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Abstract

Heteroatom-embedded hexa-peri-hexabenzocoronene (HBC) molecules exhibit interesting
properties depending on the number and position of the introduced heteroatoms and are promising
materials for applications in organic electronics and supramolecular chemistry. However, their synthesis
is quite limited because of the difficulty in selectively introducing heteroatoms into the HBC core, which
poses a new challenge in organic synthesis. In this study, we report a novel synthetic strategy for the in-
solution synthesis of 3a?-azahexa-peri-hexabenzocoroneniums, which are cationic nitrogen-embedded
HBC derivatives. The synthesis was enabled by formal [3+3] cycloaddition of polycyclic aromatic
azomethine ylides with cyclopropenes as a 3-atomic dipolarophile followed by mechanochemical
intramolecular cyclization. Furthermore, on-surface polymerization of aza-HBC precursors was
performed to synthesize aza-HBC-based corrugated graphene nanoribbons. This study provides new
possibilities for the utilization of nitrogen-embedded HBC derivatives in a variety of potential

applications.

Introduction

Hexa-peri-hexabenzocoronene (HBC; Fig. 1) is a discotic polycyclic aromatic molecule
composed of 42 carbon atoms and 18 hydrogen atoms. Since its first synthesis in 1958, HBC and its
derivatives have emerged as the most prominent representative of polycyclic aromatic molecules because
of their extended m-conjugated surface, characterized by regularly aligned benzenoid hexagons.3*® The

fascinating symmetrical structure and intriguing properties of HBC have fueled extensive research on its
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synthesis and applications in supramolecular chemistry,5’ organic electronics, and biology.
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Fig. 1. Hexa-peri-hexabenzocoronene (HBC) and nitrogen-embedded HBC molecules in the

literature (A—E) and in this work (F).

Given the profound significance of HBC molecules, the exploration of heteroatom-embedded
HBC molecules presents a compelling avenue for research across a wide range of scientific
disciplines.'3!* The first synthesis of a nitrogen-containing HBC molecule was reported in 2002, when
Draper successfully developed pyrimidine-fused HBCs (A) and their application as ligands in
organometallic chemistry.’>%1" Later, Draper’® and Jux'® independently introduced a novel class of
HBCs fused with a peripheral pyridine ring (B), which were subsequently converted to cationic analogs
such as alkylpyridinium and pyridine oxide. While these HBC molecules feature nitrogen atoms at their
periphery, the incorporation of heteroatoms into the internal framework remains an intricate and
formidable challenge. The synthesis of HBC molecules with internal heteroatoms has been achieved

mainly by on-surface synthesis, as exemplified by borazine-embedded HBC (C) in 2015,° pyrazine-



embedded HBC (D) in 2017, and pyridinium-embedded HBC (E) in 2021,% although the in-solution
synthesis of C was later reported by the group of Bonifazi.??* It is important to note that on-surface
synthesis, while feasible, inherently restricts the comprehensive investigation of their properties and
hampers their practical application. Consequently, there is a pressing need for in-solution organic
synthesis of heteroatom-embedded HBC molecules. Herein, we report the in-solution synthesis of novel
cationic  nitrogen-embedded hexabenzocoronene derivatives F, namely 3a’-azahexa-peri-
hexabenzocoronenium. The synthesis was achieved through a formal [3+3] cycloaddition of polycyclic
aromatic azomethine ylides and cyclopropenes, which act as “3-atomic dipolarophiles”, followed by
mechanochemical intramolecular cyclization, facilitating the formation of C(sp?)-C(sp?) bonds. The
structure and properties of azahexabenzocoronenium F were investigated by various spectroscopic
methods, which have been difficult to perform with other heteroatom-embedded HBC molecules bearing

internal heteroatoms.

a [3+3] Homodimerization of Azomethine Ylides 1 for Diaza-HBC (D)

b Formal [3+3] Cycloaddition of 1 with Cyclopropene Dipolarophiles
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Fig. 2. 1,3-Dipolar cycloaddition of azomethine ylides to form nitrogen-embedded HBC derivatives.
a, [3+3] Homodimerization of azomethine ylide to form pyrazine-embedded HBC D.?! b, Formal [3+3]

cycloaddition of azomethine ylides and cyclopropenes as 3-atomic dipolarophiles.

Fig. 2 illustrates our synthetic design for cationic HBC molecule F, which is based on the 1,3-

25,26,27,28,29,30,31,32 It was previously

dipolar cycloaddition of polycyclic aromatic azomethine ylides 1
reported that HBC molecule D was synthesized through [3+3] homodimerization of azomethine ylides 1
followed by oxidative cyclization on the metal surface (Fig. 2a).>! In our initial approach, therefore, we

planned to adopt the same 1,3-dipolar cycloaddition strategy to synthesize azahexabenzocoronenium F.



To construct its core structure, we need to perform [3+3] cycloaddition of azomethine ylide 1 with a 3-
atomic CCC unit (Fig. 2b), but this type of [3+3] cycloaddition reaction has never been reported.
Consequently, we decided to develop a formal [3+3] cycloaddition using cyclopropene derivative 2 as a
coupling partner. Since 2 is an alkene molecule, it can undergo 1,3-dipolar cycloaddition with polycyclic
aromatic azomethine ylides 1 to yield the corresponding cycloadduct. The resulting bicyclo[3.1.0]hexane
system is expected to undergo skeletal rearrangement upon oxidation, forming the corresponding
pyridinium ring.®*34 Overall, this transformation can be considered a formal [3+3] cycloaddition of
azomethine ylide 1 and cyclopropene 2, with the latter serving as a 3-atomic dipolarophile, ultimately

leading to the formation of azahexabenzocoronenium F.

Results and discussion

To validate our hypothesis, 1,3-dipolar cycloaddition of a polycyclic aromatic azomethine ylide
derived from iminium salt 1a and cyclopropene derivative 2a%* was performed in chloroform at 60 °C,
which yielded cycloadduct 3a in nearly quantitative yield as a mixture of diastereomers with a ratio of
70:28 (Fig. 3a). The high reactivity of 2a as an alkene leading to the high yield of 3a is attributed to its
inherent molecular strain in the cyclopropene structure.*® The diastereomers of 3a can be separated and
isolated by silica gel column chromatography and further characterized by NMR analyses, mass analyses,
and single crystal X-ray diffraction analysis (Supplementary Fig. 65). Subsequently, 3a was treated with
3.0 equivalents of chloranil, which serves as an oxidant, at 40 °C. This treatment induced a skeletal
rearrangement, converting azabicyclo[3.1.0]hexane into the corresponding pyridinium ring. Notably,
both isomers of 3a underwent this transformation with high efficiency, providing n-extended pyridinium
4a in high yields. This reaction was found to be versatile because it was successfully applied to a wide
range of substrates (Fig. 3b). Cyclopropene substrates bearing electron-donating and electron-
withdrawing groups afforded 4b—4d in good yields. Additionally, the phthalimide functionality was
compatible under the reaction conditions to produce 4e, indicating that alkyl substituents can also be
introduced instead of alkoxycarbonyl and aryl groups. The generality of the reaction conditions was
further demonstrated with various 1,2,3-triarylcyclopropene substrates, leading to the formation of 1,2,3-

triarylated dibenzoullazine molecules 4f—4o in high yields.
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Fig. 3. Synthesis of n-extended pyridinium derivatives. a, 1,3-Dipolar cycloaddition of azomethine
ylides and cyclopropenes followed by oxidative skeletal rearrangement. b, Substrate scope. Counterions

are omitted for clarity.
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Fig. 4. Synthesis of azahexabenzocoronenium. a, Attempted synthesis of 5f by mechanochemical

cyclization. b, Synthesis of Sh and an anion exchange reaction leading to Sh'.

The molecular shape of m-extended pyridinium salts 4f—o prompted us to examine a
dehydrogenative  cyclization approach to afford azahexabenzocoronenium 5, ie., 3a*-
azahexabenzo|bc,ef,hi kl,no,qrlcoronenium (Fig. 4). In the initial trials, Scholl reactions of 4f using
various oxidative conditions were performed, since it is a well-established strategy for promoting the
cyclodehydrogenation of polycyclic aromatic molecules. *¢-%"-3 However, none of the oxidative
conditions successfully afforded 5, presumably because the electron-deficient nature of the pyridinium
precursors hampered oxidation reactions (Fig. 4a; left). We then shifted our focus to cyclization under

89.40.41.42 which is often facilitated by mechanochemistry (Fig. 4a; right).*

reductive conditions,
Accordingly, the four-fold cyclodehydrogenation of 4f was performed in the presence of excess sodium
(Na) under ball milling (30 Hz) at room temperature, resulting in the formation of a black powder as a
product. The MALDI-TOF mass spectrum of the crude mixture showed only signals at m/z = 580.19,
which corresponds to the target molecule, azahexabenzocoronenium 5f. However, the black powdery
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product did not dissolve in any solvents and could not be purified. In the next trial, therefore, we turned
our attention to 4h, which bears three tert-butyl groups, aimed at enhancing the solubility (Fig. 4b). As
anticipated, the reaction of 4h proceeded well to produce Sh, which shows significantly improved
solubility in organic solvents. Due to the poor crystallinity of Sh bearing chloride as the counterion, we
performed a counterion exchange reaction to obtain the corresponding borate salt, Sh'. Likewise, we
conducted mechanochemical reductive cyclization to 4Kk, 41, and 4n, each featuring different substituents.
These efforts resulted in reasonable yields of Sk, S, and Sn, respectively, expanding the scope of our

synthesized compounds.

Fig. 5. Molecular structures of azahexabenzocoronenium 5h'. a, ORTEP structure of Sh'. Hydrogen
atoms are omitted, and #-butyl groups are shown as stick models for clarity. b, Structure of § determined

by DFT calculation at the B3LYP/6-31G(d) level of theory. ¢,d, Packing structures of Sh'.

Single crystals of Sh' were obtained by recrystallization in dichloromethane and analyzed by
X-ray diffraction measurement (Fig. 5). The Sh' crystallizes in the P—1 space group with four molecules
and solvent molecules in the unit cell. The cationic n-core adopts a nearly planar structure with a slight
wavy distortion, likely arising from the steric interaction of the z-butyl groups (Fig. 5a). Unfortunately,
however, the crystal structure contains disorder in terms of the position of the nitrogen atoms, i.e., the
crystal contains 1/3 of each of the three structures in Supplementary Fig. 67 as disorder. Therefore, the
central pyridinium ring is observed as a regular hexagon as a result of averaging their structures,

preventing us from discussing detailed molecular structures, including bond lengths and bond angles.



Consequently, the molecular structure was determined by density functional theory (DFT) calculations at
the B3LYP/6-31G(d) level of theory (Fig. Sb). The optimized structure in the gas phase has a shallow
saddle shape, which would be attributed to the shorter carbon—nitrogen bonds (N-C1: 1.402 A, N-C6:
1.429 A) compared with the corresponding carbon—carbon bonds of HBC (1.424 and 1.448 A,
respectively) (Supplementary Fig. 68). In the crystal packing, azahexabenzocoroneniums are slip-
stacked in a face-to-face manner so that each carbon atom is located near the center of a six-membered
ring in the underlying molecule (Fig. 5c¢). This packing arrangement closely resembles what is observed
in the crystal structure of hexa-z-butyl-HBC.* The cationic cores form oblique one-dimensional columns
with an interplanar distance of 3.53 A (Fig. 5d). This value is larger than that of hexa-t-butyl-HBC (3.44
A)* and a pyridine-fused HBC-type compound (3.36 A),'” which is likely attributed to the electrostatic
repulsion between cationic aromatic cores. There is no interaction between the columns as the space

between the columns is filled with large anions, i.e., B(CsFs)s~ and solvent molecules.
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Fig. 6. Molecular properties of azahexabenzocoronenium 5. a, UV/visible absorption (blue dotted
line) and normalized emission (red solid line; excitation wavelength: 350 nm) spectra of

azahexabenzocoronenium 5h (5.6x107° M in CH>Cl). b, NICS(1),, values of 5 (average of values on the
back and front of the curved surface). ¢, ACID plot of 5, d, ESP map of 5.

The optical properties of compound 5h were investigated (Fig. 6a). The absorption spectrum

shows a broad absorption profile with absorption maxima at 518, 484, and 382 nm. According to time-



dependent (TD) DFT calculations, the former two absorptions correspond to the HOMO/LUMO and
HOMO-1/LUMO transitions, respectively (Supplementary Fig. 74 and Table 3). Notably, in the case
of hexabenzocoronene 1, the observed absorption wavelength is significantly shorter (<400 nm).*>#¢ This
phenomenon can be attributed to the highly symmetrical structure of hexabenzocoronene, which results
in the symmetrically forbidden nature of some low-energy transitions (referred to as o- and p-bands*’),
preventing them from contributing to longer wavelength absorption (Supplementary Fig. 73 and Table
2). Therefore, the introduction of a nitrogen atom into the HBC core disrupts its molecular symmetry,
allowing these low-energy absorptions to occur.*’ Additionally, the fluorescence of Sh was observed in
the range from 500 to 650 nm, including vibrationally resolved maxima. The fluorescence pattern mirrors
the longest absorption bands. Remarkably, the Stokes shift is only 2 nm, suggesting the highly rigid
structure of azahexabenzocoronenium 5h. The fluorescence quantum yield was determined to be 30%,
which is higher than that of hexabenzocoronene derivatives (typically <10%).*¢ This improvement in the
emission quantum yield underscores the advantages of introducing nitrogen atoms into highly symmetric
polycyclic aromatic molecules such as corannulene*® and HBC,'>!” enhancing their fluorescence
properties.

The aromaticity and electronic properties of 5 were investigated by DFT calculations. Nucleus
independent chemical shift (NICS) analysis revealed a value of —26.7 at the central pyridinium ring, with
values ranging from —25.2 to —27.5 at the peripheral benzene rings, which indicates that they are aromatic
(Fig. 6b). Indeed, the ACID plot shows the presence of 6m clockwise ring currents along the central
pyridinium and peripheral six benzene rings (Fig. 6¢). These findings provide compelling evidence that
the aromatic nature of 5 closely resembles that of the parent HBC (Supplementary Figs. 71 and 72).
Additionally, electrostatic map analysis indicateed that the cationic charge is localized around the internal
nitrogen atom (Fig. 6d).

To expand the application of azahexabenzocoronenium 5, we decided to perform its
oligomerization on metal surfaces to fabricate corrugated nitrogen-containing graphene nanoribbons
(GNRs; Fig. 7a). Several examples of HBC-based corrugated GNRs bearing nitrogen atoms in their

49.505152535455 1yt there are fewer examples of HBC-based

periphery have been reported in the literature,
corrugated GNRs bearing internal nitrogen atoms. Initially, precursor 4d was sublimed in situ onto a
clean Au(111) surface under ultrahigh vacuum conditions. The large-scale scanning tunneling microscopy
(STM) image (Fig. 7b) shows that the cationic part of 4d assembles into distinct small clusters, while no
chlorine atoms were detected on the metal surface (Supplementary Fig. 77).%2 A high-resolution STM
image of one of these clusters is shown in the inset of Fig. 7b. Subsequently, the sample underwent
annealing at 150 °C, inducing an intermolecular Ullmann-type cross-coupling reaction to form the
polymer intermediate (Fig. 7c). The high-resolution image of the polymer (inset of Fig. 7¢) reveals a
periodicity of 0.88 nm, indicating the formation of covalent bonds between the precursor molecules. The

bright spots observed in the middle of the polymer chain arise from the steric effect of the out-of-plane

phenyl rings. Further elevating the annealing temperature to 400 °C resulted in complete planarization of
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the linear structures (Fig. 7d). High-resolution STM images (Fig. 7e—g) of these products with varying
lengths demonstrate the successful synthesis of the desired oligomers depicted in Fig. 7a, although some
oligomers with defects were also observed (Supplementary Fig. 75). Bond-resolved STM (BR-STM)
imaging with a CO-functionalized tip (Fig. 7h—j) clearly confirmed the formation of the desired GNRs,
providing direct and compelling evidence that the synthetic concept illustrated in Fig. 7a was successfully
realized. It is noteworthy that the selective introduction of nitrogen atoms is ensured by a darker contrast
around the nitrogen atoms, which was reported in previous studies.?>*”-%® In addition, the electronic
properties of the corrugated GNRs were measured by scanning tunneling spectroscopy with a metal tip,
which revealed that their band gap gradually decreased with increasing number of aza-HBC units
(Supplementary Fig. 76). To further clarify the electronic structure and charge state of GNRs, we
performed a series of theoretical calculations of pentameric GNRs with increasing numbers of positive
charges using the vacuum level to align the Fermi energy between them and the ideal Au (111) surface.
Supplementary Fig. 79A, 79B, and 79C show the density of states of the pentameric GNRs in the gas
phase with charges of 0, +1, and +2 per 2N site unit cell, respectively. As shown in Supplementary Fig.
80A, the d//dV spectrum of the pentameric GNRs on the gold surface was also calculated and found to
be in the best agreement for the gas-phase system with +1 charges. This is further confirmed by
calculating the charge transfer between the GNR and the gold surface (Supplementary Fig. 80B), where
a decrease in positive charge at the nitrogen sites and an associated accumulation of positive charge at the
gold site directly below it are observed. The simulated contrast in Supplementary Fig. 80C is in
reasonable agreement with that shown in Supplementary Fig. 76. These results led to the conclusion that
the local positive charge on each azahexabenzocoronenium unit of the GNRs is +0.5. It was reported that
a dicationic diaza-HBC molecule adopts a dicationic state on the Au(111) surface,?? and that neutral
nitrogen-embedded PAH molecules adsorbed on the Au(111) surface are positively charged due to the
charge transfer from the neutral molecules to the underlying metal substrate.’®3” Given these reports, it is

reasonable to conclude that the present GNRs have +0.5 charge per aza-HBC unit.

Conclusions

In summary, we have developed a new synthetic approach for accessing heteroatom-embedded
hexa-peri-hexabenzocoronene derivatives. The key to the successful synthesis of 3a®-azahexa-peri-
hexabenzocoronenium lies in the formal [3+3] cycloaddition of polycyclic azomethine ylides with
cyclopropene derivatives, followed by mechanochemical intramolecular cyclization. A comprehensive
investigation of the optical and electronic properties of the resulting molecules was performed through
spectroscopic analyses as well as theoretical calculations. Furthermore, we extended our methodology to
synthesize corrugated 3a’-azahexa-peri-hexabenzocoronenium graphene nanoribbons through on-surface
synthesis and elucidated their electronic structure and charge state experimentally and theoretically. The
present versatile approach opens up new possibilities for the utilization of heteroatom-embedded

hexabenzocoronene derivatives in various potential applications.
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Fig. 7. On-surface synthesis of aza-HBC-based corrugated graphene nanoribbons. a, On-surface
oligomerization of azahexabenzocoronenium precursor 4d via Ullmann-type coupling and
cyclodehydrogenation. b, Overview STM topography of as-deposited 4d on Au(111). Inset, high-
resolution STM image of the self-assembled clusters. ¢, Overview STM topography after annealing at
150 °C. Inset, high-resolution STM image of the polymer. d, Overview STM topography after annealing
at 400 °C. e-g, High-resolution STM images of GNRs. h—j, Bond-resolved STM (BR-STM) images of
GNRs. Measurement parameters: /=200 mV and /= 10 pA in (b—g), and V =0 mV in (h+j).

Methods

1,3-Dipolar cycloaddition of azomethine ylides 1 and cyclopropenes 2: To a preheated solution of
cyclopropene 2 (0.10 mmol) and iminium salt 1 (0.15 mmol) in dimethyl sulfoxide (3.0 mL) at 120 °C
was added N,N-diisopropyl(ethyl)amine (0.45 mmol). The mixture was stirred for 14 h at 120 °C, cooled
to room temperature and poured into toluene (30 mL). The organic phase was washed with brine (10
mLx3), dried over sodium sulfate and concentrated under reduced pressure. The crude mixture was
purified by silica gel chromatography to obtain cycloadduct 3 as a mixture of diastereomers.

11



Oxidative aromatization of 3 to synthesize m-extended pyridinium 4: To a solution of compound 3
(0.050 mmol, a mixture of stereoisomers) in chloroform (3.0 mL) was added chloranil (0.15 mmol) at
room temperature. The mixture was stirred for 3 h at 40 °C and cooled to room temperature. After being
concentrated under reduced pressure, the crude mixture was purified by silica-gel chromatography

(methanol/dichloromethane) to obtain w-extended pyridinium 4.

Mechanochemical cyclization of 4 to synthesize azahexabenzocoronenium 5: To a 15-mL stainless
steel jar was placed 4 (10 mg, 13—14 umol), sodium (10 mg, 0.4 mmol) and a stainless-steel ball. The jar
was closed and milled at 30 Hz for 30 min. The reaction mixture was collected with chloroform and the
organic layers were concentrated under reduced pressure. The crude mixture was purified by silica-gel

column chromatography (methanol/dichloromethane) to obtain azahexabenzocoronenium 5.

Data availability

The crystallographic data for compounds 3a, 4a, and Sh' have been deposited with the Cambridge
Crystallographic Data Centre under accession numbers 2293773, 2293774, and 2293775, respectively.
The data supporting the findings of the current study are available within the paper and its Supplementary

Information.
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