
Two Approaches to the Synthesis of Redox-Switchable
5,10,20-Triaryl-5,15-diazaporphyrinoids
Yui Murata,[b] Keisuke Sudoh,[b] Ko Furukawa,[c] Haruyuki Nakano,[d] and Yoshihiro Matano*[a]

Dedicated to Professor Atsuhiro Osuka on the occasion of his 70th birthday.

Despite the significant development and extensive application
of phthalocyanine and related azaporphyrins, little attention
has been paid to meso-N-substituted azaporphyrinoids. Here,
we report new derivatives of 5,10,20-triaryl-5,15-diazaporphyr-
inoids (Ar3DAP), which are reversibly redox-switchable between
the 18π- and 19π-electron state. Four kinds of metal(II)
complexes and free bases of Ar3DAP were prepared by metal-
templated cyclization of metal(II) complexes of 5,10,15-triaryl-
10-azabiladiene-ac with sodium azide or copper-catalyzed N-
phenylation of 10,20-diaryl-5,15-diazaporphyrins (Ar2DAP) with
diphenyliodonium hexafluorophosphate. In particular, regiose-
lective N-phenylation of covalently linked Ar2DAP dimer
afforded two kinds of dimers bearing one or two meso-N-phenyl

groups. Cyclic voltammetry revealed that attaching one aryl
group onto the meso-nitrogen atom markedly changed the
redox potentials of the DAP ring. The aromaticity and optical
properties of the new Ar3DAP π-electron systems were assessed
using various spectroscopic measurements and density func-
tional theory calculations. The distribution pattern of an
electron spin in the neutral Ar2DAP–Ar3DAP radical revealed
that the meso-N-phenyl group had a remarkable effect on spin
delocalization of DAP π-radical. The present study provides
valuable information for understanding the effects of the
number of meso-N-substituents on azaporphyrin-based π-elec-
tron systems.

Introduction

Modifying the meso-methine units of porphyrin rings with
nitrogen atoms changes molecular symmetry and energy levels
of the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO), with the changes
depending on the number of meso-methine units modified.[1]

Accordingly, this type of meso-modification is a promising and
practical strategy to diversify the optical and redox properties
of porphyrin π-electron systems while retaining their size and
planarity. In addition to well-developed phthalocyanine (Pc)
derivatives, azaporphyrins partially containing nitrogen at the
meso position(s), such as 5-aza-, 5,15-diaza-, 5,10-diaza-, and
5,10,15-triaza-porphyrins, have long been studied from the
perspectives of both fundamental and applied chemistry.[2]

However, the number of partially meso-modified azaporphyrins

is still significantly lower than that of Pc derivatives, indicating
that there is still room for developing meso-modification
methods.

In 2016, we reported the first examples of 5,10,15,20-
tetraaryl-5,15-diazaporphyrinoids (Ar4DAP; P1 in Scheme 1),[3]

which were designed to markedly modify the HOMO and LUMO
levels of 10,20-diaryl-5,15-diazaporphyrin[4] (Ar2DAP) by attach-
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ing aryl groups to the two meso-nitrogen atoms. Owing to the
two unshared electron pairs of the meso-nitrogen atoms in the
DAP π-circuit, P1 reversibly transforms among 20π, 19π, and 18π
states via redox processes at potentials positively shifted from
those of isoelectronic Ar2DAP.

[5] This redox property of P1
indicates that its reduced oxidation states are remarkably air-
stable, with both 19π-electron radical cation (Ar4DAP*

+) and
20π-electron neutral antiaromatic compound (Ar4DAP) isolated
as air-stable solids. We investigated the properties of the new
meso-N-arylated azaporphyrinoids P1, including their
(anti)aromaticity,[6] electrical conductivity,[7] and non-innocent
nature as the macrocyclic N4 ligand.

[8] To reveal the effect of the
net charge on the optical and redox properties of the
isoelectronic DAP ring, we also obtained the first examples of
5,10,20-triaryl-5,15-diazaporphyrinoids (Ar3DAP in Scheme 1) as
nickel(II) complexes (M=Ni).[9] The net charges of the DAP rings
of Ar2DAP, Ar3DAP, and Ar4DAP (P1) in the same 18π-electron
oxidation state are 0, +1, and +2, respectively. Cyclic
voltammetry (CV) of a series of the nickel(II) complexes of these
DAP derivatives revealed that the redox potential derived from
the 18π/19π redox couple of Ar3DAP is more positive than that
of Ar2DAP but more negative than that of P1, with potential
differences of 0.6–0.7 V. Furthermore, the neutral 19π-electron
radical of the nickel(II) complex of Ar3DAP was isolated and
characterized. The clarified relationship between the number of
meso-N-aryl groups and redox property enables the rational
design of DAP-based functional dyes and catalysts, which are
difficult to achieve using Ar2DAP and P1. However, the
previously reported method for preparing nickel(II) complexes
of Ar3DAP is not applicable to the synthesis of other metal
complexes. Therefore, it is necessary to establish alternative
methods to obtain various Ar3DAP. Herein, we report two newly
explored methods for the synthesis of several metal(II) com-
plexes and free base of Ar3DAP, in addition to their optical and
redox properties. The number of N-phenyl groups was found to
have significant effects on the fundamental properties of
covalently linked ArnDAP–ArnDAP dimers (n=2 and/or 3).

Results and Discussion

Synthesis

Scheme 2 depicts the new metal-templated method for the
synthesis of zinc(II) and copper(II) complexes of 18π-electron
Ar3DAP cation (2M; M=Zn, Cu) from the corresponding
metal(II) complexes of 5,10,15-triaryl-10-azabiladiene-ac (1M-a)
and NaN3. Compound 1Zn-a was prepared from 1,9-dichloro-5-
mesityldipyrrin (mesityl=2,4,6-trimethylphenyl) in three steps
using a reported procedure.[10] Heating a mixture of 1Zn-a and
NaN3 in boiling N-methylpyrrolidone (NMP) for 20 min, followed
by treatment with AgPF6 at room temperature, afforded ZnII

complex 2Zn-a as the pyridine (py) adduct in 5% yield, as
confirmed with silica-gel column chromatography using CH2Cl2/
acetone/pyridine as eluents (for details, see the Supporting
Information; SI). When the reaction was conducted in boiling
DMF, 2Zn-a could not be obtained in acceptable yield. Trans-

metalation of 1Zn-a with Cu(OAc)2 occurred smoothly at room
temperature to yield 1Cu-a, which similarly underwent metal-
templated cyclization with NaN3 in NMP to afford CuII complex
2Cu-a in 10% yield. Attempts to increase the yield of 2Zn-a and
2Cu-a by changing the reaction conditions failed owing to the
inevitable formation of unidentified decomposition products.

Scheme 3 depicts the metal-templated synthesis of the
lead(II) complex of Ar3DAP cation (2Pb-a) and free base (2H2-a).

Scheme 2. Synthesis of 2M-a (M=Zn, Cu). Ar1=Ar2=Ph for model 2Zn-m.

Scheme 3. Synthesis of 2M-a (M=Pb, H2, Cu).
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Treatment of 1Zn-a with aqueous HCl solution produced
the free base of 5,10,15-triaryl-10-azabiladiene-ac 1H2-a in 93%
yield. Complexation of 1H2-a with Pb(acac)2 (acac=acetylaceto-
nate) in NMP at room temperature generated lead(II) complex
1Pb-a, as confirmed using mass spectrometry. Refluxing the
resulting solution in the presence of NaN3 for 20 min, followed
by treatment of the cooled reaction mixture with AgPF6,
furnished PbII complex 2Pb-a in 42% yield after silica-gel
column chromatography. Demetalation of 2Pb-a with trifluoro-
acetic acid (TFA) at room temperature and subsequent treat-
ment with KPF6 afforded 2H2-a in 77% yield. The efficiency of
metal-templated cyclization of 1M-a with NaN3 strongly
depends on the central metal. Thus, metalation of 2H2-a with
Cu(OAc)2 in CH2Cl2–MeOH proceeded rapidly at room temper-
ature to produce 2Cu-a in 88% yield after anion-exchange with
KPF6. The route shown in Scheme 3 provided 2Cu-a from 1Zn-a
in superior overall yield (26%) compared with the route shown
in Scheme 2.

Metal-templated cyclization of 1M proved to be applicable
to the synthesis of 2 M. However, the preparation of 1Zn-a, the
common precursor, requires a laborious separation process, and
the overall yields of 2M from 1,9-dichloro-5-mesityldipyrrin
were unsatisfactory. Therefore, we developed an alternative
synthetic route to 2M, namely meso-N-phenylation of metal(II)
complexes of Ar2DAP (3M; M=Ni, Pt), as shown in
Scheme 4.[11,12] The reaction conditions were based on Crivello’s
method for the synthesis of N-phenylacridine from acridine.[13]

Heating a mixture of the nickel(II) complex of Ar2DAP (3Ni),
diphenyliodonium hexafluorophosphate (Ph2IPF6), and a cata-
lytic amount of copper(II) benzoate (Cu(OBz)2) in chlorobenzene
at 120 °C, followed by treatment with an aqueous KPF6 solution
at room temperature, afforded the nickel(II) complex of Ar3DAP
salt (2Ni-b) in 64% isolated yield under optimized conditions
(for details, see Table S1 in SI). Only a trace amount of 2Ni-b
was obtained in the absence of Cu(OBz)2, and the meso-N-
phenylation did not proceed in DMF nor MeCN. Two other
cupper(II) salts were also examined as catalysts: Cu(OAc)2 was
ineffective, and Cu(OSO2CF3)2 did not catalyze this transforma-
tion (Table S1). Similarly, N-phenylation of the platinum(II)
complex of Ar2DAP (3Pt) produced Ar3DAP salt 2Pt-b in 34%
yield. Notably, the newly developed N-phenylation method
provided 2M from 1,9-dibromo-5-mesityldipyrrin, the precursor
of 3M, in a few steps without the need for laborious separation

processes. Unfortunately, this method could not be directly
applied to the synthesis of ZnII complex 2Zn and free base 2H2.

As shown in Scheme 5, treatment of 18π-electron Ar3DAP
salts 2M with cobaltocene (CoCp2) in THF at room temperature
quantitatively produced the corresponding 19π-electron Ar3DAP
radicals 4M, which were isolated as dark brown solids after
recrystallization from CH2Cl2–MeOH. In solution, neutral radicals
4M were slowly oxidized under air into cationic 18π-electron
species (checked by UV/Vis/NIR absorption spectroscopy). The
air stability of 4M was appreciably lower than that of the
isoelectronic cation radicals P1, reflecting the marked difference
in their redox potentials owing to the 19π/18π redox couple
(vide infra).

To demonstrate the synthetic advantage of meso-N-phenyl-
ation, covalently linked dimer Ar2DAP–Ar2DAP 5[14] was used as
the substrate to obtain N-phenylated derivatives Ar2DAP–
Ar3DAP salt 6 and Ar3DAP–Ar3DAP salt 7 (Scheme 6). Treatment
of 5 with Ph2IPF6 in the presence of Cu(OBz)2 in refluxing
chlorobenzene for 5 h afforded 6 and 7 in 38% and 20% yields,
respectively, which were successfully separated from each other
using silica-gel column chromatography. Notably, 6 and 7 are
difficult to obtain using conventional metal-templated meth-
ods. Single-electron reduction of 6 with CoCp2 produced
Ar2DAP–Ar3DAP radical 8, which was obtained as a dark brown
solid (for details, see SI). A similar reduction of 7 with one
equivalent of CoCp2 generated radical cation 9, although it
could not be isolated in the pure form.[15]

Characterization and Aromaticity

Newly prepared Ar3DAP derivatives 2M, 4M, 6, 7, and 8 were
characterized using spectroscopic methods. In the high-reso-
lution mass spectra, the fragment ion peaks [M � PF6]

+ were
attributed to ionic compounds, and parent ion peaks [M]+ were
ascribed to neutral radicals. The 1H NMR spectra of 2M (M=Zn,
Ni, Pt, H2) showed their pyrrolic-β proton (Cβ� H) signals at 9.22–
7.95 ppm, indicating that these protons were affected by the
diatropic ring-current of the cationic DAP ring. Figure 1 depicts
the 1H NMR spectra of the three dimers, which exhibited

Scheme 4. Synthesis of 2M-b from 3M (M=Ni, Pt). Ar1=Ph for model 2Pt-m.
Scheme 5. Synthesis of 4M from 2M. The synthesis of 4Ni-b from 2Ni-b was
previously reported in ref. [9]. Ar1=Ar2=Ph for model 4Pt-m.
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different degrees of (i) diatropic ring-current effect derived from
the DAP ring and (ii) intramolecular hydrogen bonding between
Cβ� H and meso-N atoms. As reported previously, 5 in CDCl3

exhibits one set of Cβ� H signals (2H×7) in the range of 11.0–
8.79 ppm (Figure 1a). The 1H NMR spectrum of 7 in CD2Cl2
(Figure 1c) showed one set of Cβ� H signals (2H×7) attributed to
the two symmetrical Ar3DAP

+ rings at 10.29–8.31 ppm, which
were upfield of the corresponding signals of 5. These data
suggested that the diatropic ring-current effect, namely
aromatic character, of the Ar3DAP

+ units in 7 was weaker than
that of the Ar2DAP units in 5. Thus, adding a positive charge to
the DAP ring reduces the total ring-current density, as inferred
from our previous study on strapped Ar4DAP derivatives.[6] The
1H NMR spectrum of 6 displayed two sets of differently
deshielded Cβ� H signals (each, 1H×7), reflecting the different
degrees of diatropic ring-current effects derived from the
Ar2DAP and Ar3DAP

+ units. Thus, the two 18π-electron DAP
rings in 6 have different degrees of aromaticity. Rotating-frame
Overhauser effect spectroscopy was used to investigate the
Cβ� H signals attributed to the two different DAP units of 6,
revealing that the Cβ� H signals of the neutral Ar2DAP unit were
overall more deshielded than those of the Ar3DAP

+ unit. In the
1H NMR spectra, the 8,8’-Cβ� H signals were observed as singlets
at 11.0 ppm (2H) for 5, at 10.51 and 10.29 ppm (each, 1H) for 6,
and at 10.29 ppm (2H) for 7. Deshielding of these 8,8’-Cβ� H
signals decreased in the order 5>6>7, indicating that
complementary intramolecular hydrogen bonding between
Cβ� H atoms adjacent to the inter-ring C� C bond and meso-N
atoms weakened in the same order. Presumably, adding the
positive charge to the DAP ring weakens the Lewis basicity of
the lone electron pair of the meso-N atoms.

The experimentally observed results were corroborated by
the nuclear-independent chemical shift (NICS),[16] calculated
using Hartree-Fock method. The NICS(1) values at several
positions of model compounds 6-m and 7-m (in Scheme 6), in
which the mesityl groups were replaced by phenyl, are
summarized in Table S2. The average NICS(1) values at positions
a–d of the Ph3DAP

+ ring in 6-m (from � 14.93 to � 17.71 ppm)
were close to those at the corresponding positions of the
Ph3DAP

+ ring in 7-m (from � 16.18 to � 18.01 ppm) but less
negative than those at positions i–l of the Ph2DAP ring in 6-m
(from � 18.52 to � 19.44 ppm), indicating that the diatropic
ring-current effect of the Ph3DAP

+ unit was weaker than that of
the isoelectronic Ph2DAP unit. The relatively weaker aromaticity
of Ph3DAP

+ is attributable to its highly polarized structure,[17]

which reduces the efficiency of the global π-electron delocaliza-
tion in the DAP ring.

Optical and Redox Properties

The UV/Vis/NIR absorption spectra of the Ar3DAP derivatives are
shown in Figures 2 and S2, and their data are summarized in
Table 1. The salts of 18π-electron Ar3DAP 2M (M=Ni,[9] Zn, Cu,
Pt, H2) exhibited intense absorption bands in the range of 500–
700 nm (Figure 2a), whereas the neutral radicals of 19π-electron
Ar3DAP 4M (M=Ni, Cu, Pt) exhibited intense NIR bands in the
range of 730–830 nm (Figure 2b). The Q-like bands of 2M-a
(M=Zn, Cu; λmax=628 nm) were red-shifted from those of 3M
(M=Zn, Cu; λmax=577–584 nm)[4] but only slightly blue-shifted

Scheme 6. Synthesis of 6–9. Ar1=Ph for dyad models 6-m and 7-m. NICS
values at points a–l were calculated for 6-m and 7-m.

Figure 1. 1H NMR spectra (11.2–7.0 ppm) of a) 5 in CDCl3, b) 6 in CD2Cl2, and
c) 7 in CD2Cl2. (i) meta-H signals of the mesityl groups. (ii) N-phenyl signals.
Asterisks indicate residual solvent and plasticizer peaks.
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from those of P1 (M=Zn, Cu; λmax=631–634 nm).[5] These data
indicated that the optical HOMO–LUMO gaps of the 18π-
electron Ar3DAP

+ unit were smaller than that of the isoelec-
tronic Ar2DAP but larger than that of Ar4DAP

2+. Time-dependent
density functional theory (TD-DFT) calculations of model
compounds allowed the assignment of the observed electronic
transitions (Table S3).

The frontier orbitals of models of 2Zn-a (2Zn-m in
Scheme 2) and 2Pt-b (2Pt-m in Scheme 4) are depicted in
Figures S1 and S3, respectively. The HOMO, LUMO, and LUMO+

1 of 2Zn-m were typical DAP π orbitals, whereas the HOMO � 1
and HOMO � 2 of 2Pt-m comprised DAP-based pπ orbitals
mixed with Pt-centered dπ orbitals. On the basis of the results of
TD-DFT calculations, the longest absorption band of 2Zn-a was
assigned to pure HOMO-to-LUMO excitation, whereas the low-
energy multiple absorption bands of 2Pt-b were composed of
HOMO-to-LUMO and HOMO � 2-to-LUMO excitations. Both 2Zn-
a and 2H2-a were fluorescent. In their fluorescence spectra
(inset, Figure 2a), Stokes shifts were 350–160 cm� 1, reflecting
the rigid π-framework of 18π-electron Ar3DAP

+ dye.
The UV/Vis/NIR absorption spectra of covalently linked DAP

dimers (dyads) 5, 6, and 7 are shown in Figure 2c. The longest
absorption band of 7 (λmax=727 nm) was considerably red-
shifted from that of 5 (λmax=669 nm), indicating that the optical
HOMO–LUMO gap of the Ar3DAP

+–Ar3DAP
+ chromophore in 7

was smaller than that of the Ar2DAP–Ar2DAP chromophore in 5.
This was consistent with the difference in the HOMO–LUMO
gaps of the corresponding monomers, 2Ni-b and 3Ni. In
contrast, dyad 6 exhibited several broad absorption bands over
the entire Vis/NIR region. The shape of this spectrum did not
arise from a simple superposition of the spectra of the two
components (monomers 2Ni-b and 3Ni). The spectral features
of 6 and 7 were interpreted using DFT and TD-DFT calculations
of their models, 6-m and 7-m. As shown in Figures 3 and 4,
these dyads exhibited completely different orbital features. The
HOMO and LUMO of 6-m were mainly localized on the Ph2DAP
and Ph3DAP

+ rings, respectively, reflecting the characteristics of
each chromophore. In sharp contrast, both the HOMO and
LUMO of 7-m were efficiently delocalized over the two DAP
rings. TD-DFT calculations revealed that the lowest excited state
of 6-m, formed mainly from the HOMO-to-LUMO electronic
transition, had intramolecular charge-transfer (CT) character-
istics. This was confirmed by the solvatochromic behavior of 6
(Figure S2d). The neutral radical 8 exhibited absorption bands
at λmax=600 and 842 nm (Figure S2c), which were attributable
to the π–π* transitions of the Ar2DAP and Ar3DAP

* chromo-
phores, respectively.

The redox potentials of the Ar3DAP derivatives in CH2Cl2
were measured by CV and differential pulse voltammetry (DPV),
with Bu4NPF6 as a supporting electrolyte. The results of
monomers 2M are summarized in Table 2 and Figure S4. In the
observed range, 2M exhibited two reversible redox processes,
attributable to the 18π/19π and 19π/20π redox couples. The
redox potentials (E) of 2Zn-a were negatively shifted from those

Figure 2. UV/Vis/NIR absorption spectra of a) 2M, b) 4M, and c) 5, 6, 7 in
CH2Cl2. Absorption and fluorescence spectra of 2Zn-a (red) and 2H2-a (blue)
in CH2Cl2 are shown in the inset of a).

Table 1. Optical data for Ar3DAP derivatives in CH2Cl2.
[a]

DAP λmax [nm]

2Zn-a 386 (4.73), 628 (4.82)[b]

2Cu-a 383 (4.74), 628 (4.82)

2Ni-a[c] 391 (4.60), 568 (3.96), 611 (4.09), 655 (4.25)

2H2-a 386 (4.83), 647 (4.86)[b]

2Ni-
b[c]

392 (4.66), 566 (4.01), 612 (4.12), 657 (4.29)

2Pt-b 388 (4.73), 553 (4.22)

4Cu-a 411 (4.58), 454 (4.42), 780 (4.42)

4Pt-b 393 (4.65), 433 (4.70), 757 (4.27)

5[d] 365 (4.98), 406 (4.86), 669 (4.76)

6 368 (4.81), 400 (4.78), 416 (4.77), 594 (4.25), 665 (4.41), 773
(4.23)

7 411 (4.73), 686 (4.49), 727 (4.50)

[a] The absorption maxima (λmax >360 nm) are listed. [b] The fluorescence
maxima (quantum yields) of 2Zn-a and 2H2-a are 642 nm (0.073) and
654 nm (0.074), respectively. [c] Data from ref. [9]. [d] Data from ref. [14].

Table 2. Redox potentials of Ar3DAP 2M in CH2Cl2 with Bu4NPF6.
[a]

Ar3DAP E [V] Ar3DAP E [V]

2Zn-a � 1.35, � 0.73 2Ni-a[b] � 1.28, � 0.63, +1.17

2Cu-a � 1.29, � 0.63, +1.18 2Ni-b[b] � 1.23, � 0.61, +1.22

2H2-a � 1.12, � 0.43, +1.37 2Pt-b � 1.21, � 0.56, +1.37

[a] Half-wave potentials (vs. ferrocene/ferrocenium; Fc/Fc+) determined by
CV unless otherwise noted. [b] Determined by DPV in this study.
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of 2Ni-a and 2Cu-a, reflecting the electronegativities of zinc
(1.65, Pauling scale), nickel (1.91), and copper (1.90). The
negatively shifted redox potential of 2Zn-a indicated that the
stability of its 19π-electron radical in air was low. The E of 2H2-a
was more positive than those of the metal complexes. The
same trend was observed for the E of the 18π/17π redox couple,
which positively shifted in the order 2Ni-a, 2Cu-a < 2H2-a.
Similarly, the redox potentials of 2Pt-b were more positive than
those of 2Ni-b because the electronegativity of platinum (2.28)
was larger than that of nickel. The electrochemical HOMO–
LUMO gaps of 2M determined using CV/DPV were in good
agreement with the optical HOMO–LUMO gaps determined
using UV/Vis absorption spectroscopy.

Figure 5 summarizes the results of CV and DPV of Ar3DAP
salt 2Ni-b, Ar2DAP 3Ni, Ar2DAP–Ar3DAP salt 6, and Ar3DAP–
Ar3DAP salt 7. Dyads 6 and 7 exhibited different electrochemical
behaviors. In the observed range, 6 showed four reversible,
one-electron redox processes. Compared with the electro-
chemical behavior of 2Ni-b and 3Ni, processes (ii) and (iii)
corresponded to the 19π/20π and 18π/19π redox couples of the
Ar3DAP ring, respectively, whereas processes (i) and (iv)
corresponded to the 18π/19π and 17π/18π redox couples of the

Figure 3. Selected Kohn-Sham orbitals and their energies (in eV) of 6-m
calculated by the DFT method with the solvent effect (PCM, CH2Cl2).

Figure 4. Selected Kohn-Sham orbitals and their energies (in eV) of 7-m
calculated by the DFT method with the solvent effect (PCM, CH2Cl2).

Figure 5. Cyclic voltammograms (upper) and differential pulse voltammo-
grams (lower) of 2Ni-b (black), 3Ni (purple), 6 (blue), and 7 (red). Measured
in CH2Cl2 with Bu4NPF6 as a supporting electrolyte. Scan rate=60 mVs� 1 for
CV. The peak potentials (vs. Fc/Fc+) determined by DPV are listed.
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Ar2DAP ring, respectively. The redox potentials for processes (i)
(� 1.48 V) and (ii) (� 1.16 V) were negatively and positively
shifted from the corresponding redox potentials of 3Ni
(� 1.38 V) and 2Ni-b (� 1.23 V), respectively. These potential
shifts were attributed to the electronic effects of the peripheral
Ar3DAP

* and Ar2DAP substituents on the frontier orbitals of the
adjacent DAP rings.

Dyad 7 showed three reversible and two quasi-reversible
redox processes. Compared with the electrochemical behavior
of 2Ni-b, process (i) was likely one-step 20π/19π (2e� ) redox
couple of the two Ar3DAP rings, whereas processes (ii) and (iii)
corresponded to the split 18π/19π (each, 1e� ) redox couple with
a potential difference of approximately 0.2 V. This indicated that
the electron spin was efficiently delocalized over the two DAP
rings in the cation radical of 7. Although isolation of 9 was
unsuccessful, the singly occupied molecular orbital (SOMO) of
9-m (Ar1=Ph in Scheme 6) obtained using DFT calculations had
a large orbital coefficient at the inter-ring C� C bond and the
electron spin was spread over the entire molecule, supporting
the experimental observation (Figure S5). Processes (iv) and (v)
corresponded to the split 18π/17π (each, 1e� ) redox couple, but
the potential difference was significantly smaller than that
between (ii) and (iii), suggesting weaker stabilization of the
trication radical.

To reveal the modes of electron-spin delocalization of
Ar3DAP radicals, electron paramagnetic resonance (EPR) spectra
of CH2Cl2 solutions of 4Pt-b and 8 were acquired at room
temperature. As shown in Figure S6, 4Pt-b exhibited an EPR
signal at g =1.9594. Although hyperfine coupling was not
clearly observed, DFT calculations of its model, 4Pt-m (in
Scheme 5), revealed that the unshared electron spin was
delocalized over the DAP ring. As shown in Figure 6, dyad 8

exhibited an EPR signal at g =1.9989, with the hyperfine
structure derived from two meso-14N, two core-14N, and six Cβ–
1H atoms. Notably, the electron spin was not distributed on the
Ar2DAP ring but mostly delocalized within the Ar3DAP unit, as
supported by DFT calculations of its model 8-m (in Scheme 6).
The SOMO had characteristics of the Ar3DAP ring, albeit a highly
coplanar configuration of two DAP rings (Figure S5). This is
attributable to the large difference in orbital energies between
the Ar3DAP and Ar2DAP rings.

Conclusions

We synthesized 18π- and 19π-electron Ar3DAP derivatives and
investigated their optical and electrochemical properties. Newly
explored metal-templated cyclization and copper-catalyzed N-
phenylation were used to synthesize the zinc(II), copper(II),
nickel(II), and platinum(II) complexes and free base of Ar3DAP.
N-phenylation proved to be effective for regioselective meso-
functionalization of covalently linked Ar2DAP dimer, producing
Ar3DAP–Ar2DAP and Ar3DAP–Ar3DAP dyads. The aromaticity and
optical and electrochemical properties of Ar3DAP derivatives
were compared with those of the isoelectronic Ar2DAP and
Ar4DAP derivatives. The diatropic ring-current effects of the
18π-electron Ar3DAP cations were evaluated using NMR spec-
troscopy and NICS calculations, revealing that the aromaticity of
the Ar3DAP cations was relatively weak owing to their positively
charged and polarized DAP π-electron systems. The redox
potentials of the metal complexes of Ar3DAP depended on the
electronegativities of the central metals, resulting in the differ-
ence in air stability of the 19π-electron radicals. The low-energy
UV/Vis/NIR absorption bands attributed to the π–π* transitions
of the 18π- and 19π-electron Ar3DAP chromophores appeared
at 600–700 and 720–820 nm, respectively. Notably, the two
kinds of dyads exhibited different optical and electrochemical
properties. UV/Vis/NIR absorption spectroscopy and TD-DFT
calculations revealed that the lowest excited states of Ar3DAP–
Ar2DAP cation and Ar3DAP–Ar3DAP dication, formed mainly
from their HOMO-to-LUMO electronic transitions, had charge-
transfer and locally excited characteristics, respectively. The
redox behaviors of these dyads also reflected their orbital
characteristics. In the neutral radical of Ar3DAP-Ar2DAP, the
electron spin was localized on the Ar3DAP ring, reflecting a
large difference in the orbital energies of the two DAP π-
electron systems. In contrast, DFT calculations suggested that
the electron spin in the cation radical of Ar3DAP-Ar3DAP dyad
was delocalized over the two DAP rings owing to transannular
interactions. Further development of novel azaporphyrinoids
bearing meso-N-substituents is underway.

Experimental Section

General Remarks

All melting points were recorded on a micro melting point
apparatus and are uncorrected. The NMR spectra were recorded on

Figure 6. a) EPR spectra of 8 observed in CH2Cl2 and simulated. A: Hyperfine
coupling constants. b) Spin density distribution at the optimized structure
(left) and spin densities at the DAP ring (right) of 8-m: calculated by the DFT
method.
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400 MHz and 700 MHz (Agilent and Bruker) spectrometers. The 1H
and 13C chemical shifts are reported in ppm as relative values vs.
tetramethylsilane, and the 19F and 31P chemical shifts are reported
in ppm as relative values vs. CFCl3 and H3PO4, respectively. High-
resolution mass (HRMS) spectra were measured on Thermo Fisher
Scientific EXACTIVE (electron spray–quadrupole; ESI) and Bruker
Autoflex III smartbeam (matrix assisted laser desorption/ionization–
time of flight; MALDI-TOF) spectrometers. The UV/Vis/NIR absorp-
tion spectra were measured on JASCO V-530 and V-730 spectrom-
eters, and the UV-Vis fluorescence spectra were measured on a
JASCO EP-8300 spectrometer. Absolute fluorescence quantum
yields were measured on a Hamamatsu Photonics Quantaurus-QY
spectrometer. The IR (Attenuated Total Reflection; ATR or KBr)
spectra were obtained on a JASCO FT/IR4600 spectrometer. Redox
potentials and electrochemical behavior were measured at room
temperature on an ALS model 650 E electrochemical workstation
using a glassy carbon working electrode, a platinum wire counter
electrode, and an Ag/Ag+ [0.01 M AgNO3, 0.1 M Bu4NPF6 (MeCN)]
reference electrode. Thin-layer chromatography was performed
with Kieselgel 60 F254, and preparative column chromatography
was performed using Silica Gel 60 spherical, neutrality. All reactions
were performed under an argon or nitrogen atmosphere unless
otherwise noted. Compound 1Zn-a[10] was prepared according to a
reported procedure. Other chemicals and solvents were of reagent
grade quality and used without further purification unless other-
wise noted. For all the synthesis and characterization data of new
compounds are reported in the Supporting Information.

DFT Calculations

The geometries of model compounds were optimized with the DFT
method. The basis sets used for the optimization were the 6–
311 G(d,p) basis set[18] for H, C, and N, the Wachters–Hay all electron
basis set[19] supplemented with one f-function (exponent: 1.29 for
Ni and 1.62 for Zn) for Ni and Zn, and the LANL2TZ(f) basis set (with
effective core potentials)[20] for Pt. The functional of DFT was the
Becke, three-parameter, Lee–Yang–Parr (B3LYP) exchange-correla-
tion functional.[21] The optimized geometries were confirmed to be
minima by vibrational analysis. The Cartesian coordinates and
computed total energies of newly calculated models (2Zn-m, 4Pt-
m, 6-m, 7-m, 8-m, and 9-m) are summarized in Table S4. The
excitation energies and oscillator strengths listed in Table S3 were
computed with the TD-DFT method. The solvent effects were
incorporated in both the DFT and TD-DFT calculations using the
polarizable continuum model (PCM) with the integral equation
formalism variant.[22] The NICS[23] values were calculated at the
Hartree–Fock level with gauge-including atomic orbitals (GIAOs) at
the DFT optimized geometries. The basis set used for the NICS
calculations was 6–31+G*.[24] All the calculations were carried out
using the Gaussian 16 suite of programs.[25]

EPR Measurements

The EPR spectrum was measured at room temperature by using a
JEOL JES-FA200 spectrometer equipped with an OXFORD ESR900
He-flow cryostat. A sample was prepared as a 0.1 mM solution in
CH2Cl2. After three freeze-pump-thaw cycles, the solution sample in
a quartz tube was sealed by frame. Spectral simulation was
performed using EasySpin,[26] which is a MATLAB toolbox meant for
this. The static magnetic field and microwave frequency were
measured by an Echo Electronics EFM-2000 gauss meter and a
TakedaRiken TR5212 microwave counter, respectively.
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