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Abstract: The chemical reduction of π-conjugated bilayer
nanographene 1 (C138H120) with K and Rb in the presence of
18-crown-6 affords [K+(18-crown-6)(THF)2][{K

+(18-crown-
6)}2(THF)0.5][C138H122

3� ] (2) and [Rb+(18-crown-6)2][{Rb+

(18-crown-6)}2(C138H122
3� )] (3). Whereas K+ cations are fully

solvent-separated from the trianionic core thus affording a
“naked” 1*3� anion, Rb+ cations are coordinated to the
negatively charged layers of 1*3� . According to DFT calcu-
lations, the localization of the first two electrons in the
helicene moiety leads to an unprecedented site-specific hydro-
genation process at the carbon atoms located on the edge of
the helicene backbone. This uncommon reduction-induced
site-specific hydrogenation provokes dramatic changes in the
(electronic) structure of 1 as the helicene backbone becomes
more compressed and twisted upon chemical reduction,
which results in a clear slippage of the bilayers.

Introduction

With the advent of graphene in 2004,[1] a new field of study
on 2D materials started involving initially carbon but, later,
other elements of the Periodic Table.[2] Despite the variety
of amazing properties exhibited by graphene,[3] the zero
band-gap prevents its use in the search for optoelectronic
properties.[4] A variety of chemical and physical methods has
been developed for opening the gap with great success,

namely chemical modification and/or quantum confinement,
thus affording graphene derivatives and the so-called carbon
nanoribbons,[5] nanographenes (NGs)[6] and graphene quan-
tum dots (GQDs),[7] respectively.

An alternative and more recent approach to the
aforementioned carbon nanoforms is the preparation of
synthetic nanographenes where the tools of organic syn-
thesis allow to prepare, in a controlled manner, a great
variety of molecular nanographenes showing different sizes
and shapes.[8] Furthermore, currently there is a lot of interest
in preparing defined nanographenes with control on their
chemical, optoelectronic, and chiroptical properties.[9] In this
regard, molecular NGs have proven their interest in a
variety of fields, spanning from molecular electronics[10] or
photovoltaics[11] to alkali metals storage[12] and sensing,[13] to
name a few.

In our research group, we have carried out the synthesis
of chiral molecular nanographenes exhibiting interesting
photophysical properties. In this regard, we recently re-
ported an unprecedented helical bilayer nanographene 1
(C138H120) in which two hexa-peri-hexabenzocoronenes
(HBC) are conjugated through a π-extended [6]-helicene
moiety (Figure 1).[14]

Bilayer nanographenes are basically unknown com-
pounds and the presence of a rigid helicene connecting the
two HBC layers allows them to stack in an AA arrangement
with carbon atoms centered over each other in opposite

[*] Dr. Z. Zhou, Y. Zhu, Dr. Z. Wei, Prof. Dr. M. A. Petrukhina
Department of Chemistry
University at Albany, State University of New York
Albany, NY 12222 (USA)
E-mail: mpetrukhina@albany.edu

Dr. Z. Zhou
School of Materials Science and Engineering
Tongji University, 4800 Cao’an Road, Shanghai 201804 (China)

Dr. J. M. Fernández-García, Dr. P. J. Evans, Dr. I. Fernández,
Prof. Dr. N. Martín
Departamento de Química Orgánica I
Facultad de Ciencias Químicas
Universidad Complutense de Madrid
Ciudad Universitaria s/n 28040 Madrid (Spain)
E-mail: israel@ucm.es

nazmar@ucm.es

Homepage: www.nazariomartingroup.com

Dr. R. Rodríguez, Dr. J. Crassous
Institut des Sciences Chimiques de Rennes
UMR 6226 CNRS—Univ. Rennes
Campus de Beaulieu 35042 Rennes Cedex (France)

Prof. Dr. N. Martín
IMDEA-Nanociencia
Campus de la Universidad Autónoma de Madrid
C/Faraday, 9, 28049 Madrid (Spain)

© 2021 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

Angewandte
ChemieResearch Articles
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2022, 61, e202115747
International Edition: doi.org/10.1002/anie.202115747
German Edition: doi.org/10.1002/ange.202115747

Angew. Chem. Int. Ed. 2022, 61, e202115747 (1 of 7) © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

http://orcid.org/0000-0001-8905-9663
http://orcid.org/0000-0002-7366-6845
http://orcid.org/0000-0003-0563-0127
http://orcid.org/0000-0003-3016-579X
http://orcid.org/0000-0002-4037-6067
http://orcid.org/0000-0003-4782-021X
http://orcid.org/0000-0002-0186-9774
http://orcid.org/0000-0003-0221-7900
http://orcid.org/0000-0002-5355-1477
www.nazariomartingroup.com
https://doi.org/10.1002/anie.202115747
https://doi.org/10.1002/ange.202115747


layers.[15] This arrangement is different from the AB
disposition found in crystalline graphite and has shown
interesting crystallographic properties.

Bilayer graphene, the two-layer homologue of graphene,
has recently received a lot of attention due to its singular
properties. Thus, two-layer graphene has externally-tunable
electronic properties different from its single-layer, namely
band-gap,[16] spin-orbit interaction[17] and exciton energies.[18]

Furthermore, several devices exploiting these properties
have been reported.[19] Interestingly, unconventional super-
conductivity in magic-angle graphene superlattices has also
been reported in twisted bilayer graphene.[20]

Bilayer graphene also shows facile intercalation of alkali
metals. Recently, a bilayer graphene system exhibited a
lithium diffusion coefficient (7×10� 5 cm2s� 1) ten times faster
than graphite, thus showing its potential as ion transport
material for energy storage. Furthermore, it has been
reported that the intercalation of lithium into bilayer
graphene points to the existence of distinct storage arrange-
ments of ions in 2D-layered materials as compared to their
bulk parent compounds.[21]

Considering the successful aforementioned intercalation
studies of bilayer graphene with lithium, we feel that
molecular bilayer nanographene 1 is a highly appealing
system to carry out complexation and reactivity studies with
different alkali metals. Thus, in this work, we have carried
out the chemical reduction of molecular bilayer graphene 1
with K and Rb metals in THF. Two products have been
isolated and characterized by single crystal X-ray diffraction
revealing site-specific hydrogenation of the helicene core
and formation of a less-common radical trianion. In order to
have a better understanding of the reduction-induced hydro-
genation of helical bilayer nanographene 1, density func-
tional theory (DFT) calculations have also been carried out,
which nicely underpin the experimental findings.

Results and Discussion

The chemical reduction of 1 (C138H120) was investigated with
K and Rb metals in anhydrous THF at room temperature.
The reactions very quickly (within 20–30 minutes) proceed
to afford dark brown solutions, which upon slow diffusion of
hexanes in the presence of 18-crown-6 produce the corre-
sponding single crystals (Scheme 1). Their X-ray diffraction
analyses confirmed the formation of a solvent-separated ion

product (SSIP) with potassium counterions, [K+(18-crown-
6)(THF)2][{K

+(18-crown-6)}2(THF)0.5][C138H122
3� ] (2, crystal-

lized with ten interstitial hexanes molecules as 2 ·10C6H14),
and a contact-ion complex with rubidium counterions, [Rb+

(18-crown-6)2][{Rb
+(18-crown-6)}2(C138H122

3� )] (3, crystal-
lized with four interstitial THF molecules as 3 ·4THF).

Notably, according to the structural analysis, the elonga-
tion of two C� C bonds is observed on the edge of the
helicene backbone in both 2 and 3 compared with 1:
1.395(11)–1.411(12) Å in 1, 1.494(12)–1.518(12) Å in 2, and
1.451(11)–1.474(11) Å in 3. The bond angles on these two C-
atoms in 2 and 3 are also reduced compared to those in 1
(121.6°/121.9° in 1, 115.0°/116.4° in 2, and 116.7°/117.2° in 3).
Both parameters indicate the double hydrogenation of the
trianionic helicene core, which was further confirmed by the
localization of two H-atoms on these two C-atoms in the
difference Fourier map during structural refinement (see the
Supporting Information for more details). The specific six-
membered rings at the helicene backbone show significant
deviation from planarity due to inherent strain in parent
1,[14] so these sites revealed a high propensity for hydro-
genation upon reduction, resulting in the formation of a new
bilayer graphene anion, C138H122

3� (Figure 2). To the best of
our knowledge, such strain-induced reactivity of the helicene
backbone has not been reported so far. However, the
hydrogenation process seems related to the unsuccessful
synthesis of highly curved polycyclic carbon nanobelts by
reductive aromatization which gave hydrogenated
products.[22]

In the crystal structure of 2 (Figure 3), the [K+(18-
crown-6)(THF)2] and [K+{(18-crown-6)}2(THF)0.5] moieties
are solvent-separated from the trianionic core affording a
“naked” C138H122

3� anion. The K1 ion is equatorially bound
to one 18-crown-6 ether (K� Ocrown: 2.73(3)–2.87(3) Å) and
capped by two THF molecules (K� OTHF: 2.60(3)/2.87(3) Å);
while the K2 and K3 ions are hexacoordinated by one 18-

Figure 1. Crystal structure of bilayer 1: offset top view (a), side view (b).
Structures shown as the M isomer with solvent and H-atoms excluded
for clarity.

Scheme 1. Chemical reduction of 1 with K and Rb metals.

Figure 2. The core of C138H122
3� in 2 and 3, ball-and-stick model.
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crown-6 ether each (K� Ocrown: 2.778(9)–2.931(10) Å and
2.46(4)–3.23(7) Å) and are also bridged by a THF molecule
(K� OTHF: 2.69(7)/2.97(3) Å). All K� Ocrown and K� OTHF

distances are comparable to those previously reported.[23]

In the crystal structure of 3 (Figure 4), the Rb1 and Rb2
ions are coordinated to the central six-membered rings of
the bilayer helicene in the η3-mode (Figure 5). The Rb� C
distances of 3.245(8)–3.390(8) Å and 3.132(8)–3.414(7) Å,
respectively, are close to those reported in the literature.[25]

The coordination environment of these Rb+ ions is
completed by an 18-crown-6 ether (Rb� Ocrown: 2.411(6)–
3.306(6) Å). In contrast, the Rb3 ion is fully wrapped by two
18-crown-6 ether molecules (Rb� Ocrown: 2.964(6)–3.466
(6) Å) and remains solvent-separated from the complexed
[{Rb+(18-crown-6)}2(C138H122

3� )]� anion. All Rb� Ocrown dis-
tances are consistent with those previously reported.[25,26]

In the solid-state structure of 2 (Figure 6a), an extended
2D layer is formed through C� H···π interactions between the
C138H122

3� anions and the {K+(18-crown-6)(THF)n} moieties,
with the shortest contacts ranging from 2.355(12) Å to
2.713(12) Å. In 3, the 1D columns (highlighted by the green
circle, Figure 6b) are formed through C� H···π interactions
(2.563(13)–2.722(13) Å) between the C138H122

3� anions and
the {Rb+(18-crown-6)2} moieties. No significant interactions
are found between adjacent layers in 2 or adjacent columns
in 3.

In-depth crystallographic analysis reveals a structural
deformation of the helical bilayer framework upon reduc-
tion. The selected interlayer distance is reduced from
3.774 Å in neutral 1 to 3.707 Å in the new trianion of 2, and
further down to 3.603 Å in 3 (Table 1). The compression is
also accompanied by the slippage of the two HBC layers.
The slip distance of 0.434 Å in 1 is increased to 0.884 Å and
0.744 Å in the doubly hydrogenated trianions in 2 and 3,
respectively. Thus, the helicene backbone becomes more
compressed and twisted upon chemical reduction, which is
consistent with the structural response of the stepwise
reduced double[7]helicene.[25b]

It could be noted that the reduction of 1 is accompanied
by the geometry change of the framework which can be
reflected by comparing the dihedral angles in the new
doubly-hydrogenated trianion of 2 and 3 vs. those in parent
1. The dihedral angle ffA/B of 19.8° in 1 gradually decreases
to 11.5° in 2 and 9.2° in 3 (see Table S4 for ring labels and
more details), which indicates the strain reduction between
the helicene backbone and the HBC layer. Moreover, the
addition of electrons leads to an increase of nonplanarity in
the HBC layer as can be seen from comparison of selected
dihedral angles in the “naked” trianion in 2 with to those in
1. In contrast to 2, the corresponding dihedral angles are
reduced in 3, stemming from capping the HBC layers with
two coordinated {Rb+(18-crown-6)} moieties.

Figure 3. Crystal structure of 2, ball-and-stick (H-atoms are omitted)
and space-filling models.[24]

Figure 4. Crystal structure of 3, ball-and-stick (no H-atoms) and space-
filling models.[24]

Figure 5. Coordination of Rb+ ions in the [{Rb+(18-crown-
6)}2(C138H122

3� )]� anion in 3 (H-atoms and 18-crown-6 are omitted).

Figure 6. Solid-state packing in a) 2 and b) 3, space-filling models.
{K+(18-crown-6)(THF)n} moieties are shown in purple, and {Rb+(18-
crown-6)n} moieties are shown in yellow.

Table 1: Interlayer (the two benzene rings from the edge) and slip
distances [Å] in 1 and C138H122

3� in 2 and 3.

1[14] 2 3

Interlayer distance 3.774 3.707 3.603
Slip distance 0.434 0.884 0.744
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In order to confirm the reduction processes, the electro-
chemical reduction of the bilayer nanographene 1 by cyclic
and square wave voltammetry at room temperature, using
toluene/acetonitrile (4 : 1) as solvent, was carried out. In
agreement with the aforementioned experimental results,
three reduction waves are observed at high negative values
(� 2.12; � 2.30; � 2.63 V) using Fc/Fc+ as reference electrode.
The first and second reduction potentials appear at close
values as a broad wave with two distinguishable reduction
peaks (see Figure S7 in the Supporting Information).
However, whereas the second and third reduction waves are
quasi-reversible, the first one appears as an irreversible one.

Density Functional Theory (DFT) calculations were
carried out at the dispersion-corrected B3LYP-D3/def2-SVP
level (see computational details in the Supporting Informa-
tion) to gain more insight into the formation of the radical-
trianion (C138H122

3� ) from the bilayer nanographene 1
(C138H120). To this end, we focused on a model compound
1M, where the bulky t-butyl groups in 1 were replaced by
methyl groups.

Figure 7 shows that the LUMO of 1M, i.e. the orbital
accepting the first electron from the alkali metal upon
reduction, can be viewed as a π*-molecular orbital located
exclusively in the helicene moiety. As a consequence, the
unpaired electron in the readily formed radical anion 1M*�

is localized in the helicene fragment, and particularly at the
carbon atoms located on the edge of the helicene backbone
(see computed spin densities in Figure 7). Therefore, the
subsequent hydrogenation reaction, which very likely occurs
through a H* abstraction from the water entrapped in the
cavities of bilayer nanographene structure, should occur
preferentially at these positions leading to the hydrogenated
anionic 1M–H� intermediate. Once the formation of the
hydrogenated monoanion 1M–H� has occurred, a new
reduction/H-abstraction process occurs leading to the for-
mation of the dianion 1M–2H2� . The site-specific hydro-
genation, in this case, becomes even more evident upon
simple visual inspection of the LUMO of monoanion 1M–
H� , which is almost exclusively localized on the edge carbon
atom of the non-hydrogenated helicene moiety. Not surpris-
ingly, the LUMO of this species is also delocalized within
the carbon atom located in relative para-position as a
consequence of π-conjugation, a situation also occurring in
the initial nanographene 1M and the radical-anion 1M*� .
Therefore, our calculations suggest that the complete site-
specific hydrogenation observed experimentally finds its
origin in the localization of the unpaired electrons on the
edge carbon atoms of the helicene fragment of nano-
graphene 1.

Once the dianion 1M–2H2� is formed, a new reduction
process takes place leading to the formation of the radical
trianion 1M–2H*3� . At variance with the previous anions
1M–H*� or 1M–H*2� , on this occasion the new unpaired
electron is not localized on the edge carbon atoms of the
helicene (which are now hydrogenated) but clearly delocal-
ized on the periphery of both HBC moieties. This delocali-
zation precludes a further site-specific hydrogenation step
and for this reason, only two hydrogen atoms can be
incorporated during the reduction process.

Finally, we also computed the maps of electrostatic
potential (MEP) of the key species involved in the
reduction/hydrogenation process. As shown in Figure 7, the
negative charges in dianion 1M–2H2� and radical trianion
1M–2H*3� (as well as in monoanionic 1M–H� ) are spread
over both HBC moieties and, particularly, over the six-
membered rings closer to the helicene tether. This is
consistent with i) the observed slippage of the HBC layers
as a consequence of the increased electronic repulsion and
ii) the coordination of the alkali metal ions to these
positions, as shown above for the Rb complex 3 (see
Figures 4 and 5). Different binding preferences of potassium
and rubidium cations observed in 2 and 3 could be related to
their different ionic size, and similar differences have been
previously reported.[25b,26] This hypothesis is supported by
the lack of formation of related crystals involving the smaller
Li+-cations.

Interestingly, despite the slippage of the HBC layers
induced by the reduction-hydrogenation process, the stabi-
lizing π–π interaction present in the initial nanographene 1 is
preserved in the final radical trianion. This can be easily
visualized by means of the NCIPLOT method,[27] which
clearly shows the occurrence of a significant noncovalent
attractive interaction (green surface in Figure 8) between
the aromatic rings of both HBC moieties either in 1 M or in
1M–2H*3� . As a consequence, the rare AA arrangement
exhibited by 1, where the two HBC layers becomes almost
parallel, is also preserved in the isolated radical trianions 2
and 3.

Conclusion

In summary, the chemical reduction of bilayer nanogra-
phene 1 (C138H120) with K and Rb metals afforded two new
products that were characterized crystallographically as [K+

(18-crown-6)(THF)2][{K
+(18-crown-6)}2(THF)0.5][C138H122

3� ]
(2) and [Rb+(18-crown-6)2][{Rb

+(18-crown-6)}2(C138H122
3� )]

(3). The formation of the new radical trianion, which
incorporated two hydrogen atoms in the helical framework,
very likely takes place by stepwise chemical reduction of the
bilayer nanographene 1 affording three different reduced
states with one, two, and three electrons added to the π-
conjugated network in 1. Interestingly, the computational
results reveal that the localization of the first two electrons
in the helicene moiety is mainly responsible for this
unprecedented site-specific hydrogenation process observed
(and this is also confirmed by 1H NMR spectroscopy data).
Furthermore, the X-ray structure determination of a radical
trianion (1*3� ) is not common and it could be accounted for
by the delocalization undergone by the third electron on the
periphery of both HBC moieties. Since the negative charges
are spread over both HBC moieties, and, particularly, over
the six-membered rings closer to the helicene tether,
coordination of the alkali metal ions to these positions
accounts for the Rb(I) complex 3 and also for the observed
slippage of the HBC layers as a result of the increased
electronic density within them. Despite that, the stabilizing
π–π interaction present in the initial nanographene 1 is
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preserved in the final radical-trianion, as so is the rare AA
arrangement of these species.

These new reduction-induced hydrogenation results
represent one step further in the understanding of the
chemical reactivity of π-extended helicenes and pave the
way to further site-selective chemical reactions. Further-
more, the coordination observed for Rb+ cations opens a

new scenario for the preparation, in a selective manner, of
new organometallic species from less-explored molecular
nanographenes.[28]

Finally, since molecular nanographenes exhibit a variety
of amazing chemical, photophysical, electrochemical, imag-
ing, sensing and/or chiroptical properties, the data now
reported open new opportunities for these chemically

Figure 7. Computed key species for reduction-induced hydrogenation of helical bilayer nanographene 1M. All data have been computed at the
B3LYP-D3/def2-SVP level.
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modified carbon-based molecular nanostructures. Further
work on this regard is being currently carried out in our
laboratories.
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