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Nonalternant B,N-Embedded Helical Nanographenes Containing
Azepines: Programmable Synthesis, Responsive Chiroptical
Properties and Spontaneous Resolution into a Single-Handed Helix

Weiwen Zhuang, Faan-Fung Hung, Chi-Ming Che, and Junzhi Liu*

Abstract: Heteroatom-embedded helical nanographenes
(NGs) constitute an important and appealing class of
intrinsically chiral materials. In this work, a series of
B,N-embedded helical NGs (BN-HNGs) bearing aze-
pines was synthesized via stepwise regioselective cyclo-
dehydrogenation. First, the phenyl- or nitrogen-bridged
dimers were efficiently clipped into highly congested
model compounds 1 and 2. Later, the controllable Scholl
reactions of the tetraphenyl-tethered precursor gener-
ated 1, 7 or 8 new C—C bonds, thereby establishing a
robust method for the preparation of nonalternant BN-
HNGs with up to 31 fused rings. The helical bilayer
nature was unambiguously verified by X-ray diffraction
analysis. The helical chirality was transferred to the
stereogenic boron centers upon fluoride coordination,
with a concave-concave structure to comply with the
bilayer skeleton. Notably, the largest nonalternant BN-
HNG (6) spontaneously resolved into a homochiral 4,
helix structure as a molecular spiral staircase during
crystallization via conglomerate formation at the single-
crystal scale. The large twisted C,-symmetric n-surface
and the dynamic chiral skeleton induced by curved
azepines might have synergistic effects on self-recogni-
tion of enantiomers of 6 to achieve the intriguing
spontaneous resolution behavior. The chiroptical prop-
erties of the enantiomer of 6 were further investigated,
revealing that 6 had a strong chiroptical response in the
visible range (400-700 nm).
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Introduction

Helical nanographenes (HNGs), as cutouts of graphene with
smaller honeycomb lattice structures consisting of sp*
hybridized carbon atoms, have garnered significant interest
due to their distinct dynamic behaviors and chiroptical
properties.!! Tailored chiroptical properties and high stereo-
chemical stability of HNGs are desirable for their potential
applications in the fields of circularly polarized light (CPL)-
based materials, such as 3D displays, optical switches, and
chiral sensors.*?!

The geometries and electronic structures of nanogra-
phenes are judiciously altered by nonalternant topologies.™
Notably, the configurational stability of HNGs, including
those with heptagonal,””! octagonal,” and nonagonal! rings,
was significantly enhanced by negative curvatures. There-
fore, the controllable integration of negatively curved units
via the straightforward Scholl reaction is important for
streamlined synthesis.[! Furthermore, the dynamic confor-
mational changes induced by negative curvatures enrich
morphologies spanning from the nanoscale to mesoscopic
scale. The resulting assembly behavior of HNGs plays a
pivotal role in transforming the inherent molecular proper-
ties into supramolecular functionalities.”) For example,
recently, Qiu et al. reported the impressive assembly behav-
ior of m-extended diaza[7]helicene with two negatively
curved azepines,[m] in which homochiral lamellae of the 23-
ring fused triple helicene could be obtained by spontaneous
resolution, whereas the phenomena were serendipitously
reported for simpler helicenes.!'!!

Recent works have suggested that the introduction of
boron-nitrogen (B,N) atoms into helical polycyclic conju-
gated hydrocarbons (PCHs) could improve the circular
dichroism (CD) and CPL performance.'” And the azepina-
tion of B,N-embedded skeletons is beneficial for efficient
emitters.”” However, as the number of ortho-fused rings
increased, the accumulated strain and steric hindrance
between the fledged side arms impeded facile synthesis and
backbone modification of B,N-embedded HNGs (BN-
HNGs) containing [n]helicene units (n> 7). Thus far, an
efficient approach to construct diverse higher BN-HNGs
containing negatively curved azepines remains -elusive,
which hinders determination of the correlation between the
structure, assembly behaviors, and chiroptical properties
within this appealing chiral molecular family. In addition,
transfer of chiral information during the preparation of
helical NGs is attractive yet challenging,™ and the stereo-
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specific coordination of tridentate boron atoms would
provide an alternative pathway to tune the chiroptical
properties of the as-synthesized BN-HNGs.

Herein, we report a modular and programmable ap-
proach to construct a novel class of nonalternant B,N-
embedded HNGs (1-6) bearing azepine units via selective
Scholl reactions (Figure 1). The structure-dependent pack-
ing in the solid state,'® photophysical and electrochemical
properties, and responsive chiroptical properties were
systematically studied. The chirality transfer process from

Planar nanographene Azepine T

L 7~ > Negative curvature
A
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() ’\’ijk/ > Spontaneous resolution

\ —\/\/«/)/—/ > High configurational stability
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1D assembly of nonalternant BN-HNG

Figure 1. Design concept of nonalternant B,N-embedded helical nano-
graphenes with azepines produced via a selective Scholl reaction.
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BN-HNGs to the corresponding boron-stereogenic deriva-
tives upon fluoride coordination was established. Interest-
ingly, the large twisted C,-symmetric n-surface and the
dynamic chiral skeleton induced by the curved azepines
might have the synergistic effects on self-recognition of
enantiomers of 6 to achieve the intriguing spontaneous
resolution behavior.

Results and Discussion
Synthesis of Model Compounds 1and 2

As depicted in Scheme 1a, the synthesis of model compound
1 with 20 fused rings started from tetrafluoroterphenyl 7 in 3
steps. Sequential introduction of iodine atoms and 3,6-di-
tert-butyl-1-carbazoles (fBuCz) was conducted with a total
yield of 86% without purification of the iodinated inter-
mediate. This twofold one-pot borylation of 8 afforded the
desired precursor 9 in 36 % yield. An intramolecular Scholl
reaction between two multi-resonance (MR) cores of 9 in
the presence of iron (IIT) chloride (FeCl;) in a mixed solvent
of dichloromethane (DCM) and nitromethane provided 1 as
an orange-red powder at the gram scale in 72 % yield.
Notably, the Suzuki-Miyaura cross-coupling reaction be-
tween 1,2-diiodobenzene and CzBN-Bpin,'® which is a
widely utilized linchpin for efficient construction of multi-
resonance MR molecules, failed to yield precursor 9 (Fig-
ure S1). Although unexpected aryl migration or rearrange-
ment reactions occasionally occurred during the Scholl
reaction in some circumstances with large steric
hindrance,"” to our delight, mild Scholl reaction conditions
under the FeCl;/DCM/MeNO, combination afforded 1 with
exceptionally high regioselectivity and efficiency.

To our surprise, replacement of the phenyl linker by
arylamine via a Pd-catalyzed twofold Buchwald-Hartwig
amination reaction with readily synthesized compound 10,

R
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Scheme 1. Synthesis of model compounds 1 (a) and 2 (b).
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afforded precursor 11, which underwent an FeCl; mediated
Scholl reaction to generate nitrogen-rich boron-embedded
[9]helicene (2) in 84 % yield in two steps (Scheme 1b). The
straightforward gram-scale synthesis of 2 via oxidative cyclo-
dehydrogenation provided a brand-new pathway for effi-
cient pentagon generation of helical carbazole motifs,
avoiding the high loading of palladium catalysts in the
intramolecular C—H/C—H coupling.!"®

Structural Elucidation of Model Compounds 1and 2

The highly congested structure of 1 was elucidated by a
combination of NMR spectroscopy, high-resolution mass
spectrometry and single crystal x-ray diffraction (SC-XRD)
(Figures 2b and S16a). To verify the hypothesis of transfer
of the chiral information of [9]helicene to the prochiral
tridentate boron upon reversible coordination of Lewis
bases, such as fluoride anions, tetra-n-butylammonium
fluoride (TBAF) or boron trifluoride diethyl etherate
(BF;-OEt,) was selected as the additives (Figure 2a). Upon
the addition of TBAF, the intensities of the absorption
peaks at 413, 500 and 550 nm gradually decreased (Fig-
ure 2c). A new peak appeared at 525 nm and reached the
highest intensity with 0.9 eq. TBAF, which could be assigned
to the one-fluoride intermediate. Further addition of TBAF
(up to 5.4 eq.) led to the disappearance of the 525 nm peak
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Figure 2. Reversible coordination of fluoride with 1 (a). Crystal
structures of 1 (b, left) and 1-F (b, right). Hydrogen atoms and tert-
butyl groups were omitted for clarity. Titration of 1 with TBAF
monitored by UV-Vis absorption spectroscopy in THF (107° M) (c).
The inset shows the graph under 365 nm UV light.
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and the evolution of a broad peak at 300-400 nm owing to
dianion species (1-F). The resulting 1-F solution had a sky-
blue emission under 365nm UV light. When excess
BF;-OFEt, was added to the mixture, regeneration of 1 was
observed, along with a color change under 365 nm UV light
(inset graph of Figure 2c). In situ '"H NMR characterization
of 1-F was conducted in THF-ds, which showed shielded
signals in the aromatic region after the addition of TBAF
(~5 eq.) (Figure S2). The clear NMR signal also indicated a
highly symmetric structure of 1-F with two chiral borate ions
comprising a C,C,C,F-tetradentate (C;BF)~ backbone.

A crystal of difluorinated adduct 1-F was obtained with
7.0 equivalents of TBAF (in THF) by slow diffusion of
methanol into a toluene solution. The structural variation
between 1 and 1-F was shown in Figure 2b. Importantly, the
chiral information of the helicity was smoothly transferred
to the central chirality of the (C;BF)~ subunit, generating a
pair of enantiomers, namely, (Sg, Moy, Sg)/(Rg, Pou, Rg)-1-F
(Figure S16). The subscript letter (B or 9H) indicates the
borate center or the [9]helicene moiety, and the letter (S or
R; P or M) indicates the chirality of the corresponding
moiety. The stereogenic borate centers of 1-F were quite
different from the achiral (N,BF,) unit of BODIPY,! the
achiral (N,CBF)~ borate of double [5]helicene,™ or various
chiral borates of (O,B)~, (N,CBF)~, (CNOBF)~, (CNO,B)",
etc.” The quasi-planar geometry of the boron atoms of 1
was distorted by the coordination of fluoride. However, the
overall helicity of the [9]helicene core did not substantially
change, as indicated by the similar centroid-centroid dis-
tances between the pentagons of the inner circuits, which
were 3.283 and 3.232 A for 1 and 1-F, respectively (Fig-
ure S21). The trigonal orientation of the boron atoms in 1
decreased after fluoride coordination, adopting a tetrahedral
geometry, which stretched the carbazole motifs of the outer
wings outward, affording a convex-convex structure. The
convex-convex structure was attributed to the intramolecu-
lar steric hindrance of the two NBN-layers, which inhibited
the coordination of fluoride in the inner circuit, namely, re-
faces of M-enantiomer and si-faces of P-enantiomer. This
conclusion was further supported by density-functional
theory (DFT) calculations, which indicated that the con-
cave-concave (1.9 kcal/mol) and concave-convex (0.5 kcal/
mol) structures had higher Gibbs free energies than the
convex-convex (0 kcal/mol) structure (Figure S60a). The
nonaromatic character of ring E did not substantially change
after fluoride complexation, as indicated by nucleus-inde-
pendent chemical shifts (NICS) values (Figure S60b). The
formation of strong B—F bond could compensate for the
nonaromatic characteristics of rings G and C in 1-F. For
instance, ring G of 1-F showed a larger positive NICS(0)
value (4.2) than that of 1 (1.2). On the other hand, the
generation of BF,™ anion in the presence of BF;-OEt, could
make the conversion of 1-F to 1 energetically favorable,
which was also supported by the shorter B-F bonds of BF,~
(~1.36 A) than that of 1-F (~1.47 A).”?) The optimized
concave-concave structure had a bowl depth of 1.46 A,
which could increase to 2.54 A in the concave-convex
structure. In contrast, shallow convex regions were found in
the solid state of 1-F. In addition, the distance between the
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concave fluoride and the nearest intramolecular tert-butyl
group of the optimized structures was around 3.1 A,
indicating steric repulsion. Interestingly, compressed hetero-
chiral columnar packing along the b-axis of 1 was identified,
with a pitch of approximately 1.5 nm (Figure S16a); whilel1-F
adopted a loose alternative layered 1D-columnar packing
mode with a pitch length along the c-axis of 2.6 nm
(Figure S16b). Fluorinated dianions with opposite configu-
rations were separated by layers consisting of two tetra-n-
butylammonium groups with short C—H---F contacts between
the ammonium cation and fluoride anion of 2.32-2.67 A
(red circles in Figure S16b).

The nitrogen-rich boron-embedded [9]helicene (2) was
also verified by crystallographic analysis (Figure 3a). The
undeviating C,-symmetric bilayer structure had compact
stacking of intramolecular and intermolecular NBN-blades,
with plane-to-plane distances of 3.70 and 3.46 A, respec-
tively. Compared to 1, the nitrogen-linked analog showed a
narrowed and blueshifted emission band centered at 520 nm,
which is promising for pure-green CPL emitter (Figure 3b).
There was no obvious change in the absorption and emission
spectra in various solvents with different polarities, indicat-
ing a marginal intramolecular charge-transfer character
(Figure S26). 2 has five nitrogen atoms, and five reversible
oxidative peaks were found in the cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) curves (Fig-
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ure 3c). The first oxidative peak at 0.16 eV (vs. Fc*/Fc**,
Fc*: decamethylferrocene) indicates the electron-rich nature
of 2, which prompted us to investigate the possibility of
generating charge-transfer or electron-donor-acceptor
(EDA) complexes with various electron acceptors. The
mixtures of 2 and a series of electron acceptors were
monitored by 'H NMR (Figures S13-15). 1,2,4,5-Tetracya-
nobenzene (TCNB) and tetracyanoquinodimethane
(TCNQ) showed shielded proton signals after the addition
of 2 in CDCl;, while 2 was unaffected. On the other hand,
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and p-
chloranil resulted in broadening peaks of 2. However, the
absorption and luminescence spectra showed minimal
changes after the addition of the electron acceptor (Figur-
es S26 and S27). Fortunately, the planar electron acceptor
TCNB was co-crystalized with 2 and toluene at a molecular
ratio of 1/1/1 by slow diffusion of methanol into the
corresponding solution (2/TCNB=1/1.2) (Figure 3d). The
columnar alternative stacking of the P/M-enantiomers was
interrupted by two kinds of repeating TCNB layers,
adopting a B-A-B’-A-B packing mode. The distances
between the TCNB and NBN-layers were determined to be
3.45-3.51 A, while the distance between the intramolecular
NBN-layers exhibited a marginal change after co-assembly.
The remaining multiple resonant structures of 1 and 2 were
further elucidated by the distribution of frontier molecular
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Figure 3. Crystal analysis of 2 (a). UV-Vis absorption and emission spectra of 1 and 2 in toluene (107> M) (b); the inset shows the graph under
365 nm UV light. CV and DPV curves of 2 in dichloromethane (10 M) (c). Cocrystal of 2 and TCNB (d). Carbon atoms of (P)-2, (M)-2, toluene
and TCNB were colored in orange, blue, gray and red, respectively. Calculated frontier molecular orbitals of 1, 2 and 2/TCNB, isovalue=0.03 (e).
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orbitals at B3LYP-D3(BJ)/6-31G(d) level of theory (Fig-
ure 3e). The highest occupied molecular orbitals (HOMO)
of 1 and 2 were found to be located at similar positions
regardless of the bridge. However, 2 had a higher-lying
lowest unoccupied molecular orbital (LUMO) of —1.64 eV
and a larger HOMO-LUMO gap (2.98 vs. 2.80 eV) owing to
the electron-donating arylamine unit. On the other hand,
DFT calculations based on the obtained crystal of 2/TCNB
suggested that the HOMO and LUMO were located on 2
and TCNB, respectively. Therefore, 2/TCNB is a good
candidate for applications of EDA complexes in the fields of
photoredox catalysis and organic field-effect transistors
(OFETs).»

Synthesis of Laterally w-Extended BN-HNGs via Stepwise Scholl
Reactions

The highly efficient cyclodehydrogenation reaction and the
protruding edge of 1 provided an easy access to lateral n-
extension. The hexaarylbenzene precursors 14a/b with two
adjacent MR-cores and four additional phenyls were
prepared via Diels—Alder cycloaddition between alkyne 12
and 2,3,4,5-tetraarylcyclopenta-2,4-dien-1-ones 13a/b

R
R R

Q B O TMS= R N

R N@N { )R T Pa(PPhy)Cly, Cul =

B

DBU, H,0, toluene RN
Br 65 °C Q
10 51%
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(Scheme 2). Compound 10 coupling with ethynyltrimeth-
ylsilane via the palladium/copper-catalyzed Sonogashira
reaction afforded 12 in moderate yield (51 % for two C—C
bonds). This one-pot twofold Sonogashira reaction without
isolation of the presumable TMS-protected intermediate
was reported previously.? Water and 1,8-diazabicyclo-
[5.4.0]undec-7-ene (DBU) might promote the removal of
TMS-group to facilitate the second C—C coupling. An
electron-donating methoxy group was introduced at the
para-position to facilitate the Scholl reaction. However,
treatment of 14a in DCM with FeCly/nitromethane at 0°C
or room temperature (rt) gave only the major product 4 as a
pink solid with a set of asymmetric '"H NMR signals and a
characteristic *C NMR peak at 186.6 ppm (Figure S81). The
formation of the spirocyclic dienone motif was further
verified by SC-XRD (Figure 4b). Similarly, when 14a was
subjected to the Scholl reaction with DDOQ/triflic acid
(HOTTf) in DCM at 0°C, 4 was obtained in 66 % yield. On
the other hand, the reaction of 14a and FeCly/nitromethane
in highly diluted DCM at 0°C for 3 minutes gave only the
monocyclized product (3a) in 62 % yield (35 % of 14a was
recovered). The newly generated C—C bond between the
adjacent MR-cores resulted in a highly distorted [9]helicene
core of 3a (Figure 4a). Further oxidative dehydrogenation

PhﬁPh A
N )R , N

zY

L )™

pe)

%,

Qe o N R
270 °C &) P p-Ph <)
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Scheme 2. Synthesis of laterally t-extended BN-HNGs via stepwise Scholl reactions.
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Figure 4. Crystal structures of 3a (a, d) 4 (b, e), and 5 (c, f, g). Carbon atoms of P-enantiomers are colored in orange. Carbon atoms of M-
enantiomers of 3a, 4 and 5 were colored in green, blue and red, respectively. Hydrogen atoms and tert-butyl groups were omitted for clarity (a-c).

Toluene was omitted for clarity (f, g).

reaction of racemic 3a under DDQ/HOT( conditions led to
the demethylation and formation of a spirocyclic motif (4) in
85 % yield. Further Scholl cyclization of 4 was attempted,
but no new spots were generated. The sequential trans-
formations with favored cyclization between MR-cores
indicated electronic properties for cyclodehydrogenation.
The exceptionally high selectivity of the first Scholl
cyclization, which afforded [9]helicene core of 3a, prompted
us to theoretically investigate the reaction process. Gener-
ally, Scholl reactions involve two possible mechanisms,
namely, arenium cation pathway and radical cation pathway.
Previous reports have indicated that FeCl;-mediated cyclo-
dehydrogenative cyclization likely processeds via radical
cation intermediates.” Thus, when 14a was oxidized by

Angew. Chem. Int. Ed. 2024, 63, €202406497 (6 of 13)

FeCls, the generated radical cation showed significant spin
density at the meta-positions of the boron atoms in both
MR-blades (Figure S61a), which is in good agreement with
the experimental results. On the other hand, a strong
protonic acid (HOTf) would be feasible for an arenium
cation intermediate. The Mulliken charges of 14a at the
ortho-positions of nitrogen atoms in the core are —0.220,
—0.228, —0.212, and —0.214, indicating a greater tendency
for protonation at these positions (Figure S61b). The
sequential transformation of 3a was proposed to proceed
via a methoxyl-activated demethyl-cyclization pathway fol-
lowing the literature precedents.

When the removable methoxy peripheries were replaced
by tert-butyl (fBu) groups to generate 14b, the following
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Scholl reaction under mild conditions afforded the mono-
cyclized product 3b with high efficiency and excellent
selectivity. In contrast to 14a, the FeCly/nitromethane
system at rt with 14b gave only 3b without further fusion of
other aryl groups, which was also validated by the compar-
ison of 'H NMR spectra of 3a and 3b (Figure S4).
Interestingly, when an excess amount of DDQ (8.0 eq.) was
used as the oxidant, the use of methanesulfonic acid (MSA)
as the Brgnsted acid at rt promoted only a one-fold Scholl
reaction and gave 3b in 70 % yield. Treatment of 14b with
different equivalents of DDQ in a mixed solvent of DCM
and HOTT at rt afforded laterally n-extended derivatives of
1 (5 and 6), which were firstly confirmed by high-resolution
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry. With 1.2 eq. DDQ at
0°C, 3b could be quickly generated within 10 minutes in
73 % isolated yield. When the reaction temperature was
increased to rt and the mixture was stirred for 1 hour, two
major spots (5 and 6) were isolated in the presence of 8.0 eq.
DDQ, corresponding to dark purple powders. The product
with a greater polarity (5) exhibited a set of unsymmetrical
'"H NMR signals, indicating asymmetric n-extension of 3b
and loss of the C,-symmetric axis (Figures S5-9). Further
cyclodehydrogenation of 5§ by DDQ/HOTT could afforded 6
with an additional azepine unit. The nonalternant topologies
of 5 and 6 were unambiguously verified by SC-XRD
(Figures 4c and 5a). The yields of 5 and 6 were further
improved to 67 % (6.5 eq. DDQ) and 40 % (10.0 eq. DDQ),
respectively.

Structural Characterization of BN-HNGs

High-quality single crystals of 3a, 4, 5, and 6 were obtained
by slow diffusion of methanol into their toluene solutions at
ambient temperature in the dark. Crystallographic analysis
revealed that n-n interactions were enhanced by larger n-
conjugation. As depicted in Figure 4a, the MR-blades and
the uncyclized phenyl groups of 3a in the bay region of the
central triphenylene (filled in gray) adopted an X-shaped
orientation owing to the steric repulsion. Thus, a novel
axially chiral nonplanar triphenylene subunit was intro-
duced. Owing to the relatively low racemization barriers of
highly flexible nitrogen-centered [4]helicene subunits, the
dynamic behavior of such structures in solution is envisioned
to be barrierless. Depending on the helicity of the
[9]helicene moiety and the axial chirality of the substituted
bay regions, 3a might have 6 possible stereoisomers, (Py,y,
P9Ha Pbay)/(Mbaw M‘)H’ Mbay)? (Pbaya P9H7 Mbay)/(Mbaw M‘)Ha
Pyoy), and (Pyyy, Moy, Pooy)/(Myay, Pon, My,y). The subscript
letter (9H or bay) indicates the [9]helicene moiety or axially
chiral bay region, and the letter (P or M) indicates the
chirality of the corresponding moiety. The obtained 3a was
determined to be a racemic mixture of (P, Moy, Ppay)
(green) and (My,y, Poy, My,,) (orange) in a single crystal
(Figure 4d). The helicity of [9]helicene is opposite to those
of bay regions and [4]helicenes. The tilted herringbone
packing of the same conformers had a long distance (16.3 A)
between two adjacent molecules.

Angew. Chem. Int. Ed. 2024, 63, €202406497 (7 of 13)
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Although the skeleton of 4 was expanded by spirofluor-
ene, the chirality still arose from the central [9]helicene
motif, which was unequivocally established by SC-XRD
(Figures 4b and 4e). The as-synthesized spiro-fused BN-
HNG molecule consisted of a racemic mixture of (M)/(P)-4,
which was further supported by chiral high-performance
liquid chromatography (HPLC) resolution (Figure S47).
Unlike 3a, the spiro-dienone cycle forced the phenyl group
on the same side to be oriented in a face-to-face direction,
deforming the helicity of the bay region to My, ,, (Fig-
ure 4b). The C-- centroid distance between the carbon atom
of carbazole and the perpendicular bay phenyl ring was
measured to be 3.30 A. The newly generated C—C bond in
the [9]helicene subunit of 4 was 1.471 A, which is longer
than that of 3a (1.445 A), indicating a single bond character.
Interestingly, as an extended derivative of model compound
1, 4 adopted a slightly slipped herringbone packing mode
with homochiral columns, which could be ascribed to
reduced n-m interactions between enantiomers resulting
from the larger n-surface and increased steric hindrance
induced by the surrounding pendants. The pitch length for
three stacked molecules of 1 was approximately 1.5 nm
(Figure S16a), and a larger value of 2.6 nm was found for 4,
as the distance between two adjacent 4 molecules was
1.3 nm (Figure 4e).

The [6]- and [9]helicene moieties of 5 adopted the same
helicity of azepine-associated bay region (Figure 4c). A
racemic mixture of (Pgy, Poy, Poay)/(Men, Moy, My,y)-5 was
found in the solid state (Figures 4f and 4 g). The columnar
stack is composed by alternatively arranged dimers of the
same configuration. And a shorter pitch length (21.2 A) was
found. Compared to uncyclized analogues 3a and 4, the
fused hexa-peri-benzocoronene (HBC)-unit of 5 showed
strong intermolecular n-n interactions (Figure 4g). The
negative curvature induced by azepine was found to assist
the twisted packing of homochiral dimer (Figure S19).

Enantiomeric enrichment was found during the crystal-
lization of racemic 6, and spontaneous resolution was
achieved at the single-crystal scale. The overall distorted
chiral skeleton of 6 with a C,-symmetric axis is depicted in
Figure Sa. The introduction of [9]helicene and azepines
deformed the hexagonal rings of HBC (rings D—K). The
sum of torsion angles of [9]helicene unit is 192°, which is
larger than those of 1 (140°) and 2 (117°), presumably due to
the formation of heptagonal rings. The bay region of azepine
adopted the same helicity as [9]helicene, with a dihedral
angle of 31.9°. The resulting wavy HBC core had a
cooperative dynamic structure with complementary con-
cave-convex regions. The dynamic nature of twisted HBC
was also confirmed by concentration-dependent 'H NMR
spectroscopy (Figures 5¢ and S12). When the concentration
in CD,(l, at rt increased from 1 mM to 8 mM, upfield shifts
of proton resonances (h-m) were observed, which indicated
self-aggregation of 6 in solution. The unchanged signals of
protons (c-g) were ascribed to the rigidity of the azepine-
locked side-arm. Intense and continuous intramolecular and
intermolecular n-r interactions between fledged NBN-blades
were identified in the solid state, which was further
elucidated by Hirshfeld partition (IGMH) analysis®” (Fig-
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Figure 5. Crystal structures of 6 (a and d). Only one enantiomer was observed due to spontaneous resolution into the non-centro-symmetric €222,
space group. Absolute stereochemistry was not determined from the data and the asymmetric units of M-enantiomers were tentatively shown in
light blue. Hydrogen atoms and tert-butyl groups were omitted for clarity. NICS(0) values of 6 (b). Variable-concentration '"H NMR spectra of 6 in
CD,Cl, at 298 K (c). Hirshfeld partition (IGMH) analysis of dimeric 6, with the noncovalent interactions indicated by green surfaces (e). Crystal of 6
obtained by slow diffusion of methanol into a chlorobenzene solution (f). Crystal (g) and the corresponding CD spectrum in toluene (h) of 6
obtained by slow diffusion of methanol into a toluene solution of racemic 6.

ure Se). Overall, the peculiarity of the molecular topology
and stacking of 6 became apparent; when viewed along the ¢
axis or perpendicular to the central ring E, a molecular
spiral staircase was identified (Figure 5d). The complemen-
tary filling of curved HBCs by each other in the inner circuit
facilitated the formation of a conglomerate, which was also
supported by the shielded proton resonance signals upon
condensation. Tracking downward along the stairs, the chiral
helix led to an opposite handedness of the enantiomeric 6
molecule, namely, (P)-helix from (M)-6. The 4, helix

Angew. Chem. Int. Ed. 2024, 63, €202406497 (8 of 13)

contained 4 molecules of 6 per helical turn, with a twisted
angle of 90° between adjacent molecules. The pitch of the
molecular spiral staircase was determined to be around
24nm. Each helix was surrounded by six homochiral
columns with the same configuration that meshed in the
single crystals. Therefore, helical voids were formed
between the helices, which adopted the same handedness as
the molecular spiral staircases (Figures S24 and S25).
Notably, spontaneous resolution of racemic 6 into
homochiral crystals was observed under two conditions:
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slow diffusion of acetonitrile into a chlorobenzene solution
(needle-shaped dark brown crystals, Figures 4f and S22),
and slow diffusion of methanol into a toluene solution (rod-
shaped black crystals, Figures 4g and S22), respectively. The
absolute configuration of enantiomer forming the corre-
sponding homochiral 4, helices could not be determined
based on the unsatisfactory Flack parameters (Table S8).
However, the spontaneous optical resolution was easy to
repeat, and the crystals obtained from the methanol/toluene
conditions were redissolved in toluene to record the CD
spectrum. As depicted in Figure 5h, the obtained solution of
the crystal from racemic 6 exhibited a similar Cotton effect
pattern to that of the enantiomerically pure P-enantiomer
(>98% ee), indicating that the obtained crystal contained
enriched (P)-6 and a single-handed 4, helix with M-helicity.

Photophysical and Chiroptical Properties of BN-HNGs

The stepwise cyclodehydrogenation afforded BN-HNGs
with various degrees of n-extension, which not only differed
from the stacking in the solid states but also altered the
photophysical properties. The UV-Vis absorption (Fig-
ure 6a) and fluorescence (Figure 6b) spectra of 14b and the
resulting BN-HNGs were recorded in toluene. The precur-
sor 14b featured an intense absorption peak at 470 nm,
assigned to the HOMO—LUMO transition. The n-extended
skeleton of one-bond closed product 3b induced redshifted
absorption and emission peaks. The maximum absorption
peak of 3b at 555nm from S,—S,; transition (oscillator
strength f=0.117) showed a lower intensity than the peak at
508 nm from S;—S, transition (f=0.522). The maximum
absorption peaks of 5 and 6 were further redshifted to 631
and 635 nm, respectively, owing to the larger n-systems.
Accordingly, the emission peaks of BN-HNGs with HBC
subunit were redshifted, accompanied by azepines enabled
by Scholl reaction for 5 and 6 (Figure 6b). As n-extended
derivatives of 3b, HBC-containing BN-HNGs had decreased
quantum yields and no delayed fluorescence (Table 1),
demonstrating the profound effect of HBC. Furthermore,
the fluorescence lifetimes were measured to be 9.5, 6.9 and
6.0 ns for 3b, §, and 6, respectively.

Research Article

Angewandte

intemationaldition’y) Chemie

(@ 10

¢ '3‘5 o TU]
I
£ 064 14b 3b 5 6
o
s
©
g 0.4
w
0.24
0.0 T T T
400 500 600 700

Wavelength (nm)

(b)

Figure 6. Photophysical properties of BN-HNGs obtained via stepwise
Scholl reactions of 14b. UV-Vis absorption (a) and normalized
fluorescence (b) spectra in toluene (10° M). The inset shows the
graph under day light (left) and 365 nm UV light (right), respectively.

In addition, the TBAF titration experiments indicated
that BN-HNGs (2, 3a, 3b, 4, 5 and 6) also had obvious
anion-responsive colorimetric blueshift (Figures S30-34).
The titration curves of § and 6 showed a similar pattern. It is
worth noting that a peak centered at 525 nm evolved and

Table 1: Summary of the optical and electrochemical properties of BN-HNGs.

Sample A, (nmM)°

1 413,500, 550 574 760 45/0.17
1-F* 347 482 5990 71/0.37
2 404, 477,506 520 530 27/0.12
3a 350, 507,552 584 990 54/0.19
3b 346, 508, 555 584 894 54/0.19
4 351,516,571 600 846 60/0.20
5 475,550,631 648 415 40/0.12
6 552,635 660 600 58/0.16

Amac™ (MM Vv (em™')*  FWHM (nm/eV)*

Do (%)° Qo (%) T (n5)" Tor (M) Egp™ (€YY Eniowo (eV)*

28 78 8.4 63.0 2.16 —5.56
5 6 4.1 - 2.92 -

29 88 4.9 10.2 217 —4.96
28 51 9.5 78.7 2.10 —5.39
32 68 9.5 117.6 212 —5.45
30 48 13.5 126.4 2.05 —5.05
19 23 6.9 - 1.88 —5.31
18 22 6.0 - 1.87 —5.47

“Measured in a toluene solution (~1x107° M). "Quantum yield of photoluminescence (®p) obtained using the absolute method before N,
bubbling. ‘@, after N, bubbling. “Prompt fluorescence lifetime. ‘Delayed fluorescence lifetime. Optical energy gap calculated based on the onset

of absorption in toluene solutions according to E,,,

according to Eyomo=— (4.8 +E”) eV. *Measured in THF.
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P (eV) = (1240/konser) - EEestimated by the oxidation peaks in dichloromethane and calculated
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then diminished during the titration experiment of 1. In
contrast, the new peak around 540 nm of 3a/b and 4 didn’t
disappear even after adding 5.0 eq. TBAF. And no new
peaks was found in the range of 450-550 nm for the titration
of 2. These results indicated that m-extension had strong
effects on the coordination ability of boron centers and the
absorption properties of the whole molecules.

The electrochemical properties of 14b and the resulting
BN-HNGs were investigated by CV and DPV. According to
the CV and DPV curves (Figure S45), 14b had an oxidation
wave at 1.115eV (vs. Fc*/Fc*"), whereas two obvious
reversable oxidation waves (E®),) in the range of 0.508-
0.939eV were found for the resulting BN-HNGs. The
oxidation potentials of 3b and 5 gradually decreased with
the formation of more C—C bonds. Accordingly, the HOMO
levels of these two BN-HNGs were estimated to be —5.45
and —5.31 eV, respectively. Interestingly, compared to §, 6
had a lower HOMO level of —5.47eV. The additional
[6]helicene unit of 5 might contribute to this phenomenon.?!
Upon fluoride coordination of 6, the HOMO level of the
corresponding  difluoride adduct (6-F) increased to
—5.22 V. The optical and chemical properties of BN-HNGs
examined in this study are summarized in Table 1.

Owing to the inherent chiral [9]helicenes of the resulting
BN-HNGs, high configurational stabilities of the enantiom-
ers were envisioned. Fortunately, the enantiomers of 3b, 4
and 6 were successfully obtained by chiral HPLC resolution
(Figures S46-48). The chiroptical properties of the obtained
enantiomers of 3b (Figure 7a), 4 (Figure 7b), and 6 (Fig-
ure 7c) were evaluated by CD and CPL spectroscopy in
toluene. The absolute configuration of chiral HPLC frac-
tions was determined by comparison of the experimental
CD spectra with time-dependent DFT (TD-DFT) calcula-
tions (Figure S40). A series of mirror-image Cotton effects

(@) (b)

Research Article

Angewandte

intemationaldition’y) Chemie

were found. The absorption dissymmetry factors (g,,) of
Sy—S; transitions were similar for the three pairs of
enantiomers (~0.004, Figures S49-51), which were the max-
imum g, values for 3b and 4. The maximum g,, for 6
appeared at 450 nm for Sy—S,, transition. Enantiomeric 6
had strong CD signals in the visible range (400-700 nm).
The CPL spectra showed that 3b and 4 had similar
luminescence dissymmetry factor (g.,) values of 0.005
(Figures S52 and S53). 6 had a redshifted CPL signal at
660 nm, with a g, of 0.003 (Figure S54).

Notably, the dynamic isomerization process of the
largest BN-HNG molecule, 6, was evaluated by DFT
calculations at the B3-LYP-D3(BJ)/6-31G(d) level (Fig-
ure 7d). The energy barrier required for the transformation
from (My,y, Mo, Myyy)-6 to (My,y, Moy, Py,y)-6 was 6.1 kcal/
mol. The theoretical result was in good agreement with the
results of variable-temperature NMR (VINMR ) experi-
ments in CD,Cl,, whereas no splitting of signals was found
even at 193 K (Figures S10 and S11).”! The C,-configuration
(Mg, Moy, M,,,) was more stable than the (My,y, Moy, Py,y)
isomer, which was confirmed by X-ray structure. The energy
barrier for the transformation of (My,y, Moy, Ppyy)-6 t0 (My,y,
Py, Py,y)-6 was increased to 57.9 kcal/mol owing to the
congested [9]helicene. Similar to the pristine [9]helicene, a
local minimum for (My,,, LMgy, Py,y)-6 of 48.2 kcal/mol was
found. The high energy barrier of the multiple-step
racemization process of 6 was confirmed by the unchanged
CD spectra after heating (Figure S55). The concentration-
dependent NMR experiment of 6 indicated self-aggregation
at the 1-8 mM level, whereas no obvious segregation signal
evolved in the CD spectra after serial dilution from 0.16 mM
(Figure 8a). The difference in CD intensities indicated that 6
displayed monomeric properties at 107> M.

(c)
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Figure 7. CD and CPL spectra of 3b (a), 4 (b), and 6 (c). Calculated racemization process of 6 at B3LYP-D3(B])/6-31G(d) level of theory (d).
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Figure 8. Variable-concentration CD spectra of (P)-6 in toluene with serial dilutions from 1.6x10™* M (a). Titration of (P)-6 by TBAF monitored by
UV/Vis spectra in toluene with increment of 0.3 eq. TBAF, and the corresponding CD spectra before (red) and after (blue) addition of 5.4 eq. TBAF
(b). The inset shows the graph before and after addition of TBAF. Calculated transition dipole moments of 6 (S,—$S, transition, c) and the
difluoride adduct 6-F (S;—S; transition, d) at PBEO/6-311G(d)/(SMD, toluene) level of theory. The magnetic transition dipole moments (blue

arrows) were magnified for clarity.

To probe the chirality transfer of 6 upon coordination of
fluoride anions, a titration experiment was conducted (Fig-
ure 8b). Similar to racemic 1, when enantiomeric (P)-6 was
applied, the characteristic absorption peaks of 6 at 640, 555,
and 360 nm gradually decreased, and peaks at 490 and
380 nm evolved. The corresponding CD spectrum of fluoride
adduct of 6 was recorded, indicating a maximum g,, at
380 nm for Sy—Ss transition. The calculated | g, | values of 6
(650 nm) and its difluoride adduct 6-F (380 nm) at the
PBEO0/6-311G(d)/(SMD, toluene) level of theory were in
accordance with the experimental results (Figures 8c and
8d).

Conclusion

In summary, we have disclosed a novel stepwise cyclo-
dehydrogenative approach for modular synthesis of non-
alternant B,N-embedded helical nanographenes with con-
trollable integration of azepine units. Wide-range color
tuning with narrow emission bands of these BN-HNGs was
achieved, demonstrating the potential of this approach for
systematic modulation of their photophysical and optoelec-
tronic properties. Anion-responsive chiroptical properties
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were also established by the stereospecific coordination of
fluoride to prochiral boron centers. Furthermore, the BN-
HNGs showed structure-dependent packing behaviours.
Stronger intermolecular n-n interactions were found for the
BN-HNGs with increased n-surfaces. Especially, the newly
formed azepine units resulted in a multiple-step dynamic
racemization process with low barriers for the interconver-
sion of bay regions, which was beneficial for conformational
recognition to form chiral conglomerates. Finally, the large
twisted C,-symmetric n-surface and the dynamic chiral
skeleton induced by curved azepines might have synergistic
effects on self-recognition of enantiomers of 6 to achieve the
intriguing spontaneous resolution behavior. Our study
provides a promising bottom-up synthetic approach towards
nonalternant nanocarbon-based materials, such as chiral
liquid crystals, combing tunable chiroptical properties and
assembly behaviors of BN-HNGs.
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