Scheme 1 Depictions of (a) classical carbohelicenes and selected
examples of (b) heterohelicene,*~* (c) multiple helicene,*® (d) “hybrid”
helicene with periphery?” and (e) backbone m-extension.*°

© 2025 The Author(s). Published by the Royal Society of Chemistry
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organic catalysis, optoelectronic devices, chiroptical switches,
sensing applications, energy storage, and more.>>*’

Importantly, the reduction and metalation of helicenes
started to emerge as a route to access novel functional mole-
cules and materials for several reasons. First, large m-conju-
gated helicenes show good electroconductivity and rich redox
properties which allows them to serve as good electron accep-
tors.303436386869 Gecond, the spiral nature and core flexibility
offer great structural platform for efficient molecular assembly
and metal coordination, thus facilitating accommodation of
multiple metal ions and also introducing chirality.®””*”* Third,
metal-ligand interactions can be modified by varying the nature
of metal centers or functionalization of helicenes, thus
providing effective ways to modulate structures and to tune
chiroptical and electronic properties.®7>

The chemical reduction of helicenes initiated by Rabinovitz
et al. back in 1980s using NMR spectroscopic techniques for
studying the smallest helicenes, phenanthrene and its deriva-
tives, revealed disrupted planarity upon a two-electron reduc-
tion process.”>”* The above seminal works were followed by
a broad investigation of a series of helicenes, revealing the
formation of the doubly-reduced products.”” Notably, pure
carbo[5]helicene can be reduced to a dianion and further
transformed to a new molecule after cyclization,” while the Cp-
fused [5]helicene undergoes a two-step deprotonation to afford
a stable dianion.”” For larger [6]helicene and [7]helicene, the
degree of helicity in the doubly-reduced species is changed,
accompanied by a decreased paratropic effect along the series.”
Recent studies have shown that helicene-like molecules with
redox-active functional groups”™ or open-shell ground states®
exhibit variable redox processes and intriguing optical and
electrochemical properties. These characteristics enable the
modulation of aromaticity or spins, making them promising
candidates for helical molecular switches.

Despite these interesting results stemming from nuclear
magnetic resonance (NMR) or UV-vis absorption monitoring of
the reduction behavior in solution, very limited information
regarding the structures of the solid-state products has been
available, which impeded a better understanding of structural
transformations and electronic effects of the reduced species.
Over the last decades, only two negatively charged helicenes
have been characterized crystallographically by Youngs et al.””
The unsubstituted helicene dianion was formed through cycli-
zation of tribenzocyclyne in the Li-induced reaction. The
resulting product has two Li" ions bound to the opposite sides
of different five-membered rings in an 5’-fashion (Scheme 2a).
In contrast, the Me;Si-substituted helicene was doubly-
deprotonated by n-BuLi to form an interesting dimeric
complex having two internal Li* ions sandwiched by two heli-
cene decks in the n>-mode, with the two external Li* ions being
n>-coordinated to the back of the same five-membered rings
(Scheme 2b). In both cases, some structural perturbations were
observed in the helicene core, including bond alteration and
decrease in the helical character. These sparse experimental
data on the alkali metal ion binding could have been the
limiting factor for the related theoretical investigations. One
recent work by Merino et al. can be specifically mentioned

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Prior examples of metalation of helicenes with (a and b)
alkali metals,”” and (c and d) transition metals.”®#2

here,® as it pointed out that the alkali metal interactions and
stability of complexes are mainly affected by distortion of the
helical carbon frameworks, and the metallocene-like structures
are favored. In addition, the mobility of alkali metals in
complexes was discussed and shown to be metal ion-size
dependent and regioselective in different helicenes.

In contrast to main group metal complexation, studies of
helicenes as m-ligands towards transition metal centers have
been dated back to 1970s,*> and the majority of resulting
complexes were structurally characterized. Besides the mixed-
ligand products, there are mainly two types of helicene-based
metal complexes, namely helicenic metallocenes and molec-
ular tweezers.”®® The n°-helicenic metallocenes are benefited
from the embedded cyclopentadienyl (Cp) rings, with a coordi-
nation environment similar to that in ferrocene (Scheme 2c),
while the n°helicenic metallocenes are stabilized by the
terminal benzene rings. In contrast, the molecular tweezers are
only limited to [7]helicene, as two terminal aromatic rings can
perfectly sandwich a metal ion (Scheme 2d).”

Although several reviews were dedicated to the metalation of
helicenes with main group and transition metals,”***% the
structural consequences of electron addition to helicenes and
their alkali metal coordination preferences have not been
unraveled. Importantly, some recent research shows that heli-
cenes could exhibit advanced performance as an anode material
in lithium-ion batteries due to their spiral structures,***” thus
further emphasizing the importance of understanding their
electron accepting and transport behavior. Our recent studies
demonstrated remarkable structural deformation and record
alkali metal ion intercalation patterns of non-planar molecular
nanographenes upon chemical reduction,**® both being
related to their curved topological carbon frameworks. There-
fore, hybrid materials assembled from negatively charged heli-
cally twisted nanocarbon m-hosts with intercalated alkali metal
ions, which enabled tuning of their electronic, conducting, and
other physical properties, should be very attractive targets for
their in-depth exploration.

In this review, we summarize the structural and electronic
responses of helically twisted polycyclic aromatic hydrocarbons

Chem. Sci., 2025, 16, 468-479 | 469
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(PAHs) toward multi-electron charging during chemical reduc-
tion processes based on the recent X-ray crystallographic and
spectroscopic studies. The direct structural comparison of
multiple negatively charged states for different helicenes with
their original parent frameworks allows us to reveal the
outcomes of stepwise electron addition on geometry perturba-
tion or core transformation, as well as on metal binding pref-
erences. This overview of topologically different helicenes
should stimulate further discoveries of novel helicene-based
metal complexes and the exploration of their performance as
advanced conducting and energy-storage materials.

Chemical reduction of mono-
helicenes

The successful synthesis of an interesting m-extended PAH
consisting of a corannulene bowl fused to a [6]helicene moiety
(C;6Hg4, Fig. 1a), has been recently accomplished in Martin
group.®® This chiral “hybrid” mono-helicene was selected for the
first chemical reduction study with Na metal, which revealed
a prompt formation of its doubly-reduced state in solution.*
The resulting product [Na*(18-crown-6)(THF)],[C;6Hes” | (Na,-
C,6Hgs” ") contains an equimolar ratio of the negatively charged
P-and M-isomers that are separated from the cationic moiety, as
confirmed crystallographically (Fig. 1a). A direct structural
comparison with the neutral state allows to evaluate the core

it
Na,-CrgHg 2 \;&* v
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A, nm 6, ppm
Fig. 1 (a) Structure of C,gHg4 and chemical reduction to afford the

dianion with Na* ions in top and side views. (b) Comparison of UV-vis
absorption and 'H NMR spectra of C;gHgs and its doubly-reduced
product.®&8°
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response to the two-electron addition. Specifically, the inter-
planar angle Z A/F measured at 47.0° in the parent helicene has
dramatically enlarged to 80.8° in C,gHe,” , illustrating
a distortion increase of the helicene core upon reduction. The
deformation of the C;sHg, core is further spread through rings
A-F(19.3°-27.7°, torsion angles) and enhanced near rings C and
D in the doubly-charged anion (36.6° and 25.6°). Notably, the
bowl depth of the corannulene core becomes slightly deeper
(0.859(3) A) in its doubly-reduced form compared to the neutral
parent (0.829(4) A), with a similar trend observed upon reduc-
tion of the N-doped bowl.” The structural deformation upon
reduction leads to changes of the electronic structure. Specifi-
cally, a broad, red-shifted band and significant downfield shifts
of all aromatic signals are observed in the UV-vis absorption and
"H NMR spectra, respectively, indicating charge redistribution
over the curved extended w-surface (Fig. 1b). As confirmed by
the nucleus-independent chemical shifts (NICS) and anisotropy
of induced current density (ACID) calculations,® an aromaticity
reverse was observed on the central five-membered ring
(—8.5 ppm to +4.4 ppm) upon two-fold reduction.

In the solid state, the two isomers with opposite chirality
form a cylindrical void - a large internal cavity capable of
entrapping a sizable cationic guest, [Na‘(18-crown-6)(THF)],.
The resulting host-guest assembly is held by C-H-- 7 interac-
tions (2.417(3)-2.743(3) A) between the complementary cationic
and anionic units. Importantly, the C,¢He,>~ anion can be
reversibly oxidized back to the neutral state, indicating the
stability and inherent flexibility of its carbon framework during
redox processes.

A great variety of new “hybrid” mono-helicenes featuring -
extended surfaces and intriguing optical properties have been
synthesized recently by different research groups,***** opening
this field for further investigations. As helicenes become larger,
they tend to exhibit greater electron-accepting abilities,
according to electrochemical reduction assessments. Therefore,
design and synthesis of novel m-extended helicenes should
promote broad exploration of their rich redox properties
essential for advancing applications of helicenes as new con-
ducting and energy-storage nanocarbon materials.

Chemical reduction of double-
helicenes

Double-helicenes, particularly those with n > 4, can exist in
racemic (PP and MM) or meso forms (PM = MP). The twisted
double-helicenes are racemic with an intermolecular mirror
plane or glide plane found in the crystal lattice, although the
chiral forms can be crystallized separately in some rare cases.”*
In contrast, the meso double-helicenes (PM = MP) with an
intramolecular inversion center are commonly observed. We
have investigated both types of double-helicenes to demon-
strate their different structural responses to electron addition.

We started with investigating the OBO-fused double [5]heli-
cene, C;0H;6B,0, (Fig. 2a), a heteroatom-doped double-
helicene reported by Miillen group®* and Hatakeyama group®*
in the same year. This helicene contains two embedded OBO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sites and exhibits excellent stability with a pair of enantiomers
(PP and MM). In contrast, the meso isomer was predicted to be
thermally unstable.®> The chemical reduction study with Na and
K metals revealed that this double [5]helicene readily serves as
a two-electron acceptor.”® The resulting doubly-reduced prod-
ucts have been isolated and structurally characterized by single-
crystal X-ray diffraction as a solvent-separated ion product
[{Na*(18-crown-6)(THF),}»(C30H16B,04>")] (Na,-C30H;6B204>")
and a contact-ion complex [{K'(18-crown-6)(THF),}[{K"(18-
crown-6)}(C3oH16B204>7)]] (Kp-C30H16B204>, Fig. 2a).** Notably,
the use of two different alkali metals allowed to switch the metal
binding on and off in the counterion-dependent crystal struc-
tures. In the w-complex, one K" ion is bound to the central six-
membered ring of the dianion in a #*-fashion (K---C: 3.108(3)-
3.360(3) A), which is in good agreement with the charge distri-
bution observed in the molecular electrostatic potential (MEP)
map of the dianion.”* The two-electron acquisition is accom-
panied by a significant redistribution of the negative charge
which is localized in the central six-membered ring of the hel-
icene. This change notably affects the core geometry, as the C-C
bond lengths perpendicular to the A-B axis are shortened in
both dianions (red highlights), while those along the axis
become elongated (green highlights, Fig. 2b). The additional
helicenic core twist is illustrated by an increased dihedral angle
(planes A/B) from 21.4° in neutral parent to 24.7° in the “naked”
dianion, and the core becomes notably more distorted upon
direct K" ion binding (31.8°). Furthermore, the addition of two
electrons to C30H;6B,0, is accompanied by distinctive red shift

Chemical Science

from 300 and 400 nm to 540 and 770 nm in the UV-vis
absorption spectra (Fig. 2c). The high-field shifts of the
aromatic proton signals are found in the "H NMR spectra of
C30H16B,04>7, particularly in the fjord regions (4.1 ppm). This
effect was attributed to the increased electronegativity of the
helicene core, where the aromatic protons of the complexed
dianion are slightly more deshielded as a result of direct metal
coordination in solution. Importantly, this doubly-reduced
helicene can be reversibly oxidized back to the neutral state,
suggesting potential applications for redox-driven chiroptical
switches.

In recent years, there has been a substantial increase in both
the number and complexity of the heteroatom-doped
helicenes.*'***%597 The inclusion of heteroatoms, such as
B, N, S, or O, significantly influences the chemical and elec-
tronic structures of the resulting helicenes, leading to inter-
esting fluorescent, light-responsive, electroconductive, or redox
properties.'*>*3449%  As confirmed through electrochemical
studies, complex and doped helicenes, especially those with
multiple heteroatoms and m-extended frameworks,*** exhibit
a pronounced capacity for multi-electron acceptance and
storage. Investigation of electron-accepting behavior of various
heterohelicenes using chemical reduction methods coupled
with crystallographic characterization of the reduced products
is a fully open field which should unravel their original
responses to multi-electron charging.

As our work®* provided the first structural study of the elec-
tron addition effects for double-helicenes, it was then expanded

Kz-C30H16B,0,>
K-C: 3.108(3)-3.360(3) A

\?}* 4 26;.%:5%4%;3* \\}4{5)’
L. = < -
21.4° 24.7° 31.8°
naked n-complexed
(C) — CyHyeB;0,
— Nay-CyH;(B,0,% Jub{b—J
> — K;=C3oH16B,0,2
‘@
c
Q
: [
300 400 500 600 700 800 900 1000 85 80 75 70 65 60 55 50 45 4.0
A, nm 6, ppm

Fig. 2

(a) Depiction of CzgH16B>04, chemical reduction to afford its dianions with Na* and K* ions. (b) Illustration of structural changes from

C30H16B204 to its dianions: the bond elongation and shortening is highlighted in green and red, respectively. (c) Comparison of UV-vis

absorption and H NMR spectra of C3gH16B>0O4 and its doubly-reduced

© 2025 The Author(s). Published by the Royal Society of Chemistry

products.®%%4
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to include a larger double [7]helicene prepared in Miillen group
(Fig. 3a).” Unlike the above double [5]helicene, the selected -
extended double[7]helicene (CecHys, Fig. 3a) exists in the meso
form and shows different structural responses to the electron
charging. First, double [7]helicene could serve as a multi-
electron acceptor undergoing a four-step chemical reduction
with alkali metals, accompanied by notable color changes
(Fig. 3¢).*™ For example, the appearance of a green-brown color
represents the formation of a transient monoanion (450 and
705 nm), followed by a dark-brown color of the doubly-reduced
product (560 nm). The reaction quickly passes through a blue-
ish trianion (469 and 642 nm) to a final purple-brown color (500
nm) corresponding to the tetra-reduced state of CgsH,e6. Second,
several products spanning three different reduction states were
isolated and characterized by single-crystal X-ray diffraction to
reveal the consequences of stepwise electron addition. The
doubly-reduced anion was isolated in its “naked” form as
a solvent-separated ion product, [{K'(18-crown-
6)(THF)},(Ce6Has” )] (Kp-CegHss~ ). In addition, the tri- and
tetra-reduced states co-crystallized in an equimolar ratio in the
mixed-valent  product, [{Rb*(18-crown-6)};(THF),][{Rb"(18-
crown-6)},(CeeHye” )J[{Rb*(18-crown-6)},(CeeHue™ )] (Fig. 3a).1°
In that complex, two Rb™ ions are n*-coordinated to the opposite
external benzene rings of the trianion (Rb---C, 3.169(5)-3.436(5)
A), while in the tetraanion two Rb* ions bind to the opposite

Perspective

peripheral benzene rings in an 5’-fashion (Rb---C, 3.160(5)-
3.360(5) A).

Upon multi-electron addition, CeeH,e exhibits a gradual
structural deformation that occurs around the central axis of
the helicene core (Fig. 3b). The dihedral angle £A/B decreases
from 34.3° in the neutral parent to 23.6° in the tetra-reduced
state. Notably, the distance between rings A and A’ (ds_4)
(2.090 A) is shortened in CegH,u6>~ (1.913(4) A) and then further
reduced in CegHue°~ and CegHye ™ (1.495(13) A and 1.424(15) A,
respectively). This is accompanied by a slight elongation of the
helicene core (d;) from 10.891 A in CgeHye to 11.222(15) A in
CesHys' . To balance the resulting intramolecular steric
hindrance, a helicene core distorts near the peripheral rings C
and D with the average of ZA/C and ZA/D angles increasing
from 16.5° to 20.7°. Notably, the density functional theory (DFT)
calculations and "H NMR spectroscopy supported the defor-
mation observed in the crystal structures.'” In the neutral form,
the electrons are mainly localized on rings C and D. In contrast,
the negative charge in the reduced products is redistributed to
the aromatic core that corresponds to rings A, A" and B (Fig. 3c),
consistent with the largest up-field signal shifts detected in the
"H NMR spectra of CesHye> . Furthermore, the charge distri-
bution in the MEP maps of the triply- and tetra-reduced anions
is in agreement with the metal ion binding sites observed in the
crystal structure.’® Importantly, the two-electron reduction was

3.169(5)-3.436(5)A  3.160(5)-3.360(5) A

+2€’v +e-\L/+e’\‘/
209A —> 191A —> 150A —> 1.42A
f\ —————
1 ) )
(c)
>
z ,
2
l | | T L
300 400 500 600 700 800 900 1000 10 9 8 7 6 5 4 3 2 1 0
A, nm 6, ppm

Fig. 3

(a) Depiction of CggHag, chemical reduction to afford its dianion with solvent-separated K* ions and cocrystallized tri-/tetra-anions with

coordinated Rb* ions (additional cationic moieties are omitted). (b) Illustration of structural changes from CggHys to its anionic forms: the bond
elongation and shortening is highlighted in green and red, respectively. (c) Comparison of in situ generated UV-vis absorption spectra of CggHae
and its reduced products, as well as *H NMR spectra of CggHag and its doubly-reduced state 92100

472 | Chem. Sci,, 2025, 16, 468-479
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proved to be reversible according to the NMR spectroscopic
measurements.

The revealed structural flexibility upon reduction and re-
oxidation processes points out the potential application of
this anti-folded double [7]helicene as an electron-transfer-
driven molecular spring. The spring-like behavior of helicenes
can potentially furnish functional consequences for their use in
electronic, spintronic, piezoelectric and sensing devices.
Furthermore, coupling helicity with spin could generate novel
responsive and flexible organic materials with interesting
magnetic and spintronics applications.

Reactivity of helicenes with ring
defects

By doping heteroatoms or fusing m-conjugated subunits, heli-
cenes could gain great stability combined with their spiral
geometry. Such helicenes could also exhibit a reversibility of
their reduction-induced core changes.®*'* In contrast, intro-
duction of ring defects, mostly five-membered rings, into the
helicene framework triggers the reactivity of the carbon core,
such as annulation or bond cleavage.”®***

Recently, Alabugin group developed a remarkable cascade
radical reaction to synthesize w-extended carbon struc-
tures.'*>'® Starting from alkynes, this approach allowed the

(@

OO KorCs
ol

K-C3Hqq

K-C: 3.138(7)/3.234(7)A

Chemical Science

preparation of a mono [5]helicene (C31H,, Fig. 4a) and a double
[5]helicene (C39H,4, Fig. 5a) with an embedded five-membered
ring. The presence of the fused five-membered ring intro-
duces a specific deprotonation site in both helicenes, thus
enabling the formation of the monoanions prior to chemical
reduction. We started the investigation of the racemic mono-
helicene which crystallized in a P2,/n space group.'®* The
chemical reaction of the mono-helicene with K and Cs metals in
THF proceeds through two distinctive steps (Fig. 4a), and the
change of its electronic structures can be monitored by UV-vis
absorption spectra (Fig. 4c). As expected, the first step affor-
ded a red solution of the deprotonated product with maximum
absorption at 390 and 490 nm, which was isolated and char-
acterized as [{K'(18-crown-6)}(C3;Hio7)] (K-C3;Hye ) and
[{Cs"(18-crown-6),}(C31H197)] (Cs-C33Hye ).2** In the crystal
structure, the K* ion binds to a six-membered ring of the
C31Hio core in an n°-mode with the K---C distances of 3.138(7)
and 3.234(7) A. This coordination site agrees with the MEP map
showing the negative charge localization on the five-membered
ring and its neighboring six-membered ring. An extra K---C
contact (3.304(5) A) found between the K" ion and the adjacent
C3;H;o anion results in the propagation of a one-dimensional
polymeric structure in the solid state. In contrast, the Cs" ion in
the similar structure remains solvent-separated as {Cs'(18-
crown-6),} to afford a naked Cz;H;o~ anion. The loss of proton
on the C7 atom (Fig. 4b) leads to a change from sp*- to sp*

Kp-CyqHqr2

K-C: 3.084(4)-3.383(4) A
K—C: 3.057(4)-3.265(5) A

o . o B,
I/A \f/B 9 “/,‘1)‘\* ? \'T, \T
| L I
o8 8 O o o o _0C20
v e \‘G"/g\" .,/" \u"‘ﬁ\g"’/ g C—C bond L A {
o’ LD . deprotonation L 1 L reductive coupling ¢ oo o 142A
0 Y — D N — X Peary
VI \P o7 y “\u oo 4
& « F “\ / 1 °
G o7 »—0 ~& cel o9 ) ""Q\
e " | ¥
/ 129.7°/11.53 A / 172.7°1.47 A bl { 169.0°/1.46 A
(c)
— CJ1H2|] 1.992 1.995 1.998 3,001 2.004 2.007 2.010
— K-C3Hyg~ | 02
> — CsCyHyr 5=20027
g — Ky-CyyHyr?
e
i Ju i
T T T T T T U T T T T T 1 3350 3400 3450 3500 3550 3600 3650
300 400 500 600 700 800 9.5 9.0 8.5 8.0 75 7.0 6.5 Field (G)
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Fig. 4 (a) Depiction of Cz;H;q, reaction scheme to afford the deprotonated Cz;H;9~ anion and reductively ring-closed Cs1Hy7°~ dianion with

coordinated K* ions. (b) Illustration of structural changes from Cz;Hog to C31H172*

CsoHa4 and its anions, along with the EPR spectrum of CsqH,,2~ 102104

© 2025 The Author(s). Published by the Royal Society of Chemistry

. (c) Comparison of UV-vis absorption and *H NMR spectra of
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hybridization. As a result, the C6-C7 bond becomes signifi-
cantly shortened to 1.467(7) A in comparison to the neutral
parent (1.527(3) A). The 'H NMR data reveal a charge redistri-
bution on the mono-helicene core, while it is not significantly
affected by metal coordination (Fig. 4c). Upon further reduc-
tion, the brownish color of the reaction mixture (Apyax = 331 nm)
indicates the formation of a new product, which was crystallized
as [{K"(18-crown-6)},(C3,H;5°)]- As confirmed crystallographi-
cally, the dianionic core is transformed via a reductive C-C
coupling reaction to form a new planarized radical dianion with
g =12.00127 (Fig. 4c). In the crystal structure, one K' ion binds to
a sixmembered ring of C;H;,>~ in an n’fashion (K---C:
3.084(4)-3.383(4) A), while the second K ion is 7°-coordinated
to the adjacent five-membered ring (K---C: 3.057(4)-3.265(5) A).
The geometry of C7 atom remains almost unchanged (169.0°
and 1.461(6) A) compared with the monoanion. The newly
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formed C,,-C,; bond falls in a range of aromatic C-C bonds
(1.420(7) A), resulting in a delocalized m-surface in agreement
with the MEP map calculation.***

Next, the reactivity of the double [5]helicene, C3oH,,, was
investigated under similar reaction conditions. Prior to that,
crystals of C39H,, of the opposite configurations were isolated
and confirmed by X-ray diffraction to belong to the chiral space
group P2,2,24, indicating that each crystal contained only one
single helicene enantiomer (Fig. 5a).”* Similar to the mono-
helicene, the proton of the sp® C-atom was removed during
the first reaction step with Cs metal, affording the red-colored
[{Cs,"(18-crown-6);}(C30H,3 " ),] product (Amax = 565 nm) lack-
ing direct metal- interactions. The deprotonation leads to the
rearomatization of the m-framework accompanied by deshield-
ing of all aromatic protons, as detected by "H NMR (Fig. 5c).
With an excess of Cs and a prolonged reaction time, the

()0,

1.47 A

9
2000

2010 2,005

9=2.00137

300 400 500 600 700 800 95 90 80
A, nm

Fig.5

ring-closed CsoH19%~ dianion, and partially ring-closed CzgH,1~ monoanion. (b) Illustration of structural changes from CsgH4 to CsoH19%™

Comparison of UV-vis absorption and H NMR spectra of CsgH,4 and
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following reduction reaction resulted in the formation of
a solvent-separated ion pair [Cs,"(18-crown-6);][(CsoHyo>7)],
with a brown color (431 and 572 nm) and radical behavior (g =
2.00137). Notably, the double helicenic core was further trans-
formed through the double reductive C-C coupling that fur-
nished two additional conjugated rings, leading to the
formation of a new CsgH,;o>~ dianion. As a result, two new C-C
bonds were formed C13-C18 and C30-C35 (1.481(13) and
1.456(15) A, respectively), and the backbone of the new -
extended dianion became nearly planar.

Furthermore, the color change along the reaction pathway
indicated the existence of a possible intermediate after the
electron injection. The first step of the Cs-induced reaction is
deprotonation, accompanied by the appearance of a deep red
color, which subsequently turned to red-brown and finally to
dark brown. To trap the intermediate, the red-brown reaction
solution was briefly exposed to traces of O, to form a green
suspension (Amax = 690 nm), allowing the isolation of a new
solvent-separated  ion  pair, [Cs’(18-crown-6),][CsoH,; ]
(Fig. 5a).°* Interestingly, the double helicenic core underwent
transformation into a mono-helicene through a reductive C-C
coupling reaction with the formation of one conjugated six-
membered ring based on the newly formed C13-C18 bond
(1.47(2) A). This experimental evidence illustrated that partial
oxidation reaction could provide an effective way to transform
the relatively unstable transient radical-dianion into a closed-
shell monoanion, enabling the entrapment of the reaction
intermediate after the first cyclization step. The isolation of this
important intermediate allowed to reveal the stepwise reaction
mechanism and the first step for m-annulation, and also to
experimentally verify the prior mechanistic theoretical
predictions.®****

The X-ray diffraction analysis of the mono- and doubly-
annulated products coupled with in-depth DFT calcula-
tions®»*>'** demonstrated that reductive cyclization occurs as
a consequence of relieving the helicene strain and anti-
aromaticity, also enabling an increased negative charge delo-
calization in the final products. In both helicenes, the first step
is the deprotonation on the sp® C-atom to afford the C3;H;5~ or
C3oH,;  anions followed by their reduction. After one electron
addition to the mono-helicene, the positive total NICS values of
the calculated C;;H;o>~ anion and the lower energy of the
experimentally observed C;;H,;,>~ indicate that cyclization
occurs after reduction. The creation of a localized antiaromatic
hotspot in C;;H;s>~ works as a driving force for subsequent
relief of antiaromaticity and completion of cyclization process.
In contrast, the ring closure in the double-helicene is confirmed
as a two-step process, initiated on the remote helicenic site
rather than the adjacent one (Fig. 5b). The location of anti-
aromaticity in the calculated C3oH,;> anion determines the
regioselectivity of the first cyclization step, as confirmed by the
crystal structure and '"H NMR of the isolated interrupted
C3oH,;~ intermediate.

The ability to confine aromaticity/antiaromaticity to
a specific site of the twisted and highly strained m-conjugated
framework upon deprotonation/reduction cycles could provide
an effective pathway for inducing new core transformations. As
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a result, this reduction-driven annulation approach could be
further explored as a viable alternative to the oxidative Scholl
reactions'™° for the preparation of novel m-extended poly-
aromatic nanographenes. This approach has been recently
expanded to include the stereochemically controlled m-surface
annulation of a highly contorted twistacene.""

Reduction-induced hydrogenation of
a bilayer helicene

A remarkable example of a giant “hybrid” helicene, with the
fusion of two HBC units into a [10]helicene (C;3gHiz0), Was
recently reported by Martin group.* This rigid and chiral
nanographene comprises of two hexa-peri-hexabenzocoronene
(HBC) layers, with a nearly aligned AA-stacked conformation
and an interlayer distance of 3.6 A. Unlike the hybrid [6]heli-
cene,* the two six-membered rings at the helicene backbone
exhibit significant deviation from planarity due to the inherent
strain, making this highly twisted [10]helicene a very interesting
target for reduction studies. The electrochemical study of
C,38H1,0 revealed a multi-step oxidation and reduction process,
where the oxidized states are relatively stable in line with the
DFT calculations,?” but the reduced states tend to be reactive
and unstable."?

We carried out the first chemical reduction of this large
helical bilayer polyarene with K and Rb metals, revealing the
formation of a triply-charged species in both cases (Fig. 6). The
X-ray diffraction characterization confirmed the isolation of
[K'(18-crown-6)(THF),][{K"(18-crown-6)},(THF) 5][C13sH 125> ]
and [Rb*(18-crown-6),][{Rb"(18-crown-6)},(C135H12,° )], respec-
tively.”> While the former solvent-separated ion product lacks
direct K" ion binding, in the latter two Rb" ions wrapped by
crown ether directly coordinate to the external surface of the
bilayer helicene in the 5*-mode (Fig. 6).

A close inspection of carbon backbone revealed the elonga-
tion of two C-C bonds with ring distortion on the edge of the
[10]helicene core in both trianions coupled with hydrogenation
at these C-sites (red circles). The inherent strain of the parent
helicene could be the driving force for high propensity of these
sites for hydrogenation observed upon reduction. This experi-
mental evidence could now explain the irreversibility of elec-
trochemical reduction.'”” Furthermore, the interlayer distance
between two HBC units is reduced from 3.774 A (in neutral
parent) to 3.707 A in the new “naked” trianion isolated with the
solvent-separated K' counterions. The compression is also
accompanied by an increase of slippage between two HBC layers
from 0.434 A in Cy35H1, to 0.884 A in the doubly-hydrogenated
trianion. Moreover, the addition of electrons leads to an
increase of nonplanarity in the HBC layer, as illustrated by
reduction of the ZA/B angle from 19.8° in the neutral form to
11.5° in the trianionic species.

In contrast to the K* ion product with an uncomplexed tri-
anion, the Rb" ion coordination leads to a less distorted core of
the Cy35Hi2,°  anion. The bilayer structure becomes more
compressed (3.603 A), but the slippage of the HBC blades
becomes less evident (0.744 A). Due to the presence of the two
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Fig. 6 Depiction of CizgH120, chemical reduction to afford the CyzgHi25> anions with K* and Rb* ions (naked and complexed, respectively),
along with selected geometrical parameters illustrating structural changes.?1

coordinated [Rb'(18-crown-6)] moieties, the £ A/B angle of 9.2°
is reduced compared to that in the K" product.

The observed site-specificity of hydrogenation was further
supported by spin density calculations.”** The first electron
added to the LUMO of C;35H;,0 is particularly localized at the
carbon atoms on the edge of the helicene backbone of the
CisgHiso  radical-anion. The subsequent hydrogenation/
reduction/hydrogenation reactions occur preferentially at
these positions leading to the hydrogenated Cis;gHi,;~ and
CissHio,>~ intermediates. After further reduction to the
Ci3sHiz,>” anion, the additional unpaired electron becomes
delocalized on the periphery of both HBC blades, thus stabi-
lizing the doubly-hydrogenated triply-reduced species and
precluding its further reactivity.

The reduction-induced hydrogenation detected in this
system reveals the enhanced chemical reactivity of highly
strained m-extended helicenes and opens further studies of
their site-specific chemical reactions. The relief of core strain
can be used as a tool for directing the functional group place-
ment and for further modulation of properties of helicenic
nanocarbon frameworks. As no prior crystallographically
confirmed examples of helicene complexes with heavy alkali
metals have been reported, the isolated complexes open a new
chapter in the organometallic and supramolecular chemistry of
strained and helically twisted molecular nanographenes.

Concluding remarks

In summary, we provided the first overview of the structural and
electronic responses of various helicenes to multi-electron
charging during chemical reduction processes, using the crys-
tallographically characterized products. These examples remain
numbered due to difficulties in isolation of the resulting highly
reactive and air-sensitive crystalline materials. However, the
data reveal a fascinating variation of original core responses of
helicenes to gradual electron addition. The direct structural
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comparison of different reduced states allowed evaluation of
the stepwise electron acquisition effect on geometry perturba-
tion or core transformation of helicenes, including their alkali
metal coordination preferences. While smaller [5]- and [6]heli-
cenes readily accept up to two electrons, larger [7]- and [10]
helicenes can uptake multiple electrons and be isolated in their
highly reduced states as alkali-metal complexed products. To
accommodate multiple electrons, the helical frameworks built
of six-membered rings undergo significant structural deforma-
tions and can do that fully reversibly. In contrast, an edge-fused
five-membered ring introduces a localized antiaromatic hotspot
upon deprotonation/reduction that can facilitate w-annulation
reactions, accompanied by strain relief and better negative
charge delocalization. Furthermore, imposing a significant in-
built strain into a twisted helicene core could facilitate site-
specific reactivity which can be utilized for controlled func-
tionalization. The fusion of different m-extended subunits,
various heteroatoms, or multiple ring defects into helicenic
platforms is rapidly expanding to afford novel helically twisted
nanographenes with diverse topologies and intriguing chemical
and physical properties. This should provide unique contorted
nanocarbons to further explore the role of topology and
inherent strain on structural responses and reactivity of heli-
cenes upon electron charging. Furthermore, incorporation of
redox-active helicenic building blocks into 2D and 3D covalent-
and metal-organic frameworks could provide access to a diverse
range of new hybrid and flexible materials with intriguing
electronic and structural features. This overview is poised to
inspire further discoveries of novel helicene-based 7-systems
and exploration of their compelling applications as new
responsive spin and redox active materials.
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