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ABSTRACT: Herein, we report a divergent synthesis of cationic azatriphenylene derivatives using orthogonal control of thermal
and electro-oxidative pyridination, which transforms the single precursor into controlled products with perfect selectivity.
Simultaneously, two switchable reactions afford the corresponding pyridinium salts with different optical properties such as
aggregation-induced emission (AIE) and aggregation-caused quenching (ACQ) effects.

Polycyclic aromatic hydrocarbons (PAHs) are two-dimen-
sional (2D) molecules with multiple fused benzene rings

and have a broad range of applications in organic and
optoelectronic materials based on their diverse structures.1,2

Heteroatom-doped PAHs, which incorporate heteroatoms into
the PAH framework, exhibit unique physical properties
depending on the characteristics of the introduced heter-
oatom.3 Among them, cationic nitrogen-doped PAHs (N+-
doped PAHs) have been focused in terms of freedom of
molecular design by dual strategies with anion/cation
species4−8 and recently applied as organic ionic materials for
catalyst,9−11 light-emitting diode,12 and bioimaging.13−16 In
this context, the precise synthesis of N+-doped PAHs has been
more important to appropriately design molecular structures
and functionalities. One of the most common approaches to
N+-doped PAHs is cyclization reactions with transition-metal-
catalyzed C−H activation as the key step,17−20 which is a
powerful yet atom-economical method. However, it is difficult
to construct multiple π-conjugated structures from a specific
precursor to diversify their physical properties. Therefore, it is
required to develop divergent synthetic protocols to lead to
versatile products with physical properties from specific
precursors.

In divergent synthetic protocols, it is important to selectively
obtain only the desired products. Orthogonal transformations
are known as a useful approach in selective synthesis and
sophisticated reactions that can activate only the desired

reaction process without interrupting other reaction sys-
tems.21,22 Recent progress in the use of nonthermal external
stimuli such as photo,23−25 mechanical,26 and electrical27

energies for molecular transformations allows for appropriate
selection of orthogonal reaction systems, realizing that versatile
and complicated π-conjugated structures are accessible from a
specific precursor. However, orthogonal transformations for
the construction of N+-doped PAHs are hardly developed
because cyclization reactions to produce aromatic rings often
require harsh conditions.28

In our previous study, we successfully developed two types
of intramolecular pyridination protocols to construct cationic
azatriphenylene derivatives without the use of a transition-
metal catalyst (Figure 1a).29,30 One is based on the
nucleophilic aromatic substitution (SNAr) reactions driven by
thermal stimuli, and the other is based on the anodic
pyridination driven by electrical stimuli.31 In these intra-
molecular pyridination protocols, there is a high affinity
between the electronic properties of the reaction site and the
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external stimuli used, e.g., thermal and electrical stimuli
activate electron-deficient and electron-rich aromatic moieties,
respectively, for cyclization. In this study, we designed a
molecular platform for the divergent synthesis of cationic
azatriphenylene derivatives via orthogonal control of the
thermal and electro-oxidative pyridination (Figure 1b). In
addition, we found interesting differences in the optical
properties of the obtained products.

Phenylpyridine precursor 1 was subjected to orthogonal
transformations (Figure 2). For the thermal SNAr reaction,

precursor 1 was treated in acetonitrile (MeCN) at 120 °C for
24 h in the presence of lithium tetrafluoroborate (LiBF4).
Intramolecular pyridination selectively proceeded on the
pentafluorophenyl moiety to afford pyridinium salt 2
containing BF4

− as the counteranion in 80% isolated yield,
where the eliminating fluoride ion was captured by the lithium
ion (Figure 2a). For the electrochemical pyridination, we first
measured cyclic voltammetry of precursor 1. The voltammo-
gram showed an irreversible oxidation peak (Eonset

ox = 1.5 V vs
saturated calomel electrode (SCE)), suggesting that the
methoxyphenyl moiety is easily oxidized to generate its radical
cation and subsequently reacts with the pyridine moiety
(Figure S1a). Accordingly, the anodic pyridination of precursor
1 was carried out in the MeCN solution containing 0.5 M
tetraethylammonium tetrafluoroborate (Et4NBF4) in a H-type
divided cell equipped with a carbon felt anode, and a Pt plate
cathode. Constant-current electrolysis at 8.0 mA for 2.8 F
mol−1 afforded product 3 in 63% NMR yield (56% isolated
yield) (Figure 2b). In addition, the regioselectivity of the
pyridination on the methoxyphenyl moiety can be explained
based on DFT calculations. The position where the
pyridination took place was consistent with the carbon atom
having a large β-LUMO coefficient and natural bond orbital
(NBO) spin density in the radical cation state of 1 (Figure

S1b). Indeed, any side products, including regioisomers, were
not observed in the 1H NMR spectrum of the crude material
(Figure S2). The structures of products 2 and 3 were
characterized by NMR, high-resolution mass spectrometry
(HRMS), and XRD analysis. Furthermore, the thermal
pyridination product 2 was not detected at all in the electro-
oxidative conditions (and vice versa). These results indicate
that the two types of pyridination protocols are orthogonally
switchable for a multiresponsive molecule 1 by using thermal
or electrical stimuli.

Next, the electrochemical and optical properties of
compounds 1−3 were investigated, and all data are
summarized in Figure 3 and Table 1. The cyclic voltammo-

grams of 2 and 3 showed an irreversible reduction peak in the
negative potential region (Figure 3a). This result is due to the
electron-deficient nature of the pyridinium moiety and
indicates that the reduced species of 2 and 3 are unstable to
undergo side reactions such as dimerization.32 On the other
hand, the oxidation peaks observed in the voltammograms of 2
and 3 are shifted to a positive region due to the strong
electron-withdrawing nature of the cationic azatriphenylene
moiety. More specifically, the reduction potential of 3 was
observed in a more negative region compared to that of 2
because the resonance effect of the methoxyphenyl moiety
affected the pyridinium moiety in 3. By contrast, the oxidation
potential of 3 was shifted to a more positive region compared
to that of 2 because the oxidation of the methoxyphenyl
moiety was strongly influenced by the inductive effect of the
pyridinium moiety. Therefore, the HOMO−LUMO energy
gap of 2 was smaller than that of 3, as supported by DFT
calculations (Figure S3).

The UV−vis absorption maxima of 2 and 3 around 200−300
nm were red-shifted compared to that of precursor 1 due to
the π-extension in the fused ring structures; in addition, weak
absorption bands appeared in the longer wavelength region in
the spectra of 2 and 3 (Figure 3b). The former absorption is
attributed to the π−π* transition, and the latter is the
intramolecular charge transfer (ICT) transition from the
electron-donating moiety (i.e., methoxyphenyl unit) to the

Figure 1. Concept of this study. (a) Intramolecular pyridination of
various aromatic moieties. (b) Divergent synthesis from one precursor
molecule by two types of intramolecular pyridination.

Figure 2. (a) Thermal pyridination of 1, including the crystal
structure of products 2. (b) Electro-oxidative pyridination of 1,
including the crystal structure of products 3.

Figure 3. (a) Cyclic voltammograms of 1−3 (3 mM) in 0.1 M
Bu4NPF6/MeCN using a Pt working electrode (φ = 3 mm) at a scan
rate of 100 mV/s. The graphs are plotted according to the IUPAC
convention. (b) UV−vis absorption for 1−3 in MeCN solutions. (c)
Fluorescence spectra for 2 in the solid state and 3 in MeCN solution
and the solid state. (d) Photographs of 2 and 3 under ambient light
(left) and UV irradiation (middle, right).
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electron-accepting moiety (i.e., pyridinium unit), as supported
by the time-dependent DFT (TD-DFT) calculations (Figures
S5 and S6).

Interestingly, there were remarkable differences between the
emission behavior of 2 and 3 (Figure 3c). In the fluorescence
(FL) measurement in MeCN solution, 2 was a nonemissive
species (Figure S8), whereas 3 showed a broad nonstructured
emission (λem = 460 nm) characterized by a donor−acceptor
(D−A) type molecule. The quantum efficiency of 3 (ΦFL =
0.21) in MeCN was lower than that of the cationic
azatriphenylene derivative bearing the methoxy group (ΦFL =
0.57) in our previous report30 The lower FL intensity of 3 was
probably due to undergoing the nonradiative relaxation
induced by the free rotation of the pentafluorophenyl group.
The different emission behaviors between 2 and 3 in MeCN
were supported by TD-DFT calculations; the oscillatory force
( f = 0.0597) of the S1 → S0 transition in 2 was significantly
lower than that of 3 ( f = 0.3425) (Figure S7). The ICT
transition from the pyridinium unit to the methoxyphenyl unit
contributed significantly to the S1 → S0 transition in both
compounds. Therefore, the fluorescence quenching of 2 was
caused by the small orbital overlap between the pyridinium
unit and the methoxyphenyl unit. By contrast, the quantum
efficiency of powder 2 was ΦFL = 0.21, whereas the
fluorescence of powder 3 was ΦFL = 0.03. Compound 2
exhibited emission behavior (λmax

em = 531 nm, ΦFL = 0.06)
even in the amorphous state by sufficient grinding of pristine 2
(Figure S9), while ground sample 3 was completely quenched
(Figure S10). This interesting result suggests that opposite
optical properties, i.e., the aggregation-induced emission (AIE)
properties for 2 and the aggregation-caused quenching (ACQ)
properties for 3 (Figure 3d).

Next, single-crystal X-ray diffraction analysis was performed
to investigate the difference in the emission behavior between
pyridinium salts 2 and 3 in the solid state (Figure 4). The
crystal structure of 2 has a distorted triphenylene unit due to
the large torsion angle (27.9°) between the pyridinium moiety
and the perfluorophenyl moiety. On the other hand, the crystal
structure of 3 has a relatively highly planar triphenylene unit
due to the small torsion angles (8.7° and 11.1°) between the
pyridinium moiety and the methoxyphenyl moiety (Figure
4a,b). Therefore, it was suggested that 3 is well stacked by π-π
interactions with neighboring cation species compared to 2
with the twisted geometry.

To further understand the crystal structures of 2 and 3 in
detail, Hirshfeld surface analysis33,34 was performed. According
to the mapped curvedness properties of 2 and 3, the
azatriphenylene unit of 3 has a relatively flat surface compared
to that of 2 (Figure 4c,d). Furthermore, the shape-index
surfaces of 3 exhibited the pattern of blue and red triangles
attributed to the offset π−π stacking interactions between the

neighboring azatriphenylene units, whereas 2 did not exhibit
these triangle patterns (Figure 4e,f). Therefore, it was revealed
that π−π interactions are involved effectively in the crystal of 3.
On the other hand, in the 2D fingerprint plot surfaces of 2, the
characteristic spike (de = 1.296 Å; di = 1.581 Å) attributed to
the C (π+)···F (BF4

−) interaction was observed, indicating the
presence of anion−π+ interactions in the crystal of 2 (Figure
S11).

Based on these considerations, the fluorescence quenching
of 3 in the aggregated state should be caused by the energy
transfer in the π-stacked structure. In contrast, the fluorescence
of 2 in the aggregated state is observed due to the suppression
of intermolecular π−π stacking by the presence of strong
anion−π+ interactions.35−37 Therefore, the use of anion−π+

interactions instead of π−π interactions would be an
informative strategy to induce AIE properties in π-conjugated
systems. Even though products 2 and 3 consist of the common
structure, i.e., aryl-substituted cationic azatriphenylene, the
difference in the intermolecular interactions resulted in the
different crystal packing with characteristic optical properties.
The proposed orthogonal synthetic method with different
external stimuli could be a useful way to switch the AIE and
ACQ products from precursor 1.

In conclusion, we have demonstrated the divergent synthesis
of cationic azatriphenylene derivatives via orthogonal control
of the thermal and electro-oxidative pyridination. The two
switchable intramolecular pyridination protocols can transform
the single precursor into the corresponding products with
complete selectivity. The pyridinium salt products were found
to have different optical properties such as AIE and ACQ
effects. In addition, we successfully elucidated the origin of the
different fluorescence behavior in solution and the solid state

Table 1. Summary of the Optical and Electrochemical Properties of Compounds 1−3

λmax
abs (nm)a λmax

em (nm)b ΦFL
c

Compd π−π* ICT solution powder solution powder Eonset
red (V vs SCE)d Eonset

ox (V vs SCE)d ΔEHOMO−LUMO (eV)e

1 226 − n.d.f n.d.f n.d.f n.d.f n.d.f 1.49 −
2 261 368 n.d.f 452 n.d.f 0.21 −0.66 1.76 2.42
3 274 363 467 469 0.21 0.03 −0.83 1.98 2.81

aλmax
abs indicates the absorption maximum wavelength for π−π* and intramolecular charge transfer (ICT) absorption measured in solution. bλmax

em

indicates the wavelength of an emission peak in a fluorescence spectrum. cΦFL indicates the internal quantum efficiency in solution using the
integrating sphere method. dReduction and oxidation onset potentials determined by CV measurement. eHOMO−LUMO gap was estimated by
the equations: ΔEHOMO−LUMO = Eox − Ered. fNot detected.

Figure 4. Crystal structures of (a) 2 and (b) 3 (excluding
counteranion and solvent). Hirshfeld surfaces mapped with curved-
ness surfaces of (c) 2 and (d) 3 in the color range from −4.0 au
(green, flatness) to 0.4 au (blue, curvedness), and shape-index
surfaces of (e) 2 and (f) 3 in the color range from −1.0 au (red,
concave) to 1.0 au (blue, convex). The black ellipse represents the
repeating pattern of blue and red triangles on the shape-index surface.
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by theoretical calculation and Hirshfeld surface analysis. This
orthogonal control method is expected to be developed not
only as a divergent synthetic strategy but also as a
methodology for designing novel stimuli-responsive AIEgens.38
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Dimensional Nanostructures from Positively Charged Polycyclic
Aromatic Hydrocarbons. Angew. Chem., Int. Ed. 2011, 50, 2791−2794.
(8) Yang, C.; Wu, D.; Zhao, W.; Ye, W.; Xu, Z.; Zhang, F.; Feng, X.

Anion-Induced Self-Assembly of Positively Charged Polycyclic
Aromatic Hydrocarbons towards Nanostructures with Controllable
Two-Dimensional Morphologies. CrystEngComm 2016, 18, 877−880.
(9) Fukuzumi, S.; Kotani, H.; Ohkubo, K.; Ogo, S.; Tkachenko, N.

V.; Lemmetyinen, H. Electron-Transfer State of 9-Mesityl-10-
Methylacridinium Ion with a Much Longer Lifetime and Higher
Energy Than That of the Natural Photosynthetic Reaction Center. J.
Am. Chem. Soc. 2004, 126, 1600−1601.
(10) Karak, P.; Mandal, S. K.; Choudhury, J. Bis-Imidazolium-

Embedded Heterohelicene: A Regenerable NADP+ Cofactor
Analogue for Electrocatalytic CO2 Reduction. J. Am. Chem. Soc.
2023, 145, 7230−7241.
(11) Karak, P.; Mandal, S. K.; Choudhury, J. Exploiting the NADP

+/NADPH-like Hydride-Transfer Redox Cycle with Bis-Imidazolium-
Embedded Heterohelicene for Electrocatalytic Hydrogen Evolution
Reaction. J. Am. Chem. Soc. 2023, 145, 17321−17328.
(12) Chen, K.; Li, G.; Zhang, H.; Wu, H.; Li, Y.; Li, Y.; Wang, Z.;

Tang, B. Z. Construction of Sublimable Pure Organic Ionic Material
with High Solid Luminescence Efficiency Based on Anion-Π+
Interactions Tuning Strategy. Chem. Eng. J. 2022, 433, 133646−
133655.
(13) Ihmels, H. Invited Review Intercalation of Organic Dye

Molecules into Double-Stranded DNA. Part 2: The Annelated
Quinolizinium Ion as a Structural Motif in DNA Lntercalatorst.
Photochem. Photobiol. 2005, 81, 1107−1115.
(14) Suárez, R. M.; Bosch, P.; Sucunza, D.; Cuadro, A. M.;

Domingo, A.; Mendicuti, F.; Vaquero, J. J. Targeting DNA with Small
Molecules: A Comparative Study of a Library of Azonia Aromatic
Chromophores. Org. Biomol. Chem. 2015, 13, 527−538.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.5c01277
Org. Lett. 2025, 27, 4964−4968

4967

https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.5c01277/suppl_file/ol5c01277_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01277?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.5c01277/suppl_file/ol5c01277_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2347850&id=doi:10.1021/acs.orglett.5c01277
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2347851&id=doi:10.1021/acs.orglett.5c01277
http://www.ccdc.cam.ac.uk/structures
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shinsuke+Inagi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9867-1210
mailto:inagi@mct.isct.ac.jp
mailto:inagi@mct.isct.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yushi+Ohno"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tsukasa+Ehara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kosuke+Sato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3914-0249
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryoyu+Hifumi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3913-1214
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ikuyoshi+Tomita"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01277?ref=pdf
https://doi.org/10.1021/cr068010r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068010r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CS00183H
https://doi.org/10.1039/C5CS00183H
https://doi.org/10.1021/acs.chemrev.1c00449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200700515
https://doi.org/10.1002/anie.200700515
https://doi.org/10.1016/j.tet.2008.08.063
https://doi.org/10.1016/j.tet.2008.08.063
https://doi.org/10.1021/ja902420u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja902420u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201004245
https://doi.org/10.1002/anie.201004245
https://doi.org/10.1002/anie.201004245
https://doi.org/10.1039/C5CE02171E
https://doi.org/10.1039/C5CE02171E
https://doi.org/10.1039/C5CE02171E
https://doi.org/10.1021/ja038656q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja038656q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja038656q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12883?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c04737?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c04737?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c04737?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c04737?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2021.133646
https://doi.org/10.1016/j.cej.2021.133646
https://doi.org/10.1016/j.cej.2021.133646
https://doi.org/10.1562/2005-01-25-IR-427
https://doi.org/10.1562/2005-01-25-IR-427
https://doi.org/10.1562/2005-01-25-IR-427
https://doi.org/10.1039/C4OB01465K
https://doi.org/10.1039/C4OB01465K
https://doi.org/10.1039/C4OB01465K
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.5c01277?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(15) Bosch, P.; Sucunza, D.; Mendicuti, F.; Domingo, A.; Vaquero, J.
J. Dibenzopyridoimidazocinnolinium Cations: A New Family of
Light-up Fluorescent DNA Probes. Organic Chemistry Frontiers 2018,
5 (12), 1916−1927.
(16) Li, Q. Q.; Hamamoto, Y.; Kwek, G.; Xing, B.; Li, Y.; Ito, S.

Diazapentabenzocorannulenium: A Hydrophilic/Biophilic Cationic
Buckybowl. Angew. Chem., Int. Ed. 2022, 61, No. e202112638.
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