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This work is dedicated to Prof. Luis Castedo on the occasion of his 80”7 birthday.

Abstract: A rigid, inherently chiral bilayer nanographene has been
synthesized as both the racemate and enantioenriched M isomer
(with an ee of 93%) in three steps from precedented helicenes. This
folded nanographene is comprised of two hexa-peri-
hexabenzocoronene layers fused to a [10]helicene, with an interlayer
distance of 3.6A as determined by X-ray crystallography. The rigidity
of the helicene linker forces the layers to adopt a nearly-aligned AA-
stacked conformation rarely observed in few-layer graphene. By
combining the advantages of nanographenes and helicenes, we
have constructed a bilayer system of 30 fused benzene rings that is
also chiral, rigid, and remains soluble in common organic solvents.
We present this as a molecular model system of bilayer graphene,
with properties of interest in a variety of potential applications.

The bottom-up (benchtop, solution-phase) synthesis of
large polycyclic aromatic hydrocarbons (PAHs) from small
molecule precursors offers atomistic control unavailable in top-
down (exfoliation, chemical vapor deposition, laser ablation,
pyrolysis) approaches that rely on high temperatures or
destruction of bulk material such as graphene or carbon
nanotubes."! This structural control allows the modification of
related properties on demand. For example, constraining the 2D
network of graphene in one or more dimensions, as in graphene
nanoribbons and graphene quantum dots leads to the genesis
and control of a HOMO-LUMO gap in an otherwise conducting
material.’”? Recently, the first examples of graphene quantum
dots with chiroptical properties have also been reported.®
These nanographenes have been the subject of an explosion of
research in recent years, showing promise the fields of
photovoltaics®®, and sensing.”

The simplest member of the synthetic nanographene class
is hexa-peri-hexabenzocoronene (HBC) which itself has been
the subject of much research.®® Bending sp? carbon
frameworks out-of-plane, as in aromatic hoops, bowls, or spirals,
leads to further control of the chirality, energy levels, and
distribution of electron density while also mitigating solubility of
large PAHs and leading to a class of unnatural bent and chiral
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nanographenes.">?" Additionally, bilayer graphene, the two-
layer homologue of graphene has useful, externally-tuneable
electronic properties distinct from its single-layer relative such as
band gap, spin-orbit interaction and exciton energies.???%
Several devices exploiting these properties have been
reported.””* Bilayer graphene also shows facile intercalation of
metals.® Recently, a bilayer graphene system demonstrated a
lithium diffusion coefficient of 7 x 107° cm?s™, ten times faster
than graphite, revealing its potential as an ion transport material
for energy storage.®" As such, we sought to combine all of
these aspects into a new molecular system which could be
considered a folded, chiral, bilayer nanographene. To maintain
conjugation throughout the system and also provide a new entry
into the emerging field of chiral nanographenes and m-extended
helicenes®*! we chose helicene as the chiral PAH linker
between HBC layers. The resulting target molecule is an
unprecedented helical bilayer nanographene (HBNG).

The rapid synthesis of HBNG 5 was achieved in three
synthetic steps from known ethynyl helicenes: racemic 1 or
enantiopure (>99% ee) M-(-)-2 (Scheme 1).*”! Sonogashira
coupling of 4-tert-butyliodobenzene added a benzene ring to
each of the termini yielding 3. When 2 was used as starting
material, tetrabutylammonium fluoride was added to remove the
trimethylsilyl protecting groups in situ. Diels-Alder cycloaddition
of tetra-4-tert-butylphenyl cyclopentadienone to the alkynes
followed by liberation of carbon monoxide gave the
corresponding bis-pentaphenylphenyl helicenes 4. The structure
of the racemic product was unambiguously confirmed by X-ray
diffraction crystallography (XRD, see supporting information,
Figures S11-S13). Scholl cyclodehydrogenation using 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and
trifluoromethanesulfonic acid (TfOH) or FeCl; assembled the two
HBC layers and extended the helicene backbone from [6]- to
[10]helicene, yielding the desired HBNG, 5 with a good overall
yield (33% for the racemate, 16% for the M-isomer). For M-5,
circular dichroism spectroscopy confirmed the retention of
configuration after each step (Figure 5 and supporting
information, Figures S4-S5) and the overall enantiomeric excess
was determined by chiral HPLC of 5 to be 93%. Additionally, the
tert-butyl sidechains render the final product sufficiently soluble
to be characterized by 'H and "*C NMR vyet crystalline enough to
obtain an unambiguous structure by XRD.

HBNG 5 was crystallized by vapor diffusion of antisolvent
methanol into a 1,2-dichloroethane solution. Interestingly,
though the crystals were grown from a racemic mixture of M and
P-5, the obtained crystals showed the presence of only one of
the isomers (shown here as the M isomer, Figure 1). The
nanographene crystallized in the non centro-symmetric P24
space group with one molecule per asymmetric unit and packed
into rows of molecules oriented in the [001] direction. Each of
these rows is surrounded by four others in the [100] and [010]
directions, where the molecules are located at a perpendicular
angle owing to C—H-1 interactions (see supporting information
Figures S14-S17). 5 adopts the expected compact bilayer
structure with an average centroid to centroid distance of 3.556
A for the ten overlapping benzene rings on opposing layers,
identical to the interlayer distance of 3.55 A in AA-stacked
graphite and more densely packed than the parent [10]helicene
(3.82 A).B%3 The two HBC layers are almost parallel, offset by
2.04°, and slip-stacked radially by 4.06° with carbon atoms
nearly aligned over each other as in AA-stacked graphite. The
CVD synthesis of bilayer graphene yields two bernal AB-stacked
layers and the high-energy AA arrangement is only observed in
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rare instances such as folded graphene or as the product of
epitaxial growth on diamond (111).2°*? The alignment of the two
layers in folded graphene systems dramatically influences the
electronics of the material.**** In the only other example of a
bilayer nanographene of which we are aware, a bilayer HBC
cyclophane, the layers slip past each other due to the flexibility
of the alky! linkers."*®! This packing in our system is achieved via
the rigidity of the helicene linker. In future systems, by
shortening or extending the helicene linker, the geometric
relation of the two layers should be controllable.

O R’ =R
O O / DIPA Cul
PACL(PP3),
et
R

rac1,R'=H

TBAF (for 2)
THF 25°C

R=#Bu R
rac-3 77%
M-3 59%

or
M-(-)-2, R’ = SiMe3

R/ 9 AR
) Y
%/\\/j/\/’
fegs!
R R CH,Cl, 0'C
— -
W, 280°C o
B: FeCly
MeNO,/CH,Cl,

rac-4 48%

-5.82% (A
M-4.30% rac s 82% )

M-592%, 93% ee (B)

Scheme 1. Syntheses of racemic and enantiopure HBNG 5. Structures drawn
as a single enantiomer for clarity and red highlights are used to illustrate
important transformations.

Figure 1. XRD structure of 5: offset top view (a), side view showing interlayer
distance (b). Structures shown as the M isomer with solvent and hydrogens
excluded for clarity.

There are strong T-mm interactions between the five
overlapping rings in each plane (see supporting information,
Figure S15). The occurrence of this stabilizing intramolecular
interaction can be computationally visualized by means of the
NCIPLOT method.*® As clearly shown in Figure 2, there exists a
significant non-covalent attractive interaction (green surface)
between the aromatic rings of both HBC layers which is mainly
responsible for the peculiar arrangement of this species.
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Figure 2. Contour plots of the reduced density gradient isosurfaces (density
cutoff of 0.03 a.u.) for compound 5. The green surfaces indicate attractive non-
covalent interactions.

The bilayer nanographene 5 absorbs strongly with two
maxima at 360 and 376 nm and broadly out to 550 nm (Figure 3)
giving it a vivid yellow-orange color in dichloromethane solution.
This absorption is broader than the related hexa-tert-butylhexa-
peri-hexabenzocoronene (t-BuHBC), a one-layer nanographene
synthesized by the procedure reported by Rathore, due to the
extended conjugation in our system.*”? At increased
concentration (ca. 10> M), the absorption broadens out past 650
nm likely due to aggregation (see supporting information, Figure
S1), and the solution takes on a turbid brown appearance. The
electronic excitation energy of 5 was calculated with time-
dependent (TD) DFT at the TD-B3LYP-D3/def2-SVP level. The
calculations give a vertical excitation energy of lcac = 535 nm,
which is in nice agreement with the experimentally observed
value. This transition is associated with a one-electron excitation
from the HOMO to the LUMO+1, both p-molecular orbitals fully
delocalized between the HBC layers (see supporting information,
Figure S18). The HBNG shows a strong and narrow emission
with a maximum at 550 nm (Figure 3). The emission is
featureless indicating the delocalization of the excitation in the
molecule. The emission was observed to be most intense at 1.8
x 10 M with quenching at higher concentrations, further
supporting the formation of aggregates (see supporting
information, Figures S2-S3).
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Figure 3. Absorption (solid black) and emission (dashed, excitation at 380 nm)
spectra of 5 at 1.8 x 10 M and t-BuHBC (solid red) in dichloromethane.
Photo of a dichloromethane solution of 5 under 365 nm irradiation (inset).
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The Raman spectrum of 5 shows the D (1350 nm) and G
(1600 nm) band absorptions typical of a nanographene and
identical to that of t+BuHBC (Figure 4). Any additional
contribution from the helicene is overwhelmed by the wide and
intense nanographene signals.*® The FTIR spectrum reveals
the expected aromatic and alkyl C-C and C-H absorptions from
1460-1730 cm™ and from 2850-3000 cm™".
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Figure 4. Raman spectra (excitation at 532 nm) of 5 (black) and -BuHBC
(red).

A dilute dichloromethane solution of the enantioenriched
M-5 shows a circular dichroism signal with a maximum at 380
nm, likely arising from the helicene linker and a minimum at 450
nm attributed the HBC layers (bold red line, Figure 5). This
confirms the inherently chirality and efficient transference of
chirality throughout the molecule. At higher concentrations the
spectrum evolves to show only one minimum at 520 nm
indicating that, as expected, the superstructure of the
aggregates in solution is also chiral.
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Figure 5. Circular dichroism spectrum of M-5 in dichloromethane with serial
dilutions of 2* from 5.6 x 107 M (bold blue) to 2.2 x 10°M (bold red).

The electrochemical properties of 5 were explored by cyclic
voltammetry in dichloromethane with tetrabutylammonium
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hexaflourophosphate as supporting electrolyte. Three reversible
oxidation waves were observed at 0.09, 0.40 and 0.65 V versus
a ferrocene-ferrocenium couple (Figure 6). The parent structures,
t-BuHBC and alkynyl[6]helicene M-(-)-2 were also measured
under the same experimental conditions (see supporting
information, Figures S7-S8). t-BuHBC showed one reversible
oxidation wave at 0.74 V and the helicene showed no oxidation
within the solvent window. This comparison shows unequivocally
that 5 is more easily oxidized than its constituent structures as a
consequence of the extension of the m-system. The observed
electrochemical trend nicely correlates with the computed
energy of the corresponding HOMO (the orbital from which the
electron is released): —-5.61 eV (2) < -5.21 eV (t-BuHBC) < —
4,95 eV (5), thus showing that a more stabilized HOMO (i.e.,
more negative) is translated into a higher oxidation potential.

The extension of the m—delocalization in 5 can be further
confirmed by visualizing the computed spin density in 57, the
radical cation species formed upon the first electrochemical
oxidation. As seen in Figure 7, the unpaired electron in this
species is fully delocalized over the entire m-system of the
molecule, reflecting the electronic communication between both
HBC layers in the newly prepared nanographene.
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Figure 6. Cyclic voltammetry (solid) and squarewave voltammetry (dashed)
analysis of 5 in dichloromethane at room temperature with
tetrabutylammonium hexaflurophosphate supporting electrolyte, A glassy
carbon working electrode, platinum wire counter electrode, and Ag/AgCl
reference electrode.

Figure 7. Calculated spin density of 5™ (isosurface value of 0.001 au).
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In conclusion, we have shown that the construction of HBC
layers fused to a helicene backbone is a viable and efficient
route to the syntheses of rigid, chiral, bilayer nanographene
systems. In addition, when starting from an enantiopure helicene,
the synthesis results in very little racemization, retaining a large
enantiomeric excess (93%) over three steps. With interest
growing in  bilayer graphene systems and twisted
nanographenes alike, HBNG 5 provides a molecular platform
with aspects of both thus opening the door to a new family of
synthetic double-layer nanoforms of carbon. Further work to
control the geometric relation of the layers and explore the
intercalation of metals***% is underway.
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