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of Chemistry Interest in making chiral polycyclic aromatic hydrocarbons (PAHs) or nanographenes (NGs) has greatly

increased recently. To date, a majority of chiral nanocarbons have been designed based on helical
chirality. Here, we describe a novel atropisomeric chiral oxa-NG 1 by the selective dimerization of
naphthalene-containing, hexa-peri-hexabenzocoronene (HBC)-based PAH 6. The photophysical
properties of the oxa-NG 1 and monomer 6 were investigated, including UV-vis absorption (Amax =
358 nm for 1 and 6), fluorescence emission (Aem = 475 nm for 1 and 6), fluorescence decay (15 vs. 16
ns), and fluorescence quantum yield, and it was found that the photophysical properties of the monomer
are nearly maintained in the NG dimer due to its perpendicular conformation. Single-crystal X-ray
diffraction analysis shows that both enantiomers cocrystallize in a single crystal, and the racemic mixture
can be resolved by chiral high-performance liquid chromatography (HPLC). The circular dichroism (CD)

R 413t N ber 2022 spectra and circularly polarized luminescence (CPL) of the enantiomers of 1-S and 1-R were studied and
eceive th November L . . . )
Accepted 20th February 2023 the CD and CPL spectra exhibited opposite Cotton effects and fluorescence signals. Density functional
theory (DFT) calculations and HPLC-based thermal isomerization results showed that the racemic barrier
DOI: 10.1039/d2sc06244e is as high as 35 kcal mol™, suggesting a rigid chiral nanographene structure. Meanwhile, in vitro studies

rsc.li/chemical-science indicated that oxa-NG 1 is an efficient photosensitizer for white-light-induced singlet oxygen generation.
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Introduction

Due to their attractive three-dimensional structures, intriguing
optoelectronic properties, and broad applications in organic
electronics, contorted polycyclic aromatic hydrocarbons (PAHs
or nanographenes, NGs) have received considerable attention in
recent decades." In particular, the introduction of chirality in
the synthesis of contorted PAHs or NGs by a bottom-up
approach leads to interesting chiral hydrocarbons and tunable
chiroptical nanomaterials.> Among these chiral NGs, helicenes
represent the dominant class of compounds by virtue of their
inherent helical chirality.® Strategically, the inherent helicity
can be constructed by the introduction of crowdedness by bulky
substituents in the bay, cove, or fjord regions in the PAHs or
NGs* or strain-induced curvature by the incorporation of non-
hexagonal rings or helical units.®

As a conventional NG unit, hexa-peri-hexabenzocoronene
(HBC) and its derivatives have continuously been intensively
researched.® Recently, HBC-based helical chiral NGs have been
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developed by using the aforementioned strategy in their
“monomer”®*” or m-extended forms.* For example, several
chiral “HBC-dimers” with helical conformations have been
synthesized. As shown in Fig. 1a, by embedding an oxa[7]heli-
cene unit as a linker, Jux et al. reported a helical “HBC-dimer” as
a circularly polarized luminescence chromophore.® Martin et al.
constructed chiral bilayer nanographene with a [10]helicene
unit fused in an “HBC-dimer” (Fig. 1a)."* Campaia et al. and
Wang et al. reported helical HBC dimers with single or pairs of
[5]helicene (Fig. 1a), substituted with ter¢-butyl groups at the
two ends of the fjord region.*”'* In addition to the introduction
of nonhexagonal rings, Feng and Liu's groups reported HBC-
based helical nanographenes containing an azulene-
embedded helicene.” In addition to helicity, axial chirality
which refers to the chiral molecules that contain a chirality axis
- an axis about which a set of groups is arranged so that the
spatial arrangement is not superimposable on its mirror image
is less utilized in the construction of chiral NGs. As the only
example to date, Martin et al. recently reported a helical
arrangement, chiral nanographene bearing a chiral axis along
the whole molecule.” Their helical arrangement stems from
a chiral axis.

As the best-known representative of axially chiral molecules,
enantiomeric atropisomers of 1,1-binaphthyl-2,2"-diol (BINOL)
(Fig. 1) as chiral auxiliaries have been extensively investigated in
asymmetric synthesis and enantioselective fluorescence
sensors.” Due to their accessibility and relatively high rota-
tional barriers, some BINOL derivatives with extended

© 2023 The Author(s). Published by the Royal Society of Chemistry
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This work: BINOL-Nanographene

Fig. 1 (a) Representative structures of helical "HBC-dimer”. (b)
Structure of S-atropisomer of BINOL, with nomenclature of S,
(subscript indicating an axial chirality). (c) BINOL-like oxa-nano-
graphene 1 (only the S-form enantiomer of 1 is shown).

Scheme 1 Synthetic route to oxa-nanographenes 1 and 6. Reagents
and conditions: (a) toluene, 110-120 °C, 20 h. (b) DDQ (2.0 equiv.),
DCM, toluene, rt, 30 min, yield 81%. (c) 4-tert-butylphenylboronic acid,
Pd(CHsCN),Cl, (20%), SPhos (40%), KsPO4, Xylene, 150 °C, 72 h, yield
85%. (d) DDQ (5.0 equiv.), CF3SOzH (13.0 equiv.), DCM, 0 °C, yield 64%.
(e) DDQ (2.0 equiv.), CF3SO3sH (6.0 equiv.), DCM, 0 °C, yield 55%. (f)
DDQ (6.0 equiv.), CFzSOsH (33.0 equiv.), DCM, 0 °C, yield 60%.

conjugation have been prepared® and the enantiomeric BINOL
derivatives, which also served as chiral inducers or transfer
scaffolds, were introduced into the hydrocarbons to create
diverse chiral materials.'**® For instance, by the introduction of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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chiral binaphthyl scaffolds, different chiral carbon nanorings or
macrocycles were prepared as circularly polarized luminescence
(CPL) emitters.”® Quite recently, Wiirthner et al. reported
a helical perylene bisimide (PBI) by combining an axially chiral
binaphthol bisimide (BBI), in which the BBI serves as a chirality
transfer unit to generate helical twisted PBL."” The Melle-Franco
and Mateo-Alonso groups also created chiral molecular gra-
phene nanoribbons by adding enantiomerically pure 1,1-
binaphthyl-2,2"-diamine (BINAM) precursors at both ends of the
nanoribbons, and the axial chirality of BINAM was transferred
to the aromatic framework to generate a helical conformer.*®

Herein, we report BINOL-like chiral
nanographene 1 with a “BINOL” core fused to a “HBC-dimer”
by selective dimerization of the oxygen-doped HBC units
(Fig. 1b and c).

It is an unprecedented atropisomeric chiral nanographene
with chirality stemming from an axially chiral “BINOL”.
Compared to HBC, the introduction of oxygen electronically
activates the dimerization of the oxygen-doped monomer to
form the HBC-dimer. Single-crystal X-ray analysis unequivocally
reveals a pair of atropisomers in the racemic structures. The
photophysical and chiroptical properties, including UV-vis,
fluorescence spectra, circular dichroism (CD), and circularly
polarized luminescence (CPL), were well investigated. Compu-
tational calculation and HPLC-based thermal isomerization
results suggest that the racemization barrier of oxa-NG 1 is
much higher than that of 1,1-binaphthyl, and comparable to
that of BINOL, which gives a rigid chiral oxa-nanographene
structure.

a novel oxa-

Results and discussion
Synthesis of oxa-nanographene 1

The synthetic route for oxygen-embedded NG 1 is depicted in
Scheme 1 (for synthetic details refer to Scheme S1t). In brief,
benzo[b|naphtho[2,3-floxepine 2 containing naphthalene was
synthesized as a monomer of binaphthyl. The Diels-Alder
reaction of structure 2 with tetrabromothiophene-S,S-dioxide 3
in toluene followed by oxidative aromatization in the presence
of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) afforded
tetrabrominated aromatics 4 in 81% yield. Subsequently,
a fourfold Suzuki-Miyaura cross-coupling of polybrominated
compound 5 was performed in the presence of 20 mol%
PdCl,(CH3CN),, 40 mol% SPhos, excess boronic acid, and
K3PO,, affording hexaphenylbenzene 5 in 85% yield. Then, the
Scholl-type cyclodehydrogenation of compound 5 was carried
out in DDQ/CF3SO3;H in DCM. When 5 equiv. of DDQ was added
at 0 °C, the five-fold cyclization product 6 was obtained within
1 min in a 64% yield. The final step was the dimerization of
compound 6 by reaction with dichlorodicyano-p-benzoquinone
(DDQ) in the presence of triflic acid at 0 °C, which provided
dimer 1 in 55% yield. Notably, only an aryl-aryl single bond at
the b position was formed due to the electron donation of
oxygen at the electron-rich naphthalene ring. Typical oxidative
coupling conditions of 2-naphthol for BINOL synthesis such as
FeCl; (ref. 19) or CuSO,4/Al,O; (ref. 20) were not feasible for the
synthesize of NG 1 by dimerization of the naphthalene
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Fig. 2 Partial *H NMR spectrum (CDCls, 22 °C) and the structure with
assigned protons (proton 1-8) of NG 1. The red and blue numbers
suggest two spin—spin coupling systems. Representative NOEs are
depicted by red arrows.

derivative 6. To our delight, by increasing the reagents, pro-
longing the reaction time, and enhancing the reaction
concentration, dimer 1 could be obtained directly from
compound 5 in 60% yield in one step.

Due to the crossed conformation of the aromatics at the end
of the aryl-aryl single bond, oxa-NG 1 shows good solubility in
common organic solvents such as DCM, chloroform, ethyl
acetate, and benzene. Hence, structure 1 was unequivocally
characterized by "H NMR, ">C NMR, and 2D-NMR spectroscopy
and HRMS (Fig. S12-S14%). In high-resolution matrix-assisted
laser desorption/ionization-time-of-flight mass spectrometry
(MALDI-TOF MS), structure 1 displayed a strong signal at m/z =
1622.7792, with isotopic distribution patterns consistent with
the calculated spectrum (Fig. S157). The "H NMR spectrum of
dimer 1 indicates that the two monomer units showed identical
signals with each other in the dimeric structure 1 (Fig. 2). The
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two groups of spin-spin coupling protons 1-3 and 5-8 were
unequivocally confirmed by 2D 'H-'H COSY and ROESY
(Fig. S13 and S14t). A nuclear Overhauser effect (NOE) between
protons 3 and 4 was observed in the "H-'"H ROESY spectrum
(Fig. S14t). Collectively, protons 1-8 are assigned in Fig. 2.
Notably, the chemical shifts of the protons in the O-connected
benzene ring were shifted upfield to approximately 6.5 ppm
for proton 2 and 6.1 ppm for proton 1 due to the electron-
donating resonance effect of oxygen and the shielding effect
induced by spatial overlap with adjacent aromatic rings. Inter-
estingly, structure 1 showed signal broadening for some
protons in the axial single bond area (for example, protons 1, 2,
3, and 5). This phenomenon was presumably attributable to the
restricted rotation of the axial aryl-aryl single bond of
binaphthyl.

Crystallographic analysis of rac-1

Single crystals of oxa-nanographene 1 suitable for X-ray analysis
were obtained by recrystallization from dichloromethane/ethyl
acetate mixed solvents (Table S1t). The X-ray crystallographic
analysis, shown in Fig. 3, revealed an “HBC-dimer”, chiral
construction in which two oxygen-doped HBC derivatives were
connected through an axial aryl-aryl single bond (C18-C18’).
rac-1 crystallizes in the C12/c1 space group as a 1:1 racemic
mixture. The 1-R and 1-S enantiomers display a complete mirror
symmetry with BINOL-like axial chirality (Fig. 3a). The two
naphthalene-containing aromatics are almost vertical with an
88° torsional angle between the naphthalenes (C19-C18-C18'-

Fig. 3 X-ray crystallographic molecular structure of NG 1 with a 50% thermal ellipsoid probability.?* Hydrogen atoms are omitted for clarity. (a)
ORTEP drawing of the asymmetric atropisomers of oxa-NG 1. The binaphthyl unit is highlighted in blue and the oxygen is highlighted in red in
both the R and S enantiomers. (b) Backbone of oxa-NG 1 with carbons and bond lengths marked. (c) Molecular packing of racemic oxa-NG 1; the
top layer is the S conformation and the bottom layer is the R conformation.
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C19) in structure 1, which is 9° larger than that of the original
BINOL (79.2° torsional angle).?> The aryl-aryl single bond is
1.514 A, 0.02 A longer than BINOL (1.494 A bond length). The
larger torsional angle and prolonged single-bond indicate the
higher degree of torsion of structure 1 than that of BINOL. Due
to embedding an oxepine seven-membered ring, each monomer
of the O-doped HBC derivative displays a distorted saddle
conformation (Fig. 3b) and structure 1 itself also forms a great
saddle shape (Fig. 3c). The length of the saddle, defined as the
distance between carbons C38 and C38’, is approximately 2 nm;
thus, the depth of the saddle is approximately 0.5 nm. rac-1 is
stacked in an alternating manner to form pairs of enantiomers
through 7— interactions with a -7 distance of 3.6 A between
each enantiomer (Fig. 3¢ and S17).

Determination of the racemization barrier

With the confirmation of the atropisomers in the X-ray analysis,
we evaluated the S/R racemization barrier of oxa-NG 1. Density
functional theory (DFT) calculations with the relative Gibbs free
energy at the M06-2X/6-31G** level were performed to identify
the transition state. A plausible isomerization pathway between
the two enantiomers was proposed to proceed through a tran-
sition state with the two oxygen atoms and naphthalene rings in
the syn conformation and the torsional angle for the binaphthyl
scaffold decreasing to approximately 3° (Fig. 4 and S197).

Accordingly, the S/R isomerization barrier was determined to
be 37.0 kecal mol .

Due to the high isomerization barrier, both enantiomers of
compound 1 could be completely resolved and purified by chiral
high-performance liquid chromatography (HPLC). To experi-
entially determine the isomerization barrier, thermal racemi-
zation of optically pure 1-R was performed followed by chiral
HPLC analysis (Fig. S31). HPLC traces of the samples after
heating in 1,2-dichlorobenzene at 170 °C exhibited a clean
transformation from the 1-R to the 1-S isomer, suggesting high
thermal stability. The half-life (z,,,) for the loss of enantiomeric
excess was determined as 4 h at 170 °C. This gives a AG* (443 K)
of 35 kcal mol " using the Eyring equation, which is consistent
with the computational result. This isomerization barrier is
much higher than that of 1,1-binaphthyl, and comparable to

Fig. 4 Activation barrier for the isomerization process between S and
R in units of kcal mol™ at the M06-2X/6-31G** level of theory.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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that of BINOL,"** indicating a high degree of optical stability of
the pure enantiomers and the m-extension barely affected the
atropisomerism of the binaphthyl framework.

Photophysical and chiroptical properties

The photophysical and chiroptical properties were investigated
for racemic oxa-NG 1 and each optically pure enantiomer. As
shown in Fig. 5a, the absorption maxima of compound 1
appeared at 360 nm (¢ = 1.7 x 105 M~ cm ') with multiple
shoulder peaks at 283 nm, 329 nm, 342 nm, 373 nm, 406 nm,
and 427 nm. This low-energy band is mainly dominated by
HOMO — LUMO + 1 and HOMO — LUMO at 367.4 nm (Fig. 5b,
gas phase). Monomer 6 exhibited an identical absorbance shape
to that of 1 with a decreased molar extinction coefficient (¢ = 7.6
x 10* M~' em™" at 360 nm) in comparison with that of 1.
Concentration-dependent absorbance showed that the intensity
maintained a linear relationship and no new peaks were
observed, suggesting that no aggregates or exciplex were formed
at higher concentrations for either 1 or 6 (Fig. S4t). Meanwhile,
the fluorescence spectra of 1 and 6 were almost the same, with
two shoulder emissions at 474 and 504 nm and a tailing peak at
around 537 nm (Fig. S51). Moreover, similar fluorescence decay
profiles for 1 and 6 were also observed with 15-16 ns fluorescent
lifetimes (Fig. S5T). The similar optical properties of dimer 1
and monomer 6 indicate that a minimum conjugated structure
formed between the two monomers after dimerization due to

(a)

3%105—

2x105

1%105- 7

Ae M "em™

Ae M em™

T T
300 400

(b)

367.43 nm

HOMO LuUmo

f=02162

Fig. 5 (a) (Top) UV/vis absorption of 1 (green line) and 6 (red line).
(Bottom) ECD spectra of 1-S (green line) and 1-R (cyan line). (b) TD-
DFT calculated HOMO and LUMO orbitals and information of the TD-
DFT calculated energy transition.
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Fig.6 ROS or singlet oxygen generation by using oxa-nanographenes
1 and 6 as photosensitizers. (a) Schematic illustration of the generation
of reactive oxygen species (ROS) or singlet oxygen by the photo-
sensitizing process. (b) Time-dependent fluorescence changes of the
fluorescence probe DCFH upon white-light irradiation coexisting with
NGs 1 and 6 (left). And normalized absorbance of DPBF (50 uM) at
411 nm in the presence of compound 1 (25 uM) or 6 (25 uM) upon
white-light irradiation as a function of irradiation time (right).

the perpendicular conformation of atropisomerism. The
specific optical rotation for (—)-1 and (+)-1 was found to be [«]25
D = —270 and +280 (1.0 mg mL ™" at 25 °C, Fig. S21) and their
electronic circular dichroism (CD) spectra demonstrated
a perfect mirror-image relationship with multiple opposite
Cotton effects in the UV/vis region from 200 to 450 nm, which
confirmed their enantiomeric nature (Fig. 5a). In comparison
with the simulated CD spectra calculated by time-dependent
DFT (Fig. S207%), the two enantiomers could thus be assigned
and the R enantiomer displayed a negative optical rotation.
However, monomer 6, with a [4]helicence unit, exhibited no
sign to be separated by a chiral column due to a low enantio-
merization barrier, suggesting that the chiroptical properties
come from axial chirality. The CPL of the pair of atropisomers
displayed opposite signals as expected (Fig. S5ct), with
a dissymmetric factor of [gCPL| = 2.4 x 10~* at 480 nm. The
electrochemical properties of oxa-NG 1 and monomer 6 were
investigated. The cyclic voltammetry revealed that oxa-NG 1 has
two redox waves at 0.80/—0.10 and —0.73/—0.85 (Fig. S87).

Oxa-nanographenes as a photosensitizer

Due to its large size and high molar extinction coefficient
compared with that of biaryl derivatives, we tested if these oxa-
NGs 1 could be used as an organic photosensitizer to transfer
light energy into reactive oxygen species (ROS) or singlet oxygen
(Fig. 6a) for potential application in photodynamic therapy
(PDT).>* The capacity of the ROS production of compound 1 was
evaluated by 2',7-Dichlorofluorescein (DCFH), which emits
green fluorescence with a 488 nm excitation after ROS

3290 | Chem. Sci, 2023, 14, 3286-3292
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oxidation, mainly 'O,. Upon white-light irradiation for 300 s,
a significantly brilliant DCFH green fluorescence at 540 nm was
observed in the normoxic environment. And compound 6 can
generate a slightly lower level of ROS in identical conditions. By
contrast, the DCFH probe did not generate obvious emissions
(Fig. 6b and S6t). Moreover, the ROS generation ability of oxa-
NG 1 was further evidenced using 1,3-diphenylisobenzofuran
(DPBF), a '0, indicator. As indicated by the DPBF decay curves
(Fig. 6b and S7ft), irradiation of NG 1 with white light led to
a sharp 75% decline, which is a significantly higher level than
that of compound 6. Collectively, oxa-NG 1 proved to be an
effective photosensitizer to produce '0,-dominated ROS.

Conclusions

In summary, by referring to the axial chirality of BINOL, a novel
BINOL-embedded atropisomeric chiral oxa-nanographene 1
was obtained by the selective dimerization of azopine-
containing, HBC-like aromatics. The axial chirality of the new
hydrocarbon was unambiguously confirmed by X-ray crystal-
lography analysis of the crystallized enantiomers. The enan-
tiomers were resolved and purified by chiral HPLC. The
chiroptical properties, including CD, optical rotation, and CPL,
were measured for each enantiomer and displayed opposite
signals, as expected. Interestingly, the similar optical properties
of the monomer and dimer indicate that the axially chiral
conformation derived from the aryl-aryl single bond main-
tained the conformation of the monomer unit and minimum
conjugated with each other. Furthermore, oxa-nanographene 1
was suggested as an efficient photosensitizer to transfer light
energy to reactive oxygen species, mainly singlet oxygen.
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