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Abstract:

A helical diazananographene (1) was synthesized using sterically hindered t-butyl groups to inhibit further dehydrocyclization
of [5]helicene units. These t-butyl groups stabilized the conformation of [5]helicene units, thus resulting in three stable confor-
mers of 1, comprising a pair of enantiomers (1-(P, P, P, P) and 1-(M, M, M, M)) and a mesomer (1-(P, P, M, M)). In comparison to
its planar analogs, helical 1 exhibited broadened peaks in its absorption and emission spectra, with an increase in the emission
quantum yield from 0.3 to 0.6. The significantly enhanced radiative decay rate (kr) accounted for the increase in the quantum
yield of 1. It was found that 1 could be fully protonated upon the addition of an equivalent acid. Furthermore, 1 assembled into
a chiral trimeric metallosupramolecular complex upon coordination with the PdII units. Both protonated 1 and the metallosu-
pramolecular complex of 1 exhibited an enhanced circular dichroic response. These findings revealed that the incorporation

of a helical structure and pyridinic nitrogen-doping into the nanographene can allow the synthesis of responsive chiroptical
graphenic materials, which can serve as building blocks for chiral hierarchical metallosupramolecular structures.
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Abstract A helical diazananographene (1) was successfully synthesized by
employing sterically hindered t-butyl groups to inhibit further
dehydrocyclization of [S5]helicene units. These t-butyl groups stabilized the
conformation of [S]helicene units, thus resulting in three stable conformers
of 1, comprising a pair of enantiomers (1-(P, P, P, P) and 1-(M, M, M, M)) and
a mesomer (1-(P, P, M, M)). In comparison to its planar analogs, helical 1
exhibited broadened peaks in both its absorption and emission spectra,
leading to an increase in the emission quantum vyield from 0.3 to 0.6. The
significantly enhanced radiative decay rate (k;) accounted for the increase in
the quantum vyield of 1. Additionally, it was observed that the compound
could be fully protonated upon the addition of an equivalent acid.
Furthermore, 1 assembled into a chiral trimeric metallosupramolecular
complex upon coordination with the Pd" units. Both protonated 1 and the
metallosupramolecular complex exhibited an enhanced circular dichroic
response. These findings revealed that the incorporation of a helical
structure and pyridinic nitrogen-doping into the nanographene can allow the
synthesis of responsive chiroptical graphenic materials, which could serve as
fundamental  components  for  constructing  chiral  hierarchical
metallosupramolecular structures.

Key words diazananographene; [S]helicene;  optical  properties;
supramolecular assembly

Introduction

The physical and electronic characteristics of nanographene can
be altered by adjusting its sizel?, its edge structures3>, and
through doping of heteroatoms®8. These parameters can thus be
used for fine-tuning various material properties such as energy
gap, optical features, and the redox behavior of nanographene?-
11, Among the heteroatom doping, pyridinic nitrogen doping has
attracted considerable attention owing to its dual impact, as it
not only allows fine-tuning of the above-mentioned electronic
and optical properties of nanographene but also facilitates the
formation of nanographene-based metallosupramolecular
complexes by providing sites for coordination with metals!z14,
Till now, most pyridinic nitrogen-doped nanographene-based
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materials exhibit a planar structure!>16 that do not exhibit
chirality.

The incorporation of helical structures into planar
nanographene can induce asymmetry, resulting in
stereoisomerism and chiroptical properties!’-21. The pyridinic
nitrogen atoms located at the skeleton of nanographene can be
protonated or can coordinate with protons or metal ions, owing
to their lone electron pairs?2-24, Consequently, the coexistence of
pyridinic nitrogen-doped atoms and helical structures within a
molecule enables the modulation of their intrinsic electronic
and optical properties and facilitates the manipulation of their
chiroptical characteristics through mechanisms such as metal
coordination or protonation2326, In recent years, numerous
helicenes with pyridinic nitrogen doping have been synthesized
and employed as chiral switches27-30, This demonstrates that the
chiroptical properties of nitrogen-doped helicenes can be
tailored through coordination, protonation, or other reactions
involving pyridinic nitrogen31-33, Based on these results, it was
hypothesized that the simultaneous incorporation of helical
chirality and pyridinic nitrogen doping could then be employed
to yield chiral nitrogen-doped nanographene. This study can
therefore serve as an illustrative example for exploring how
properties of nanographene may be regulated and tuned via
chirality and pyridinic nitrogen doping. However, synthesis of
such kind of nanographene molecules has so far not been
reported in literature.

In this work, a diazananographene sample with quadruple
[5]helicene units was synthesized by incorporating sterically
hindered t-butyl groups to inhibit further dehydrocyclization of
the [5]helicene units during the Scholl reaction. Owing to the
hindrance offered by the t-butyl groups at the [5]helicene unit, 1
exhibited three stable conformers, namely 1-(P, P, P, P), 1-(P, P,
M, M) and 1-(M, M, M, M), which were separated by high-
performance liquid chromatography (HPLC). The conformer
structures of 1 subsequently determined through single-crystal
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X-ray diffraction (XRD). In comparison to its analogous planar
diazananographene (2), the helical 1 structure exhibited
broader peaks in its absorption and fluorescence spectra, along
with increased fluorescence quantum yield and reduced
fluorescence lifetimes. The conformers 1-(P, P, P, P) and 1-(M, M,
M, M) exist as a pair of enantiomers that exhibited circular
dichroic (CD) responses extending up to an optical wavelength
of 560 nm. A racemization barrier value of 32.1 kcal mol-! was
obtained using computational methods, whereas its
experimental value was found to be 29.6 kcal mol-! by the
HPLC-based thermal isomerization results. The protonation of
1-(P, P, P, P) was then investigated, which revealed an
equivalent bonding capacity to protons. After protonation, its
CD response redshifted from 560 nm to 605 nm. Furthermore,
the structure of 1-(P, P, P, P) also displayed the ability to
assemble with (cis-dppp)Pd!" units, thereby forming the
triangular metallosupramolecular trimer (3) with enhanced
chiroptical response compared to the monomeric conformer of
1.

Results and Discussion

In Figure 1, the synthesis of diazananographenes 1 and 2 was
depicted. Compound 8 was prepared via the iridium-catalyzed
borylation reaction of tetra-t-butyl hexa-peri-
hexabenzocoronene (HBC). Thereafter, compound 8 was
coupled with 7 through the Suzuki-Miyaura coupling reaction to
obtain precursor 6. Then, cyclodehydrogenation of 6 with FeCls
and CH3NO:z was carried out to prepare the reddish-orange
planar nanographene structure 2 with a yield of 57%. The
planar nanographene structure 2 was characterized by 1TH NMR
spectroscopy and high-resolution matrix-assisted laser
desorption-ionization time-of-flight mass spectrometry (MALDI-
TOF MS) (refer to inset in Figure 1). The observed m/z value
and isotopic pattern were in agreement with the simulated
results (calculated for CiosHssN2, 1413.668; found, 1413.665).
The planar structure of compound 2 was further determined
using single-crystal XRD. The carbon skeleton of 2 was slightly
twisted owing to the peripheral bulky groups (Figure S6). For
the synthesis of helical diazananographene 1, precursor 4 was
obtained by replacing compound 7 with compound 5 following
a similar synthetic pathway as that used for precursor 6.
Subsequently, the dehydrocyclization of 4 was carried out using
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in
dichloromethane (DCM)/triflic acid (TfOH) at a temperature of
0 °C, to resulting in the formation of the orange-yellow solid 1.
The resulting produced 1 was characterized by mass
spectrometry and NMR analyses (see Figure 1).

For further verification of the helical structure of 1, single
crystals were cultivated by the gradual evaporation of CH3OH
into a solution of 1,1,2,2-tetrachloroethane containing all three
fractions that were obtained from HPLC (Figure S10). The data
obtained for the prepared crystals clearly showed that the
configuration of the first chiral HPLC fraction of compound 1
belonged to the conformer 1-(P, P, P, P), as depicted in Figure 2a.
The circular dichroism (CD) spectra obtained were consistent
with these findings, providing additional support for the results.
Single-crystal X-ray diffraction (SCXRD) analysis further
revealed a homochiral crystal structure of 1-( P, P, P, P), with a
cruciform-shaped quadruple helical skeleton. The dihedral

angles ranged from 32.45° to 36.44° in the helical structures
(see Figure 2a), with an average angular value of 34.78°. The
range of dihedral angles for 1-( P, P, P, P) was significantly
different in comparison to the previously reported
[5]helicenes34. The significant variation in bond lengths was
observed in the fjord region within the [S]helicene subunit,
which ranged from 1.41 A to 1.46 A, as shown in Figure 2c. The
crystal structure belonged to the P212121 space group, with four
homochiral structures present in each unit cell, which formed a
herringbone packing through the C-H:--m interactions (Figure
S11).
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Figure 1. Synthesis of 1 and 2. (i) DDQ, TfOH, dichloromethane (DCM),
0 °C, 1.0 h; (ii)FeCls, CH3NO2, DCM, 25 °C, 1.0 h; (iii) Pd(PPh3)s, Cs2CO3,
1,4-dioxane/H20 = 4/1, v/v, 105 °C, 24 h. The mass and 'H NMR spectra
are provided in the insets.

The crystal structure obtained from the second chiral HPLC
fraction consisted of the four helicene parts, resulting in a meso-
type achiral conformer 1-(P, P, M, M), as shown in Figure 2b. The
dihedral angle was measured at approximately 34.0°, and the
inner helical bond lengths ranged from 1.40 A to 1.46 A (Figure
2d). The wunit cell of 1-(P, P, M, M) contained two
crystallographically independent molecules, and adjacent
molecules were shaped into one-dimensional columnar stacking
structures via the C-H--m interactions (Figure S12). The CD
spectra of the first and third peaks displayed opposite Cotton
effects (Figure 4a), indicative of the presence of helical
enantiomers.
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Figure 2. (a-b) Crystal structure and torsion angles of 1-(P, P, P, P) and
1-(P, P, M, M). The structure is depicted using the ORTEP model with
thermal ellipsoids drawn at a 50% probability level. (c-d) Bond lengths
of the inner helix in the 1-(P, P, P, P) and 1-(P, P, M, M) structures.

The optical properties of the planar nanographene (2) and the
helical nanographene (1) were analyzed and compared through
UV/Vis absorption and emission spectroscopies (Figure 3). The
primary absorption peaks observed for 1 and 2 were detected
at wavelengths of 430 nm and 446 nm, respectively. The
absorption spectrum of 1 displayed a blue shift of 16 nm in
comparison to 2, along with a notable decrease in the molar
extinction coefficient value, attributed to the more flexible
helical structures. The optical HOMO-LUMO gap of 1 was
calculated to be 2.21 eV, which exceeded the corresponding
value for 2 (2.13 eV). Additionally, Density functional theory
(DFT) calculations were performed as well (Figure S13). The
calculated energy gap between HOMO and LUMO of 1 was found
to be 2.65 eV, contrasting with the energy gap of 2.49 eV for
planar nanographene (2), aligning with the experimental
findings.

Additionally, apart from slight bathochromic shifts in the
fluorescence spectrum of 1, in comparison to the spectrum
obtained for 2, a clear broadening of the peaks for 1 was also
seen in Figure 3a. The fluorescence quantum yield of 1 reached
up to 60%, which was approximately double the value obtained
for compound 2 (30%). The photoluminescence (PL) dynamics
of both compounds were examined through time-resolved PL
spectroscopy. The obtained time-resolved fluorescence decays
for compounds 1 and 2 were fitted using monoexponential
functions, revealing fluorescence lifetimes of 71 = 7.0 ns and 12 =
23.3 ns for compounds 1 and 2, respectively. Additionally, the
radiative (k) and nonradiative decay (knr) rate constants were
also calculated (kr = 8.56 x 107 s-1 for 1 and 1.29 x 107 s-1 for 2,
kor = 5.71 x 107 s1 for 1 and 3.01 x 107 s-1 for 2) based on their
respective PL lifetimes and quantum yields. The results

suggested that the significantly enhanced value of k+ may be
responsible for the increase in the PL signal in 1.
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Figure 3. (a) The obtained UV/Vis (solid line) and fluorescence spectra
(broken line) for 1-(P, P, P, P), 1-(P, P, M, M) and 2. (b) Fluorescence
decay curves for 1-(P, P, P, P), 1-(P, P, M, M) and 2 obtained from time-
resolved PL spectroscopy.

The electrochemical behaviors of 1 and 2 were then
investigated using cyclic voltammetric (CV) analyses in DCM
(Figure S14). Only one reversible oxidation wave with a half-
wave potential of Eo*;/2= 0.95 V (vs Fc*/Fc; Fc: ferrocene) was
observed in 1. Conversely, compound 2 displayed one
irreversible and one reversible oxidation wave, with the latter
having a half-wave potential of E°*1/,= 0.82 V. Electrochemical
oxidation is generally linked to the energy level of the highest
occupied molecular orbital (HOMO). The HOMO energy level for
1 was computed to be approximately -4.90 eV, which was 0.13
eV lower than that found for 2 (-4.77 eV) (Figure S13). This was
also consistent with the experimental CV measurements that
were obtained.

The two helical enantiomers of 1 were successfully separated
using HPLC on a Daicel Chiralpak IE column employing an
eluent composed of isopropyl alcohol and dichloromethane in a
1:19 ratio. Subsequent characterization was carried out using
circular dichroism (CD) spectroscopy. The two isolated
enantiomers were found to be perfect mirror images of each
other, as shown in Figure 4. This resulted in a pronounced
Cotton effect within the 320-400 nm wavelength range, with a
corresponding |Ae| value of 227 M-1 cm-! at a wavelength of 357
nm. The simulated CD spectra, generated through TD-DFT
calculations at the PBE0-D3(B])/6-311G(d) level35-38, closely
matched the experimental findings. This validation confirmed
that the first and third fractions corresponded to the isomers 1-
(P, P, P, P) and 1-(M, M, M, M), respectively, consistent with
SCXRD analysis.
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One of the key stereo-dynamic characteristics of helicenes
and their related compounds is their configurational stability,
which can be assessed by the Gibbs activation energy (AG#*(T))
of enantiomerization. In this study, the conformational stability
of 1 was investigated through DFT calculations at the B3LYP-
D3(BJ)/6-31G(d) level. The most stable isomer was 1-(P, P, M, M)
with a relative Gibbs free energy of -1.2 kcal molL
Comparatively, the Gibbs free energy of 1-(P, P, P, M) was 6.1
kcal mol-! higher than that of 1-(P, P, P, P). The helicity inversion
from1-(P, P, P, P) to 1-(P, P, P, M) involved a transition through
the TS1 transition state with an energy barrier of 32.1 kcal mol-,
corresponding to rate constants of 1.8x10-11 s-1 at 25 ‘C and
3.8x106 st at 120 °C. This indicates that achieving a
conformational change in 1 at room temperature is challenging
but feasible at higher temperatures such as 120 C. The
intermediate 1-(P, P, P, M) crossed through the transition state
TS2 having an energy barrier of 26.1 kcal mol! to form 1-(P, P,
M, M). Furthermore, the interconversion process from 1-(P, P, P,
P) to 1-(P, P, M, M) was further evaluated using chiral HPLC
under heating (Figure S15). The half-life (t1/2) for the loss in
enantiomeric excess was determined to be 68 min. It provided a
racemization barrier AG* of 29.6 kcal mol-! (at 393 K) calculated
using the Eyring equation. These findings highlight the relatively
stable nature of helicene enantiomer in comparison to
[5]helicene-based nanographene

previously reported

molecules39-40,
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Figure 4. (a) The obtained CD spectra of 1-(P, P, P, P) and 1-(M, M, M, M)
in dichloromethane (10-5 M, 298 K). The dotted line shows the simulated
CD spectrum of 1-(P, P, P, P) and 1-(M, M, M, M) obtained by TD-DFT
calculations at the PBE0-D3(B])/6-311G(d) level. (b) Energy profile for
the isomerization of 1 at the B3LYP-D3(BJ)/6-31G(d) level of DFT.

The nitrogen atoms on the backbone of the nanographene
structure can easily be protonated and deprotonated owing to
the unpaired electrons, which leads to significant changes in its
optical properties upon exposure to acidic solutions. The
sensitivity of 1 to acids was evaluated through an examination
of changes observed in the UV-Vis and fluorescence spectra
upon the introduction of trifluoroacetic acid (TFA). During the

addition of up to 2.0 molar equiv. of TFA to the DCM solution of
1, a reduction in the intensity of the absorption peak at 430 nm
was observed, accompanied by the emergence of a new broad
absorption peak at 450 nm in the spectrum (Figure 5a). Further
addition of TFA up to 5.0 molar equiv. did not substantially
affect the absorption spectrum, indicating that the formation of
1+2H* was almost saturated after the addition of 2.0 molar
equiv. of TFA. Notably, the complete recovery of the protonated
structure 1 was achieved by introducing an equivalent
concentration of triethylamine (TEA), demonstrating the
reversible nature of its protonation in the solution.

The CD spectra of chiral conformers of 1 were also modified
significantly upon protonation by TFA. The addition of 5 molar
equivalents of TFA to 1-(P, P, P, P) in DCM resulted in the
emergence of new CD peaks within the wavelength ranges of
300-438 nm, 438-500 nm, and 565-605 nm. A pronounced
Cotton effect was observed at wavelengths beyond 438 nm.
Although the intensity of the CD signals (A¢) exhibited a slight
reduction in the wavelength range of 300-438 nm, the peak
wavelength was red-shifted from 555 nm to 605 nm. This
implied that protonation by TFA led to enhanced absorbance in
the low-energy transition region.
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Figure 5. (a) Changes in the UV-Vis absorption spectra upon titration of
1-(P, P, P, P) (2 x 105 M in DCM) with TFA. (b) The obtained CD spectra
of 1 (red) and 1+2H* (blue) in DCM.

The chiral metallaprisms (3) were constructed through the
coordination-driven self-assembly of 1-(P, P, P, P) and
Pd(dppp)(OTf)2 in DCM. Analysis of the 1H NMR spectrum of the
resulting complex revealed distinct signals compared to those
observed in the spectrum of 1-(P, P, P, P), as shown in Figure 6b.
The high-resolution electronic spray ionization (ESI) mass
spectrometry provided the precise molecular formula for this
complex. The predominant signals in the ESI spectrum were
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centered around m/z = 3659.60 (z = 2) with signals spaced by
0.500 mass units, as illustrated in Figure 6c. These signals can
be assigned to the metallosupramolecular trimer (3) after it has
lost two triflate anions. The structure of 3 was optimized using
DFT calculations at the PBE0-D3/3-21G level. The results of
these calculations showed that 3 exhibited a triangular prism-
shaped structure composed of nanographene walls with Pdll
ions situated at the vertices (Figure 6a). A lower red-shift of 25
nm was observed in the absorption spectrum of 3 in comparison
to 1-(P, P, P, P). The PL spectrum of 3 displayed a similar profile
to that of the 1-(P, P, P, P) conformer, although the strongest
peak was red-shifted to 583 nm, as shown in Figure 6d. The red-
shifted absorption and emission peaks with similar spectral
shapes may be attributed to the bonding interaction between 1-
(P, P, P, P) and the Pd! ions at the corners. Meanwhile, the
formation of 3 not only caused red-shifts in the CD spectra
(Figure 6e) but also led to an enhancement in the CD response.
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Figure 6. (a) Optimized structure of 3 obtained from DFT calculations. (b)
The obtained 'H NMR spectra for 1 and 3. (c) The obtained ESI-MS
spectra for 3. The inset shows the isotopic distribution, which is in
agreement with the calculated pattern. (d) Absorption (solid lines) and
emission (dashed lines) spectra for 1 (red) and 3 (black) in DCM. (e) The
obtained CD spectra for 1 (red) and 3 (black) in DCM.

Conclusions

In summary, a diazananographene containing quadruple
[5]helicene units (1) and its planar counterpart (2) were
successfully synthesized. The [5]helicene units were formed
from the adjacent t-butyl groups positioned in opposite
directions. Three stable conformers of 1 were isolated and
characterized, comprising a pair of enantiomers (1-(P, P, P, P)
and 1-(M, M, M, M)) and a mesomer (1-(P, P, M, M)). The
increased flexibility of the helicene units resulted in broadening
of the absorption and emission peaks for 1, accompanied by an
enhanced emission quantum yield. The chiral conformer of 1
exhibited a circular dichroic (CD) response extending up to a
wavelength of 560 nm, which was extended further to 605 nm
after protonation. In addition to that, a metallosupramolecular
trimer (3) was prepared utilizing the chiral conformer of 1 as a
building unit for coordination with (cis-dppp)Pd!. This trimer
exhibited a distinct CD response, indicating chiral transfer
within the complex. These results offer compelling evidence of
the potential of helical diazananographene as a responsive
chiral optical chromophore and a versatile component for chiral
metallosupramolecular assemblies.

Experimental Section

NMR spectra were acquired on a Bruker Spectrometers at 298 K in the
solvents indicated. Chemical shifts are expressed in ppm units relative to
TMS (0.00 ppm, 1H). Mass spectra were recorded using a Bruker time of
flight mass spectrometer coupled with matrix-assisted laser
desorption/ionization source (MALDI-TOF). Silica gel (300-400 mesh)
was used for column chromatography. Ultraviolet/visible absorption
spectra were recorded using Cary 5000 Spectrometer. Fluorescence
spectra were acquired on a FLS-980 Fluorescence Spectrophotometer in
the solvents indicated.
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