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Theintroduction and precise control of stereogenic elements in chemical
structuresis typically a challenging task. Most asymmetric methods

require the presence of a heteroatomin the starting substrates acting as

an anchor point for the successful transfer of chiral information. For this
reason, compounds comprising only carbon atoms, such as optically active
molecular nanographenes, are usually obtained as racemates, and isolated
by chiral chromatographic separation. Here, we report an enantioselective
strategy that uses three stereocontrolled synthetic steps to introduce and
extend three different types of stereogenic elements, namely central, axial
and helicoidal chirality, into a polycyclic aromatic structure. Thus, two chiral
nanographene layers are covalently connected through a chiral triindane
core. The final stereocontrolled graphitization Scholl reaction affords the
formation of chiral nanographene units with remarkable enantiomeric
excesses, high stereochemical stability and good chiroptical properties.

Chirality isaninherent property of objects whose importancein chem-
istry is widely recognized, as can be deduced from the considerable
development of asymmetric synthesis' . The demand for optically
active chemical compounds has expanded the realm of stereoselective
chemical tools, while the requirements of the emergent scientific fields
serve as a stimulus for further advances*.

This applies to the broad interest in chirality that has emerged in
fields such as materials science, nanoscience or organic electronics*™®.
In this regard, organic compounds of interest must have highly
m-conjugated structures and mainly consist of sp>-hybridized carbon
atoms or aromatic rings to ensure adequate optoelectronic proper-
ties, such as charge transport and/or light absorption and emission,
to name a few”'°. However, the occurrence of chiroptical properties
requires that these normally planar structures be deflected, bent or
twisted, and that the originating stereogenic elements (axial chirality
orless commonly planar chirality) can persist stably in the same system
of m-conjugated carbon atoms" ', For this reason, this type of
chirality is notably more difficult to generate and control than central
chirality: asymmetric synthesis provides only a limited number of
methodologies available for preparing carbon-based m-conjugated

chiral structures. In fact, most structures involve helicenes or arenes
with limited m-extension, while, as far as we know, there is a lack of
enantioselective methods for the non-racemic synthesis of inherently
chiral (m-extended) nanographenes'*2°,

Chiral nanographenes consist of arrays of fused aromatic rings
that are forced to diverge from their natural planar geometry into a
helical substructure because of strain stemming from stereogenic
defects”. The asymmetrical folding of these large aromatic surfaces
is such a difficult task that optically active molecular nanographenes
have so far been mostly obtained after expensive and time-consuming
high-performance liquid chromatography (HPLC) separations?.
To our knowledge, there are only a few examples of optically active
nanographenes that have been directly synthesized® . In all these
examples, chirality stems from the stereogenic axes already present
in the starting material without introducing any further stereogenic
element.

The enantioselective synthesis of all-carbon compounds, and thus
of nanographenes, faces another difficulty: most enantioselective
methods rely on the presence of heteroatoms in the reagents, which
act as a steering group on which the chiral information pivots and,
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Fig.1|Retrosynthetic scheme for the enantioselective synthesis of an all-
carbon nanographene. A two-fold inherently chiral nanographene has been
achieved involving three types of chiral elements, namely central, axial and
helicoidal, inthe backbone structure (top). The reverse transformations involve:
(3) enantiospecific Scholl oxidation coupling (stereocontrolled graphitization);
(2) enantiospecific benzylic substitution (ring closing with heteroatom
removal) and (1) introduction of chiralinformation (stereodirecting detachable
heteroatom) (bottom).

eventually, they persistinthe products. Inthe case of nanographenes,
this entails substantial changes in their optoelectronic properties.

Herein, we present an enantioselective synthesis of aninherently
chiral bilayer nanographene by precise enantiocontrol of an extended
patternof stereogenic elements generatedinthe molecular core. There-
fore, instead of peripheral chirality, central, axial (spiro group) and
helicoidal chirality have been successfully combined along the skele-
tontoachieve astable, rigid and adequately twisted structure (Fig.1).
It isimportant to note that the nanographenic substructures with
six ortho-fused rings in a helical arrangement has been achieved
asymmetrically without the need to elongate the synthetic pathway
with further steps with respect to the racemic route. Instead, we
introduced the appropriate chiral information simply by carrying
out precise enantiocontrolin three key steps of the synthesis: enantio-
selective ketone reduction followed by enantiospecific benzylic
substitution with removal of the heteroatom. Finally, an enantio-
specific Scholl reaction allowed directional bending of the
m-conjugated system, thus achieving aninherently chiral double-layer
nanographene (Fig. 1).

Our designis based on the generation of a spiranic unit with axial
chirality (yellow substructurein Fig.1). We planned an angular centro-
triindane (yellow-green structure in Fig.1)* as a stair landing between
two spiral staircases with the same handedness (red helicene substruc-
ture, Fig. 1), which would allow extending the helicoidal motif along
the skeleton of the molecular nanographene. Angular centrotriindane
has previously been synthesized only in racemic form”. Therefore,
its asymmetric synthesis has been challenging and demonstrates the
usefulness of our three-stage strategy for the enantioselective prepara-
tion of heteroatom-free spiro compounds.

For the racemic synthesis (Fig. 2, route 1) of the centrotriindane-
based nanographene, we were inspired by the work of Kuck”. Thus,
starting from 1,3-indandione, after double benzylation, Sonogashira
cross-coupling reaction and further [4+2] cycloaddition reaction with
cyclopentadienone 4, we obtained indandione 5 endowed with two
hexarylbenzene units. The reduction with LiAlH, proceeded with
excellent diastereoselectivity, yielding racemic diol 6 in a trans con-
figuration, while meso-6 was not found.

At the next stage, the helicene substructure that will impart
curvature to the final nanographene begins to form. Thus, we carried
outatwofold intramolecular Friedel-Crafts reaction with the closest
phenyl group of the polyarylbenzene moiety for ring closing of the six
ortho-fused rings. Moreover, we took advantage of this double five-
membered ring formation to remove the two oxygen atoms. Instead of
polyphosphoric acid previously used by Kuck®, we used triphenylphos-
phine ditriflate (Hendrickson reagent) to promote the nucleophilic
substitution of the two hydroxy benzylic groups by the closest aryl
group of the polyarylbenzene (Fig. 2, route 1).

During this step, a second (axial) chirality element is generated
without affording a stereoisomeric mixture (Fig. 2). Indeed, the spiro
system in centrotriindane 7 is formed diastereoselectively to avoid
trans junctions in the fused five-membered rings and, therefore, its
configuration stems from the configuration of the starting stereo-
genic centres (Fig. 2). Thus, a sole diastereomer 7 is formed as a pair
of enantiomers with R,R,R, or S,5,S, configuration in the two stereo-
genic centres and in the axially chiral spiro carbon, respectively (Fig. 2,
route 1). The structure of 7 has been confirmed by X-ray analysis of a
racemic sample (Supplementary Fig. 8).

Finally, racemic mixture 7 was submitted to dehydrogenative
Scholl reaction conditions, affording molecular nanographene 1
featuring two connected helicoidal substructures of [5+1] rings.
Despite the generation of two other chiral elements, the reaction took
place diastereoselectively, affording a sole nanographene 1 as a pair
of enantiomers with (§,5,5,,M,M)-1and (R,R,R,,P,P)-1 configurations.
The final structure, which has been assigned by NMR spectroscopic
analysis, was confirmed by X-ray diffraction of a racemic sample
(Supplementary Fig. 14). To our delight, it could be visualized as a
double helicene structure with the same handedness connected by
anindane moiety.

Onobtainingthe racemic nanographenel, we sought tofindastep
inthis synthesis that could be stereoselectively directed and that would
allow us tointroduce the necessary chiralinformation. Thus, we turned
our attention to the enantioselective reduction of ketones, which has
proved to be an efficient way to form chiral alcohols. However, the enan-
tioselective reduction of indandione 5is not a trivial process because
itinvolves a twofold asymmetric reduction of two neighbouring and
electronically connected carbonyl groups along with a quaternary
carbon in the a position, which hinders both reduction and stereo-
control processes. Infact, many of our attempts based on the reported
asymmetric hydrogenation methods were unsuccessful in reducing
1,3-indandione (Supplementary Table 1)**"*2, An exception was the
Corey-Bakshi-Shibatareduction, whichis based on the use of boranein
the presence of achiral oxazaborolidine***. However, commonly used
catalysts, such as (S)-ortho-tolyl- or methyl-oxazaborolidine instead
of trans-6 diol, yielded cis-6 diol, which, being a meso compound, is
useless for performing an enantioselective pathway.

Given the ability of borane toreduce1,3-indandione and the ease
of forming these catalysts from inexpensive and readily available
derivatives, such as prolinol and boronic acids, we screened other
oxazaborolidines. To our delight, we found that p-methoxyphenyl
oxazaborolidine (pMPOAB), used in large excess, was able to direct
the asymmetric reduction towards both trans diols in around 70:30
[trans-6:meso-6] diastereomeric ratio and as sole enantiomer (enantio-
meric excess (e.e.) > 97%; Fig. 2, routes 2 and 3). We hypothesized that
the observed low diastereoselectivity is a consequence of the second
addition, now occurring on a more reactive chiral substrate, which,
eventually, directs the reduction to the opposite face with respect to
that of the catalyst, thus resulting in the meso compound. The presence
of electron-donating groups, such as methoxy, in the arene should
favour the interaction of the arene 1t system with the empty boron
p.orbital, thus enabling a larger amount of complex formation by a
stronger interaction between the oxazaborolidine nitrogen and the
borane molecule.
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Fig.2|Sequential steps for the synthesis of centrotriindane-based (R,R)-6, respectively. ¢, Enantiospecific benzylic substitution with heteroatom
nanographenel. a, Preparation of bis-hexarylbenzene starting material. removal; both racemic as well as enantiopure indandiols 6 undergo an
b, Introduction of chiral information by the generation of two stereogenic enantiospecific ring-closing reaction. d, Enantiospecific Scholl oxidation gives
centres; the reduction ofindandione 5 using LiAIH, (racemic, route 1) affords rise to astereocontrolled graphitization, maintaining the chiral information
diastereoselectively diol trans-6 as a racemic mixture, while Corey-Bakshi- of triindane 7 starting material. PAB, penta(p-tert-butylphenyl)benzene; DCM,
Shibata reduction with borane and (S)-oxazaborolidine (based on natural dichloromethane; DDQ, 2,3-dichloro-5,6-dicyano-p-benzoquinone; r.t.,room
prolinol, route 2) or (R)-oxazaborolidine (route 3) affords indandiol (§,5)-6 or temperature.
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(S.R)

Fig. 3| Single-crystal X-ray structures for compound 6. a, X-ray structure of
(5,5)-6 obtained with chiral oxazaborolidine (S)-pMPOAB. b, Simplified structure
of1,3-indandiol core of (S,5)-6. ¢, X-ray structure of meso-6. d, Simplified
structure of 1,3-indandiol core of meso-6.

In this way, both enantiomers have been easily prepared. The
configuration (S,5)-6 was assigned to the enantiomer obtained when
(5)-oxazaborolidine (based on natural prolinol) was used. This assign-
ment has been carried out on the basis of X-ray diffraction analysis
(Fig.3aand Supplementary Fig. 2), as well as on the sense of the asym-
metricinduction (Re face) reported in the literature®-*,

Once generated, the new stereocentres must be preserved in
the next synthetic step, where the same benzylic stereogenic carbon
atoms are involved in the ring closure by nucleophilic substitution of
the two hydroxyl groups. This S\1 reaction takes place through the
formation of astabilized benzylic carbocation with complete racemiza-
tion. Much effort hasbeen devoted to controlling the stereochemistry
of such carbon atoms. However, as far as we know, it has only been
achieved in a few transformations, and never when a carbon atom is
engaged as anucleophile in the reaction®?,

Thus, we turned our attention to a Friedel-Crafts-type benzyla-
tion of arenes mediated by triphenylphosphonium anhydride trifluo-
romethanesulfonate (Hendrickson reagent)®. The synthetic challenge
was to ascertain whether such a reagent would allow enantiospecific
cyclization via carbon-carbon bond generation in a Mitsunobu-type
reaction without loss of chiral information.

Each enantiomer was further submitted to intramolecular
Friedel-Crafts reaction with the benzylic hydroxyl group, to afford
two five-membered rings along with the generation of another chiral
unit in the new spiro system (Fig. 2, routes 2 and 3). Remarkably, this
twofold cyclization, where two new C-C carbon bonds are formed, was
fully enantiospecific. Thus, triindanes (R,R,R,)-7 and (§,S,S,)-7 were
obtained fromdiols (R,R)-6 and (S,5)-6, respectively, in both cases with
e.e.>97% (Fig.2,routes 2and 3).

These exceptional e.e. values can be explained either by the pres-
ence ofasecond stereogenic centrein the proximity, or by the ability of
thetriphenylphosphonium salt (Hendrickson reagent) to prevent the
formation of benzyl carbocationsin the reaction with diols 6.

Ononehand, nolossof optical purity is observed, evenwhenaweak
nucleophile, such as the arene group, is involved. On the other hand,
we observed complete inversion of configuration at the substituted
carbons, which could be accounted for by a Mitsunobu-type S,2 sub-
stitution reaction. The absolute configuration of the two stereogenic
carbons involved in the substitution has been confirmed by X-ray
analysis of the final nanographenes. The fact that the configuration of

these carbons does not apparently change in the presence of a configu-
ration inversion is due to the formalisms of the Cahn-Ingold-Prelog
priority rules.

Itis worth noting that this methodology enables the asymmetric
synthesis of two important classes of chiral organic compounds,
namely spiro compounds®® and hexarylbenzenes (HABs), with their
less-common features of ‘toroidal interaction’ owing to the electronic
coupling of r-orbitals of peripheral aromatic rings®.

Asexpected, X-ray analysis of HABs (§,5)-6 and rac-7 (Supplemen-
tary Figs. 2, 6 and 8) reveals the presence of propeller-shape structures
featuring radial aromatic blades twisted with respect to the central
benzene core. Interestingly, the resulting stereogenic elements do
not appear to generate a sole propeller chirality in the crystals. In
fact, the two HABs present in each molecule exhibit both clockwise
and anticlockwise handedness, even in (§,5)-6 chiral crystals (Fig. 3
and Supplementary Figs. 2, 6 and 8). The stereoselectively generated
enantiomers of the hexarylbenzenes 7 were subjected to dehydrogena-
tive oxidation Scholl reaction conditions, affording the final nanogra-
phene1, which was asymmetrically curved. Indeed, the presence of the
three chiral elements directed the intramolecular oxidative coupling,
generating, in an enantiospecific manner, two helicene substructures
formed by six ortho-fused rings, which ensure a stable configuration.
Thus (R,R,R,,P,P)-1and (S,S,S,,M,M)-1were obtained from (R,R,R,)-7
and (§,S,S,)-7, respectively, with enantiomeric excess values surpassing
97%, thus confirming the complete enantiospecificity of the process
(Fig. 2, routes2and 3).

Our design enables the enantioselective synthesis of amolecular
nanographene in a very high enantiomeric excess. This experimental
finding can be rationalized considering that the chiral information
introduced in the indandiol (§,5)-6 is maintained during the two-fold
substitution of the OH groupsin the ring-closing process at the benzylic
carbonatoms. Although other mechanisms cannot be ruled out, apos-
sible mechanism involves the nucleophilic attack of the arene in the
Friedel-Craftsreaction occurring on the opposite side to the outgoing
phosphine oxide group, thus preventing the formation of abenzyl car-
bocationinaMitsunobu-type process (Fig. 4a). X-ray crystallographic
analysis of the enantiomerically pure nanographene 1 confirms the
inversion of configuration at the two benzylic carbon atoms (Fig. 5a).

Regarding the stereoselective formation of the two helical
substructures that feature the same handedness, M,M or P,P, this
stereochemical outcome depends on which of the two benzenes
(Fig. 4b, orange- or blue-labelled phenyl group) binds the adjacent
indene group. Ifwe consider the polyarylbenzene unitinsuch away that
the peripheral aryl groups are orthogonal to the central benzene, the
nucleophilic attack of the orange-labelled aryl on the left (Fig. 4b) to
theSiface oftheindenegroupin (S,S,S,)-7is favoured, while the Reface
isshielded from the startingindane moiety (Fig.4b). Thus,adouble M
configurationis generated in the two nanographeniclayers, while the
(S,S,S,,P,P)-1stereoisomer has not been observed.

Two crystal structures were solved by single-crystal X-ray dif-
fraction for compound 1. The enantiopure crystal contains two
(8,5,S,,M,M)-1moleculesinthe asymmetric unit, with small conforma-
tional differences (Supplementary Figs. 11and 15). Inthese molecules,
the two hexabenzocoronene (HBC) fragments are highly twisted, with
the shortest distance between centroids fromringsin opposite layers
of 7.743 A (between the distal ones). The packing of the molecules
in the crystal is achieved by C-H---mt and Tt---1t interactions between
neighbours in the [010] direction (Fig. 5a). In the case of the racemic
crystal of rac-1(Fig. 5b), containing both (§,S,S,,M,M) and (R,R,R,,P,P)
molecules, the asymmetric unit contains half a molecule, as the mol-
ecule is located around a rotation two-fold axis. The conformation
of the molecule is very similar to the one found in the enantiopure
crystal (Supplementary Fig.15). However, the overall structure is more
compact dueto more efficient packing of the alternating enantiomers
within a column, owing to the better overlap of the rings at the end of
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Fig. 4 |Synthetic steps transferring chiral information. a, A Mitsunobu-like
S\2reactionis a plausible mechanism for the observed stereochemical resultsin
the Hendrickson reaction for (S,S)-6. As shown by X-ray crystallographic analysis
of (5,5,5,,M,M)-1, there is an inversion of configuration for the two stereogenic

centres of the indane moiety (green). b, A plausible mechanism for the observed
enantiospecificity in the Scholl reaction for (S,S,S,)-7 is based on the effect of the
indane closest to the reaction centre hindering the nucleophilic attack of the
adjacent phenyl group (purple) from the Re face.

the nanographenelayers, yielding shorter distances between adjacent
molecules (Supplementary Figs. 14 and 16).

Absorption and emission spectroscopy was performed to
characterize the electronic properties of 1. These spectra have been
compared to those of the hexa-tert-butyl-hexa-peri-hexabenzocor-
onene (:-BuHBC) as areference. Thus, the absorption spectrum of 1
resembles that of t-BuHBC, having the highest band at 361 nm, with
ashoulder at 323 nm. In the visible region, two bands at 418 nm and
467 nm of lower intensity are observed. The emission spectrum of 1
shows amaximumat469 nm, and two bands at 500 nmand 534 nmas
the main features. According to the emission wavelength observed,
nanographene 1 emits a vivid blue fluorescence as a consequence of
the electron quantum confinement in these systems (Fig. 6a).

Having obtained the absolute configuration by X-ray spectro-
scopic analysis, we can associate the chiroptical responses in absorp-
tion and emission to the absolute configuration of each enantiomer.
Moreover, the chiroptical behaviour is similar to that observed for
related structures based on double [6]helicenes*® 2.

The electronic circular dichroism of both enantiomers shows
the expected mirror image shape, with two main bisignate signals at
328 and 375 nm (Fig. 6b). Atlarger wavelengths, (R,R,R,,P,P)-1shows a
low-intensity peak with negative sign at 470 nmand a positive peak of
medium intensity at 420 nm. With regard to the circularly polarized

luminescence spectra, the sign is the same as the 470 nm peak of
the electronic circular dichroism spectra: positive for (§,5,S,,M,M)-1
and negative for (R,R,R,,P,P)-1 with a maximum at 474 nm and a
Zium = 1.9 x 107 (Fig. 6¢). Circularly polarized luminescence bright-
ness (Bcp ) was also calculated at an excitation wavelength of 373 nm,
resulting in Bep, =16.7 M'cm™. These experimental values are in the
same range as that for other related systems* .

To sum up, we have reported the enantioselective synthesis of
a two-fold chiral molecular nanographene obtained at will in both
enantiomeric forms, namely (R,R,R,,P,P)-1and (S,S,S,,M,M)-1, without
employing chiral starting materials or expensive and time-consuming
chiral HPLC separation. Both enantiomerically pure nanographenes
have been obtained by a precise enantiocontrol from a sequential
introduction of stereogenic elements generated along their respective
synthesis, namely central, axial (spiro group) and helicoidal chiral-
ity. Although, the chiral information is introduced using an oxygen
atomassteering group in a double enantioselective ketone reduction,
heteroatom removal has been exploited inthe subsequent ring-closing
synthetic step. Indeed, a quite uncommon enantiospecific double
substitution of two OH groups at chiral benzylic carbon atoms hasbeen
carried outinaMitsunobu-type reaction with aless-explored carbon-
based aromatic nucleophile. Anenantiopure triindane spirocompound
has thus been obtained with complete inversion of configuration at
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Fig. 5| Single-crystal X-ray structures for compound 1. a, Molecular structure and packing of enantiopure nanographene (S,S,5,,M,M)-1. b, Enantiomers present in

the crystal structure of Rac-1(left, (R,R,R,,P,P); right, (5,S,S,,M,M)).

the benzylic carbon atoms. The chiral information has been retained
up to the final molecular nanographene1, thanks to a complete enan-
tiospecific graphitization Scholl reaction, where the formation of six
ortho-fused rings introduces the last helicoidal stereogenic element
directly into the core of the extended mt-conjugated system.

As aresult of this inherent chirality stemming from the nano-
graphene core, both enantioselectively obtained enantiomers
(R,R,R,,P,P)-1and (§,5,5,,M,M)-1 exhibit intense specular circular
dichroism. Eachcircular dichroism spectrum has been unambiguously
assigned to each enantiomer as aresult of full characterization by X-ray
diffraction analysis from a suitable single crystal of the (S,S,S,,M,M)-1
enantiomer.

This approach is a useful synthetic strategy that paves the way
to access other chiral heteroatom-free hydrocarbons, such as spiro
compounds, and, in particular, enables the enantioselective synthesis
of chiral all-carbon molecular nanographenes.

Methods

General procedure for the synthesis of Corey-Bakshi-Shibata

pMPOAB oxazaborolidine

In around-bottom flask provided with a magnetic stir bar, (S)-(-) or
(R)-(+) a,a-diphenyl-2-pyrrolidinemethanol (1 equiv., ~0.089 M) and
4-methoxyphenylboronic acid (1 equiv., ~0.089 M) and anhydrous
toluene were placed under an Ar atmosphere. A 50 mladdition funnel
provided with activated 4 A molecular sieves was placed in the neck of
the flask, acting as aSoxhlet extractor to dry out water from the system.
The mixture was stirred and heated to reflux under an Aratmosphere

overnight (-16 h). The solvent was reduced to concentrate the catalyst
solutionto~3 ml(-0.75 M) and stored in an Ar atmosphere before using.

General procedure for the enantioselective reduction of
1,3-indandione derivative (5) with Corey-Bakshi-Shibata
pMPOAB oxazaborolidines

Toasolutionof either (S)-(-) or (R)-(+) pMPOAB intoluene (-0.75 M), a
solution of BH,-THF in THF (1 equiv.) was added at room temperature
under an Ar atmosphere. The mixture was stirred for 30 min to form
the catalytic complex, to which the 1,3-indandione derivative 5 was
added (0.04 equiv.). The reaction was stirred at room temperature
upon completion, cooled inanice bath and diluted with diethyl ether
before adding water in a dropwise manner to quench it. The mixture
was then washed with a HCI 0.1 M solution and water. The organic
phase was dried with MgSO, and the solvent removed under reduced
pressure. The crude—a mixture of two diastereomers—was purified by
silica gel column chromatography using hexane:DCM (5:1) as eluent.

General procedure for the enantiospecific ring-closing
reaction

The Hendricksonsalt was preparedinaregular dried vial provided with
amagnetic stir bar, where freshly distilled trifluoromethanesulfonic
anhydride (1 equiv.) was added to a solution of triphenylphosphine
oxide in anhydrous DCM (2 equiv., ~0.17 M) at 0 °C. The mixture was
stirred for 20 min, upon complete formation of a white precipitate.
The white precipitate was quickly added to asolution of a trans-1,3-in-
dandiol derivative (trans-6, (S,5)-6 or (R,R)-6) in anhydrous DCM
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Fig. 6 | Optical and chiroptical spectraof nanographenel. a, Normalized
absorption and emission spectra for nanographene 1 compared to ¢-BuHBC

(CHCI;, 20 °C) (inset: fluorescence of 1solution in CHCI; under a365 nm lamp).

b, Circular dichroism absorption spectra (solid lines) for both enantiomers
(S,S5,S,,M,M)-1(inred) and (R,R,R,,P,P)-1(in blue) (CHCIl;, 20 °C,10 puM) and
absorptive dissymmetry factor (g,,;) (dashed lines). ¢, Circularly polarized
luminescence spectra (solid lines) of (§,S,S,,M,M)-1 (inred) and (R,R,R,,P,P)-1
(inblue) and luminescence dissymmetry factor (g,,,) (dashed lines)

(Aexe =390 Nnm, CHCl,, 20 °C, -1 pM).

(c.0/*®B

(c.0n/“™8

(0.5 equiv., ~0.02 M), also at O °C under Ar atmosphere, stirring the
reaction mixture for 30 min. The reaction was then quenched with
a saturated solution of NaHCO;, diluted in DCM and washed with
more NaHCO, solution and water. The organic phase was dried with
MgSO0, and the solvent removed under reduced pressure. The crude
was purified by silicagel column chromatography using hexane:DCM
(5:1) aseluent.

General procedure for the enantiospecific Scholl reaction

To a solution of a triindane derivative (rac-7, (S,S,S,)-7 or (R,R,R,)-7)
in anhydrous DCM (1 equiv., ~0.7 mM) and DDQ (11 equiv.) at =78 °C
under Ar atmosphere, trifluoromethanesulfonic acid was added
(110 equiv.). The mixture was stirred for 90 min at —=78 °C with an Ar
flow. The reaction was then quenched with a saturated solution of
NaHCO;, warmed up to room temperature and washed with more
NaHCO; solution and water. The organic phase was dried with MgSO,,
and the solvent removed under reduced pressure. The diastereose-
lectivity of the reaction was monitored by 'H NMR of the crude. Chiral
bilayer nanographene derivatives (rac-1, (S,S,S,,M,M)-1or (R,R,R,,P,P)-1)
were purified by silica gel column chromatography using hexane:DCM
(10:1) as eluent. Enantiomeric excesses of (S,S,S,,M,M)-1or (R,R,R,,P,P)-1
were monitored through chiral HPLC. HPLC analyses were performed
on a JASCO LC-4000 series equipped with a UV-visible and CD
detector. Control method required (R,R) Whelk-O 2 (5 pm, 25 cm x
4.6 mminternal diameter) as HPLC analytical column/chiral stationary
phase; Hex:THF:IPA (98:1:1) as mobile phase; 0.5 ml min™ flow; a40 °C
oventemperature; and wavelength detector was set at A =254 nm.

Data availability

All the data generated or analysed that support the findings of this
study are included in this article and its Supplementary Informa-
tion. Crystallographic data for the structures reported in this Article
have been deposited at the Cambridge Crystallographic Data Centre,
under deposition numbers CCDC 2278583 ((S,5)-6), 2278584 (meso-6),
2278585 (rac-7), 2278586 ((S,S,S,,M,M)-1) and 2278587 (rac-1). Copies
of the data can be obtained free of charge via https://www.ccdc.cam.
ac.uk/structures/. Source data are provided with this paper.
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