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Isolation and characterisation of a stable 2-
azaphenalenyl azomethine ylide
Koji Katayama1, Akihito Konishi 2,3, Koki Horii2, Makoto Yasuda 2, Chitoshi Kitamura 4,

Jun-ichi Nishida1 & Takeshi Kawase 1*

Although azomethine ylides have been fully exploited as versatile reactive intermediates in

dipolar cycloaddition reactions to construct a variety of heterocyclic compounds involving a

nitrogen atom, little is known about their structural and electronic properties. Here a method

is developed for the preparation, isolation and characterization of a stable 2-azaphenalenyl

based azomethine ylide. N-Phenyl-5,8-di-t-butyl-2-azaphenalenyl cannot be isolated because

it undergoes rapid dimerization by C–C bond formation at the 1 and 3 positions. In contrast,

sterically bulkier N-2,6-di(isopropyl)phenyl-5,8-di-t-butyl-2-azaphenalenyl can be generated

and isolated as deep green crystals under deoxygenated conditions. X-ray crystal analysis of

this stable azomethine ylide reveals that its azaphenalenyl skeleton has very small bond

alternation and structural deformation. The results of spectroscopic and electrochemical

theoretical studies indicate that N-2,6-di(isopropyl)phenyl-5,8-di-t-butyl-2-azaphenalenyl

has electronic features that are similar to those of phenalenyl anion and it possesses an

extremely high HOMO energy.
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S ince the first description in 1862 by Strecker1, azomethine
ylides have been extensively used in organic synthesis as 3-
atom, 4π-electron components of 1,3-dipolar cycloaddition

reactions with dipolarophiles. Regardless of the fact that the
reactivity and methods for generation of these important reactive
intermediates have been investigated intensively2–4, little is
known about their detailed structural and electronic properties.
Carbonyl-stabilized pyridinium ylide 1 as an azomethine ylide
vinylog was synthesized in 19343,5. However, its electronic and
structural properties were not elucidated, and it does not have the
ability to undergo 1,3-dipolar cycloaddition reactions with
dipolarophiles. Azaphenalenes, 14π electron containing isoelec-
tronic analogs of phenalenyl anion 2, are composed of the four
structural isomers displayed in Fig. 1a. The isomers includes 1-
azaphenalene 36 and 9b-azaphenalene (cycl[3.3.3]azine) 47,
which have been synthesized, and N-substituted-2-azaphenalenyl
(benzo[de]isoquinolinium-1-ide) 58,9 and 9a-azaphenalenyl 6,

which serve as highly reactive azomethine ylides intermediates
(Fig. 1b and Supplementary Fig. 1). Dibenzo derivatives of 610–15

were explored earlier by Beljonne, Feng and Müllen, who also
reported their absorption spectral properties10. N-Substituted 2-
azaphenalenyl derivatives 5 can be structurally visualized in three
resonance forms including azomethine ylide A, azaphenalenyl
anion B and biradical C (Fig. 1c).

The effort described here is aimed at the isolation, and struc-
tural and electronic characterization of an azomethine ylide. In
order to incorporate features that would lead to stabilization of
these typically transient species, we design N-substituted 2-
azaphenalenyl 7a and 7b, which contain phenyl and 2,6-di(iso-
propyl)phenyl groups on nitrogen, as well as bulky tert-butyl
groups at the 5 and 8 positions. Below, we describe the method
employed to isolate the aerobically unstable azomethine ylide 7b
as a green solid and, its structural and electronic characterization.

Results
Synthesis and reactions. For preparation of the respective N-
phenyl- and 2,6-di(isopropyl)phenyl-2-azaphenalenyl ylides 7a
and 7b, we chose to use a protocol involving base induced
deprotonation of the corresponding iminium salts 8a and 8b. The
route began with triphenylcarbenium tetrafluoroborate (Ph3CBF4)
promoted oxidation of the respective amines 9a and 9b (Fig. 2a
and Supplementary Fig. 2). Reaction of 8a with triethylamine
(Et3N) in THF in the presence of N-phenyl maleimide (NPMI)
produced the dipolar cycloaddition adduct 10 in 66% yield
(Fig. 2b). This observation demonstrates that the corresponding
azomethine ylide 7a is generated as a reactive intermediate by
Et3N induced deprotonation of 8a. Additionally, reaction of 7a
with the as a versatile synthetic intermediate16–19 N-(2-ethylhexyl)
acenphthylene-5,6-dicarboxylimide 11 was examined. Under
similar conditions, this reaction produces the corresponding
cycloadduct 12 in 31% yield (Fig. 2c). Interestingly, treatment of
8a in the filter paper component of a Soxhlet extractor with
hexane-Et3N vapor led to formation of an amber solid, which
upon chromatographic purification produced the colorless dimer
initially identified as the dimeric adduct 13 (51%) (Fig. 2d). The
results of X-ray crystallographic analysis showed that 13 is com-
prised of two units of 7a joined to one another in an anti-manner
via C–C bonds at the 1 and 3 positions of each (Fig. 2e, Supple-
mentary Figs. 3 and 4, and Supplementary Table 1).

Fig. 1 Structures of azomethine ylides and azaphenalene related
compounds. a Structures of azomethine ylides, a pyridinium ylide 1 and
phenalenyl anion 2. b Structures of 1-azaphenalene 3 and 9b-azaphenalene
4, and N-substituted 2-azaphenalenyl 5a-c and 9a-azaphenalenyl 6. c
Resonance contributors of 5.

Fig. 2 Preparation of 7a and 7b and reactions of 7a. a Synthesis of 7a and 7b from 9a and 9b via iminium salts 8a and 8b. b Formation of NPMI adduct 10. c
Formation of acenaphthylene imide adduct 12. d Formation of dimer 13. e A crystal structure of 13.
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This unusual dimerization process20 suggests that 7a has both
biradical and azomethine ylide character. Actually, a theoretical
calculation on 5a at the LC-UBLYP(μ= 0.33 bohr–1)/6–311 G*
level indicated that it has small biradical character (y= 0.020)
(Supplementary Fig. 5 and Supplementary Table 2). The
estimated biradical index of 5a is small, but it is larger than
that of 5b (R= 2,6-di(isopropyl)phenyl; y= 0.000). Thus, it is
possible that conjugation of the N-phenyl group and main core π-
system gives 7a the biradical character needed to drive the
dimerization process.

We believed that it would be possible to prevent this
dimerization reaction by replacing the N-phenyl group in 7a
with the sterically more bulky 2,6-di(isopropyl)phenyl group. To
assess this proposal, iminium salt 8b was prepared from amine 9b
through Ph3CBF4 induced oxidation followed by Et3N vapor
promoted deprotonation in the manner employed to form 7a
(Fig. 2a). This process formed a green solution of the ylide 7b,
which yielded a green solid upon evaporation. Owing to the high
reactivity of 7b with oxygen, the green color of both the solution
and solid immediately changed to yellow under aerobic condi-
tions (Supplementary Fig. 6). To avoid this problem and simplify
the procedure, we used a method to form 7b by reaction of
iminium salt 8b with sodium hydride (NaH) in THF in a
nitrogen-filled glove box. In this event, ylide 7b was generated as
a green crystalline solid quantitatively.

Absorption spectra. Ylide 7b was characterized by using UV-vis,
FT-IR, 1H-NMR and 13C-NMR spectroscopy, and high resolu-
tion mass spectrometry (HRMS), and finally by using X-ray
crystallographic analysis. The absorption spectra of 7b and its
precursor 8b in dichloromethane (DCM) are displayed in Fig. 3.
The spectrum of 7b is comprised of two bands in the 300–450
and 500–800 nm regions, the latter of which has vibronic struc-
ture with absorption maxima (λmax (log ε)) values of 614 (2.24),
665 (2.34), and 727 nm (2.19). The results of TD-DFT calcula-
tions on the analog 5b indicate that the 632 nm band corresponds
to a HOMO‒LUMO transition (Supplementary Fig. 7 and Sup-
plementary Table 3). While 8b in DCM exhibits intense fluor-
escence with a maximum (λFL) at 529 nm and a quantum yield
(ϕ) of 0.60 (Supplementary Fig. 8), the corresponding ylide 7b is
non-fluorescent.

Crystallographic analysis and HOMA values. X-ray crystal-
lography was carried out on a single crystal of 7b (monoclinic
P21/c space group) obtained using hexane as a solvent. Analysis of
the molecular structure shows that the 2-azaphenalenyl system in
7b possesses a highly planar structure (Fig. 4). The dihedral angle
between the azaphenalenyl plane and that of the N-aryl ring is
84.7°, indicating that the N-phenyl substituent only minimally
perturbs the electronic properties of 7b (Supplementary Figs. 9

and 10, and Supplementary Table 4). The two C‒N bond lengths
in the crystal structure of 7b are nearly identical (1.3492(18) and
1.3516(19) Å), and the average (1.350 Å) is comparable to the
C–N bonds (1.34 Å) in N,N’-dibenzyl-dibenzodiazapyrene dica-
tion 1421. While from a structural perspective the C‒N‒C unit of
7b is similar to that in the pyridinium ring of 14, the neighboring
NC‒C bonds (1.420(2) and 1.421(2) Å) are slightly longer than
the corresponding NC‒C bonds in 14 (1.39 Å). Moreover, the C‒
N‒C bond angle (123.9(1)˚) in 7b is slightly different than that in
a regular hexagon framework because of the shorter nature of
C–N vs C-C bonds. All sp2 carbon bond angles in 7b are between
117.4˚ and 123.3˚ (Supplementary Fig. 10). The harmonic oscil-
lator model of aromaticity (HOMA)22,23 value of the pyridine
ring in 7b of 0.62 indicates that it has aromatic character (Fig. 4).
On the other hand, the benzene rings of the naphthalene moiety
in 7b display a small degree of bond alternation (HOMA= 0.85
and 0.79) and are larger than that of naphthalene itself (0.70)24.

NMR analysis and NICS(1) values. The 1H- and 13C-NMR
spectra of 7b in THF-d8 (Supplementary Figs. 11 and 12) contain
sharp signals, suggesting that, as is predicted based on theoretical
calculations, this substance has negligible biradical character. 2D
NMR (HSBC, HSQC and NOESY) spectral analyses enable
unambiguous assignment of all protons and carbons in 7b
(Supplementary Figs. 13‒16). Selected chemical shift data and
nucleus-independent chemical shifts (NICS) (1)25 values of 7b
together with those of 226,27, 428 and 5b are listed in Fig. 5.
Inspection of the 13C-NMR chemical shifts indicate that the
negative charge in 7b is delocalized over the entire molecule in a
manner that is comparable to that in the phenalenyl anion 2.
Theoretical calculations at the GIAO-HF/6–311+G*//RB3LYP-
D3/6–311 G* level indicate that the respective NICS(1) values of
the pyridine A and benzene B rings in 5b are+2.75 and −6.21,
indicating that the pyridine ring is slightly paratropic and the
benzene rings of the naphthalene moiety are weakly diatropic
(Fig. 5). Taking into account the negative charge distribution, the
observed chemical shifts suggest that 7b is a weak diatropic
species and, as a result, it can be regarded as a phenalenyl anion
perturbed by the presence of a positively charged nitrogen atom.

Electrochemical properties. The electrochemical properties of 7b
were evaluated by using cyclic voltammetry (CV) (Fig. 6 and
Supplementary Fig. 17). The CV of 7b in DCM contains three
redox waves associated with irreversible oxidation (+0.56 V),
reversible oxidation (−0.68 V) and irreversible reduction (−2.06
V), which correspond to the following transformations: 7b2+ ←

7b•+ ⇄ 7b → 7b•‒ (Table 1). The E1ox value (−0.68 V) is extre-
mely high for a neutral compound especially when considering
the fact that the typical electron donor tetrathiafulvalene (TTF)29

has an oxidation potential of+0.37 V. Moreover, the high E1ox

value of 7b explains its high reactivity toward oxygen. Finally, the
HOMO‒LUMO energy gap, estimated using redox potential data)
is comparable to that of absorption edge of 7b (1.51 eV/823 nm)
(Supplementary Fig. 7).

Discussion
In the effort described above, N-phenyl- and N-2,6-di(isopropyl)
phenyl-2-azaphenalenyl, 7a and 7b, were generated from the
corresponding iminium ions 8a and 8b by treatment with gaseous
Et3N. The phenyl derivative 7a is a highly reactive species that, in
the absence of a dipolarophile, undergoes ready dimerization by
C–C bond formation at the 1 and 3 positions. This finding is in
good accord with the results of theoretical calculations that
indicate that 5a possesses slight biradical character. In contrast,
7b containing a bulky N-substituent is more stable and can be

Fig. 3 Absorption spectra of 7b and 8b. Absorption spectra of 7b and 8b in
DCM. Inset: partially enlarged spectrum of 7b (500 nm to 850 nm).
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isolated under anaerobic conditions. Because the use of sub-
stituents for further electronic stabilization could result in loss of
azomethine ylide features, like that occurring with 1, 7b should be
a good model for elucidation of the electronic and structural
features of azomethine ylides. X-ray analysis of 7b reveals that the
structural features corresponding to the azomethine ylide unit are
similar to those of the corresponding region of diazapyrene
dication 14. The characteristics of 7b, evaluated by using spec-
troscopy, indicate that it has electronic features that are similar to
those of phenalenyl anion 2. The results of HOMA and NICS(1)
calculations also support this conclusion. Finally, the high reac-
tivity of 7b with molecular oxygen is a consequence of its high
oxidation potential associated with a HOMO energy.

The results described above open the way for construction of
new compounds bearing the N-substituted 2-azaphenalenyl core
structure. For example, it is possible that appropriate functiona-
lization can be used to tune the electronic properties of the 2-
azaphenalenyl system and to produce electron donor systems
with high thermal stabilities. Moreover, transition metal com-
plexes comprised of N-substituted 2-azaphenalenyl ligands would
be intriguing from both physicochemical and synthetic points of
view30.

Methods
General. All reactions of air- or moisture-sensitive compounds were carried out in
a dry vessel under a positive pressure of nitrogen. Air- and moisture-sensitive
liquids and solutions were transferred via syringe. Analytical thin-layer chroma-
tography was performed using glass plates pre-coated with Merck Art. 7730 Kiesel-
gel 60 GF-254. Thin layer chromatography plates were visualized by exposure to
UV light. Organic solutions were concentrated by using rotary evaporation at ca.
15 Torr obtained with a diaphragm pump. Column chromatography was per-
formed with Merck Kiesel-gel 60. All reagents were commercially available and
used without further purification unless otherwise noted. THF was purchased from
Wako Chemical Co. and distilled from lithium aluminum hydride at 760 Torr
under a nitrogen atmosphere before use.

Melting points were recorded on a Yanaco MP–S3 apparatus and reported
uncorrected. Positive FAB and EI mass spectra were recorded on a JEOL JMS-700
and a Shimadzu GCMS-QP2010 Ultra, respectively. High-resolution mass spectra
were obtained using an Applied Biosystem Japan Ltd. 1H and 13C NMR spectra of
all compounds except 7b and 12 were recorded using a Bruker-Biospin DRX-
500 spectrometer. The NMR spectral data were measured at 20 °C. IR spectra of all
compounds except 7b and 12 were obtained using a Shimadzu FTIR-8400
spectrometer. NMR spectra of 7b and 12 were recorded using JEOL-AL400
(400MHz for 1H, and 100MHz for 13C) and Bruker AVANCE III spectrometers
(600MHz for 1H, and 150MHz for 13C) with TMS as an internal standard. 19F and
11B NMR spectra of 8a and 8b were recorded using a JEOL-AL400 spectrometer
(126.9 MHz for 11B, and 372.4 MHz for 19F) with BF3 Et2O as an external standard.
UV–vis and fluorescence spectra of 8a and 8b in DCM were recorded using a
JASCO V650 and a SHIMADZU RF-5300PC spectrophotometer, respectively.
Quantum yields for solution state fluorescence (ΦSN) of 8a and 8b were determined
using 9,10-diphenylanthracene (ΦSN= 0.86)31 in DCM as an actinometer. 1H and
13C NMR resonances of 7b were assigned using HSQC, HSBC, NOESY, and 13C
off-resonance techniques. UV-vis-NIR spectra of 7b and 12 were recorded using a
SHIMAZU UV-3600 spectrophotometer. The IR spectrum of 7b and 12 was
recorded as a solid in a KBr pellet using a JASCO FT/IR 6200 spectrophotometer.
Cyclic voltammetric measurements of 7b was performed using an ALS-600C
electrochemical analyzer with a glassy carbon working, Pt counter, and Ag/AgNO3

reference electrodes at room temperature in DCM containing 0.1 M Bu4NClO4 as
the supporting electrolyte. DFT calculations were carried out using the Gaussian 09
program package32.

Fig. 5 NMR assignments and NICS(1) values of 7b and related compounds.
a Partial 1H- and 13C-NMR assignments of 7b. b 1H- and 13C-NMR
assignments of 2 and 4, and the NICS(1) values (red letters) of 2, 4, and 5b
were calculated at the GIAO-HF/6-311+G*//RB3LYP-D3/6-311 G* level.

Fig. 4 Structure of 7b. Molecular structures, bond lengths and HOMA values of 7b and the related compounds.
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Synthesis of 9a and 9b. The naphthopiperidine derivative 9a and 9b were syn-
thesized starting with 3,6-di-tert-butyl-1,8-naphthalenedicarboxylic acid anhy-
dride33 through sequential reduction with lithium aluminum hydride, bromination
with boron tribromide, and respective reactions with aniline and 2,6-diisopropy-
laniline. Full synthetic details are given in the Supplementary Methods.

N-Phenyl-5,8-di-tert-butyl-1H-benz[de]isoquinolinium tetrafluoroborate 8a. A
mixture of 9a (0.10 g, 0.29 mmol) and Ph3CBF4 (0.10 g, 0.36 mmol) in dry-
acetonitrile (2 mL) was stirred at reflux for 2 h. After cooling to rt, the mixture was
diluted with diethyl ether (Et2O) to afford 8a (0.11 g, 0.26 mmol) as an orange
precipitate in 94% yield. Decomp. 242−243 °C; 1H NMR (500 MHz, CDCl3): δ 9.45
(s, 1 H), 8.49 (s, 1 H), 8.15 (s, 1 H), 7.80 (m, Jo,m= 8.0 Hz, 2 H, o-H of Ph), 7.77 (s,
1 H), 7.61 (s, 1 H), 7.55 (m, Jo,p= 7.7 Hz, 2 H, m-H of Ph), 7.48 (m, Jm,p= 7.4 Hz,
1 H, p-H of Ph), 5.92 (s, 2 H), 1.45 (s, 9 H), 1.41 (s, 9 H); 13C NMR (126MHz,
CDCl3) δ 166.7, 152.4, 151.5, 141.9, 137.7, 135.6, 132.2, 131.6, 130.7, 124.3, 124.1,
123.1, 122.1, 121.8, 56.0, 35.31, 35.28, 31.1, 30.8 ppm; 11B{1H} NMR (127MHz,
CDCl3) δ −0.90 ppm; 19F NMR (372MHz, CDCl3) δ 1.70 ppm; IR (KBr): ν 2956
(s), 2908 (m), 2871 (m), 1635 (m), 1608 (m), 1581 (m), 1524 (m), 1469 (m), 1377
(m), 1243 (m), 1083 (s), 758 (m) cm−1; UV/Vis (DCM): λmax (log ε) 287 (3.90), 437
(3.83) nm; FL (DCM): λFL 555 nm (ΦSN= 0.11); HRMS (FAB, NBA) m/z: calcd.
for [C26H30N+]: 356.2373; found: 356.2377.

N-2,6-Di(isopropyl)phenyl-5,8-di-tert-butyl-1H-benz[de]isoquinolinium tet-
rafluoroborate 8b. A mixture of 9b (0.11 g, 0.24 mmol) and Ph3CBF4 (0.093 g,
0.28 mmol) in dry-acetonitrile (2 mL) was stirred at reflux for 2 h. After cooling to
rt, the mixture was concentrated in vacuo. The resulting solid was dissolved in ethyl
acetate and diluted with hexane to afford 8b (0.114 g, 0.22 mmol) a yellow pre-
cipitate in 90% yield. Decomp. 239−240 °C; 1H NMR (500 MHz, CDCl3): δ 9.47 (s,
1 H), 8.73 (s, 1 H), 8.20 (s, 1 H), 7.83 (s, 1 H), 7.56 (t, J= 7.6 Hz, 1 H), 7.55 (s, 1 H),
7.37 (d, J= 7.9 Hz, 2 H), 5.55 (s, 1 H), 2.94 (sep, J= 6.5 Hz, 2 H), 1.47 (s, 9 H), 1.42
(s, 9 H), 1.34 (d, J= 6.5 Hz, 6 H), 1.32 (d, J= 6.5 Hz, 6 H); 13C NMR (126MHz,
CDCl3) δ 171.2, 152.4, 152.1, 142.9, 138.9, 137.4, 135.8, 132.4, 131.9, 128.3, 125.7,
123.7, 123.6, 122.1, 120.9, 58.6, 35.4, 35.3, 31.1, 30.8, 28.9, 24.7, 24.2 ppm; 11B{1H}
NMR (127MHz, CDCl3) δ −0.99 ppm; 19F NMR (372MHz, CDCl3) δ 1.93 ppm;

IR (KBr): ν 2959 (s), 2870 (m), 1644 (m), 1614 (m), 1520 (m), 1464 (m), 1377 (m),
1281 (m), 1241 (m), 1218 (m), 1185 (m), 1047 (s) cm−1; UV/Vis (DCM): λmax (log
ε) 269 (4.10), 433 (3.86) nm; FL (DCM): λFL 529 nm (ΦSN= 0.60); HRMS (FAB,
NBA) m/z: calcd. for [C32H42N+]: 440.3312; found: 440.3319.

N-Phenylmaleimide adduct 10. A mixture of 8a (100 mg, 0.30 mmol), Et3N
(0.15 mL, 1.1 mmol) and NPMI (66 mg, 0.38 mmol) in dry-acetonitrile (3 mL)
was stirred at reflux under N2 for overnight. Concentration in vácuo gave a
residue that was subjected to column chromatography on silica gel (elution with
2:1 DCM:ethyl acetate) to afford 10 (54 mg, 0.13 mmol) as a colorless solid in
66% yield. M.p. 249−250 °C; 1H NMR (500 MHz, CDCl3): δ 7.54 (d, J= 1.7 Hz,
2 H), 7.43 (d, J= 1.7 Hz, 2 H), 7.17–7.08 (m, 5 H), 6.90 (d, J= 7.9 Hz, 2 H), 6.69
(t, J= 7.3 Hz, 1 H), 5.98 (dd, J= 8.2, 1.3 Hz, 2 H), 5.64 (dd, J= 5.3, 2.4 Hz, 2 H),
4.26 (dd, J= 5.3, 2.4 Hz, 2 H), 1.33 (s, 18 H); 13C NMR (126 MHz, CDCl3) δ
174.0, 148.8, 146.0, 133.0, 131.2, 130.3, 129.1, 128.7, 128.4, 126.2, 123.9, 123.5,
122.3, 119.6, 116.8, 62.7, 53.1, 34.8, 31.1 ppm; IR (KBr): ν 2952 (m), 2922 (m),
2854 (m), 1710 (m), 1695 (s), 1655 (s), 1435 (m), 1412 (m), 1335 (m), 1235 (m),
1078 (m), 756 (m), 698 (m) cm−1; HRMS (EI) m/z: calcd. for [C36H36N2O2]:
528.2777; found: 528.2780.

N-(2-Ethylhexyl)acenphthylene-5,6-dicarboxylimide adduct 12. A mixture of
8a (103 mg, 0.232 mmol), Et3N (0.1 mL, 0.721 mmol) and N-(2-ethylhexyl)
acenphthylene-5,6-dicarboxylimide 11 (112 mg, 0.336 mmol) in dry-acetonitrile
(10 mL) was stirred at reflux under N2 for overnight. Concentration in vácuo gave a
residue that was subjected to column chromatography on silica gel (elution with
chloroform) to afford 12 (50.2 mg, 0.073 mmol) as a yellow solid in 31% yield. M.p.
152−153 °C; 1H NMR (400MHz, CDCl3) δ 8.14 (dd, J= 7.4, 1.4 Hz, 2 H), 7.30 (dd,
J= 7.6, 2.0 Hz, 2 H), 7.26–7.07 (m, 4 H), 7.01–6.97 (m, 4 H), 6.66 (t, J= 7.2 Hz, 1
H), 5.74 (dd, J= 5.4, 2.2 Hz, 2 H), 5.18 (dd, J= 6.0, 1.6 Hz, 2 H), 4.00–3.91 (m, 2
H), 1.83–1.77 (m, 1 H), 1.36–1.20 (m, 26 H), 0.88–0.81 (m, 6 H) ppm; 13C NMR
(100MHz, CDCl3) δ 164.44, 164.40, 150.5, 147.7, 147.3, 138.8, 132.7, 132.6, 132.5,
131.5, 129.0, 125.5, 123.9, 122.6, 122.4, 120.9, 119.38, 119.35, 119.0, 116.7, 63.4,
58.3, 43.9, 37.9, 34.5, 30.9, 30.7, 28.7, 24.1, 23.0, 14.0, 10.6 ppm; IR (KBr): ν 2960
(m), 1699 (s), 1662 (s), 1626 (s), 1598 (m), 1497 (m), 1456 (m), 1419 (m), 1335

Table 1 Redox properties in DCM and frontier orbital energies of 7b.

E2ox E1ox E2red Egap b LUMOc HOMOd Egape/λonset
+0.56a −0.68 −2.06a 1.41 eV −2.71 eV −4.12 eV 1.51 eV/823 nm

a Peak potential. b Egap= E1ox−E1red. c ELUMO=−4.8 eV−E1red. d EHOMO=−4.8 eV−E1ox. e Egap= 1240/λonset.

Fig. 6 Electrochemical analysis. Cyclic voltammogram of 7b (vs. Ag/Ag+, in 0.1 M nBu4NClO4/DCM, scan rate 0.1 V/s, 25 °C, Fc/Fc+ = 0 V), and
theoretical energy diagram of 5b. (Fc= ferrocene).
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(m), 1235 (m), 758 (m), 462 (m), 418 (m) cm−1; UV/Vis (DCM): λmax (log ε) 378
(4.12), 359 (4.24), 345 (4.16), 234 (4.00); FL (DCM): λFL 686 nm (ΦSN < 0.01); MS
(CI+, 70 eV) m/z 689 ([M+H]+, 100), 358 (22), 336 (43); HRMS (CI+, 70 eV)
Calculated (C48H53N2O2) 689.4107 ([M+H]+), Found: 689.4118.

N-Phenyl-2-azaphenalenyl dimer 13. A Soxhlet extractor was equipped with a
reflux condensor and a 50 mL of flask containing with Et3N (5 mL) and hexane
(35 mL). The filter paper for the Soxhlet exstractor was charged with 8a (500 mg,
1.1 mmol) and placed in the apparatus, and purged with N2 gas. The flask was
heated to bring about reflux for 2 h. Then, brown solids was formed on the
filter paper. The brown solid formed on the filter paper was removed by dissolving
in cyclohexane. The cyclohexane solution was concentrated in vácuo to give
dimer 13 (206 mg, 0.29 mmol) as a colorless solid in 51% yield. M.p. > 300 °C; 1H
NMR (500MHz, CDCl3): δ 7.60 (s, 4 H), 7.60 (s, 2 H), 6.83 (m, 4 H, m-H of Ph),
6.45 (m, 6 H, o,p-H of Ph), 5.06 (s, 4 H), 1.47 (s, 36 H); 13C NMR (126MHz,
CDCl3) δ 150.1, 148.2, 133.4, 132.3, 128.5, 126.9, 122.2, 120.2, 118.5, 116.4, 63.8,
34.9, 31.5 ppm; IR (KBr): ν 2961 (s), 2360 (m), 1633 (m), 1594 (m), 1496 (m), 1397
(m), 1369 (m), 1243 (m), 1060 (m), 757 (m) cm−1; UV/Vis (DCM): λmax (log ε)
260 (4.12), 295 (3.89) nm; HRMS (EI) m/z: calcd. for [C52H58N2]: 710.4600; found:
710.4608.

N-2,6-Di(isopropyl)phenyl-5,8-di-tert-butyl-2-azaphenalenyl 7b. In a glove box
filled with N2, a solution of 8b (55mg, 0.11 mmol) and NaH (97mg, 4.0mmol) in
THF (4mL) was stirred at rt for 3 h. Filtration of the mixture gave a filtrate that was
concentrated in vácuo to afford 7b as a green solid (46mg, 0.11mmol). According to
the NMR monitoring (in THF-d8), 7b was generated quantitatively. Decomp. 101
−102 °C; 1H NMR (600MHz, THF-d8): δ 7.38 (t, J= 7.8Hz, 1 H, H-11), 7.28 (d, J=
7.8Hz, 2 H, H-10), 6.19 (d, J= 1.8Hz, 2 H, H-5), 5.67 (d, J= 1.8 Hz, 2 H, H-3), 5.62
(s, 2 H, H-1), 3.55 (sep, J= 7.2 Hz, 2 H, H-13), 1.30 (d, J= 7.2Hz, 12H, H-12), 1.15
(s, 18 H, H-14); 13C NMR (150MHz, THF-d8, rt) δ 151.9 (s, C-4), 144.5 (s, C-9),
141.3 (s, C-8), 140.5 (s, C-6), 138.0 (s, C-2), 136.6 (s, C-7), 130.4 (d, C-11), 125.0 (d,
C-10), 118.0 (d, C-1), 112.3 (d, C-5), 103.1 (d, C-3), 34.6 (s, C-15), 31.2 (q, C-14), 28.8
(d, C-13), 25.0 (q, C-12) ppm; IR (KBr): ν 2962 (s), 2867 (m), 1610 (s), 1568 (s),
1459 (m), 1423 (m), 1361 (s), 1332 (m), 1279 (m), 851 (m), 802 (m), 764 (m) cm−1;
UV/Vis (DCM): λmax (log ε) 332 (2.87), 423 (3.45), 614 (2.24), 665 (2.34), 727
(2.19) nm; HRMS (EI) m/z: calcd. for [C32H41N]: 439.3239; found: 439.3238.

1H, 11B, 19F and 13C NMR, and Mass spectra of new compounds. See Supple-
mentary Figs. 11–16 and 18–31.

Mass spectra of new compounds. See Supplementary Figs. 32–41.

X-ray diffraction analysis. Single crystals of 7b for X-ray analysis were obtained
by slow evaporation from an n-hexane solution. X-ray diffraction data were col-
lected on a Rigaku XtaLAB Synergy-S diffractometer equipped with HyPix-6000HE
Hybrid Photon Counting (HPC) X-ray detector with graphite-monochromated
MoKα (λ= 0.71073 Å) radiation, and Φ and ω scans at a maximum 2θ value of
61.8. The crystal was kept at 123 K during data collection. Using Olex234, the
structure was solved with the ShelXT35 structure solution program using Intrinsic
Phasing and refined with the ShelXL36 refinement package using Least Squares
minimization.

A single crystal of 13 for X-ray analysis was obtained by slow evaporation from
a toluene solution. X-ray diffraction data were collected on a Rigaku Rapid Auto
diffractometer with graphite-monochromated MoKα (λ= 0.71075 Å) radiation,
and Φ and ω scans at a maximum 2θ value of 50.7°. The structures were solved by a
direct method using SHELXL Version 2018/337. All non-hydrogen atoms were
refined anisotropically by full-matrix least-squares on F2 using SHELXT version
2018/238. Hydrogen atoms of 13 were refined using the riding model. All
calculations were performed using the CrystalStructure crystallographic software
package39 except for refinement, which was performed using SHELXL Version
2018/3. Crystallographic details are given in CIF files (Supplementary Data 1 and
2). The detailed crystallographic data for both the compounds are listed in
Supplementary Tables 1 and 4.

HOMA calculations. HOMA values of 7b and naphthalene were calculated using
C–C and C–N bond lengths derived from the X-ray crystallographic structure,
according to the following equation HOMA= 1 – α/nΣ(Ropt – Ri)2, where n is the
number of bonds taken in the summation, α is an empirical constant, Ropt is an
optimal bond length and Ri is a bond length of ith bond. Ropt.1.388 (C–C) and
1.334 (C–N) Å and α= 257.7 (C–C) and 93.52 (C–N) were used22.

Theoretical calculations. All calculations were conducted using the Gaussian 09
program32. The geometries of 2, 3, 4, 5a‒c, and naphthalene were optimized with
the RB3LYP-D3 functional and 6–311 G* basis set. The optimized geometries were
used for calculations of the other properties. The values of y of 5a and 5b were
obtained from the occupation number of the lowest unoccupied natural orbital
(LUNO) (y= nL) at the LC-UBLYP(μ= 0.33 bohr–1)/6–311 G* level. The NICS(1)
values of 2, 3, 5a, 5b, and naphthalene were calculated at the GIAO-HF/6–311+

G* level. Electronic excitation properties of 5b were evaluated by using the TD-
DFT method RB3LYP and 6–311+G* basis set.

Data availability
Data for the crystal structures reported in this paper have been deposited at the
Cambridge Crystallographic Data Centre (CCDC) under the deposition numbers CCDC
1950740 (7b) and 1950741 (13). Copies of these data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_rquest/cif. All other data generated during this study are
available from the corresponding author on request.
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