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In contrast to the rich chemistry of porphyrin and its analogs, the structural
variety of phthalocyanine derivatives, which are widely utilized in material and
life sciences, has been limited by the lack of versatile synthetic methods.
Herein we present a synthetic strategy/methodology for the meso-position
editing of phthalocyanine derivatives via deprotonative macrocyclization of
open-form acyclic phthalonitrile Ni tetramer 1, prepared by thiolate-mediated
reductive tetramerization of phthalonitrile and metalation. To illustrate the
utility of this protocol, we synthesize several meso-N-edited phthalocyanine
derivatives, including 16m-electron antiaromatic tetrabenzodiazanorcorrole 2,
and 17m-electron paramagnetic tetrabenzotriazacorrole 3 and tetra-
benzodiazacorrole 4. The products are obtained as the nickel(Il) complexes.
Their unique electronic properties, such as paratropicity and radical character,
are characterized both experimentally and computationally. Moreover, anti-
aromatic compound 2 undergoes further meso-position and skeletal trans-
formations upon reaction with nucleophiles to give nonaromatic and aromatic

m-conjugates.

Porphyrinoids are an important class of cyclic m-conjugated aromatic
molecules that are of synthetic, theoretical, and applicational interest.
Among them, phthalocyanine, which is composed of four isoindoline
units with bridging meso-nitrogen (N) atoms, exhibits outstanding
physicochemical properties, such as intense absorption/emission in
the visible-near-IR region and high electron-accepting ability. Conse-
quently, phthalocyanine derivatives are widely utilized in material and
life sciences as functional organic dyes'®. However, the preparation of
phthalocyanine and its derivatives has mostly been limited to one-step
condensation of isoindolinic equivalents such as phthalonitrile and 1,3-
diiminoisoindoline (Fig. 1a)"*°. The lack of versatile synthetic methods,
especially for modification of the meso-positions that are critical for
the functionality of phthalocyanine derivatives, greatly restricts the
structural variety of phthalocyanine derivatives compared with por-
phyrin derivatives, which can be obtained in a stepwise manner using
various combinations of pyrroles and aldehydes® . Therefore, there is
a need for new intermediates and methodologies to access a wider
range of phthalocyanine derivatives.

In 2015, Kobayashi and Furuyama et al. discovered the dimeriza-
tion reaction of phthalonitriles using Na and dodecanethiol at high
temperature, obtaining the S-diaminoisoindigo skeleton as the main
product (Fig. 1b)>. This reaction has been elegantly utilized for the
synthesis of a 20m-electron antiaromatic ring-expanded phthalocya-
nine analogs. This dimerization protocol was also applied to the
development of various B-isoindigo dyes'*". Notably, trimerization,
tetramerization, and hexamerization of phthalonitriles have also been
achieved by the use of sulfur reagents'®”. However, despite these pio-
neering examples, the use of acyclic phthalonitrile oligomers as pre-
cursors of phthalocyanine-like macrocycles is still limited due to their
unfavorable linear conformation, which makes cyclization difficult.

Here we report an approach to the synthesis of meso-edited
phthalocyanine derivatives using the folded phthalonitrile Ni tetramer
1asasynthetic platform (Fig. 1c). 1 was prepared by Ni complexation of
the linear phthalonitrile tetramer 5, which was synthesized via thiolate-
mediated oligomerization of phthalonitrile. The configurational
transformation induced by complexation was the key to success in the
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Fig. 1| Synthesis of phthalocyanine derivatives. a One-step condensation to
synthesize phthalocyanine. b Examples of phthalonitrile oligomers prepared by
sulfur reagents. ¢ This work: synthesis of meso-N-lacking phthalocyanine deriva-
tives as their Ni(Il) complexes via tetramer.

following cyclization. The folded tetramer 1 reacts with various elec-
trophiles at the terminal benzylic positions in the presence of a strong
base to give stable phthalocyanine-like macrocycles as the nickel(II)
complexes. To illustrate the value of this protocol, we employed it for
the synthesis of 16m-electron antiaromatic tetrabenzodiazanorcorrole
2, and 17m-electron paramagnetic tetrabenzotriazacorrole 3 and tet-
rabenzodiazacorrole 4. The electronic properties of these compounds
were investigated in detail by both experimental and computational
methods. Furthermore, we showed that the high electrophilicity of
antiaromatic macrocycle 2 could be utilized for meso-editing.

Results

Synthesis of macrocycles

Our study commenced with re-optimization of the reaction conditions
for the thiolate-mediated reductive oligomerization reaction’.
The original procedure afforded the tetramer 5 in low yield
(<10%) from 4,5-bis(2,6-diisopropylphenoxy)phthalonitrile (6) in the
presence of Na and dodecanethiol. After extensive experimentation

(Supplementary Table 1), we found that the use of bases with larger
counter cations, such as K and Cs, led to the selective formation of 5
over the corresponding phthalocyanine; this is consistent with the
report that small alkali metal ions such as Li and Na accelerate the
formation of phthalocyanine via a metal template effect’. Finally,
the yield of 5 was increased to 35% by using Cs,COj; as a base. Although
the reaction mechanism remains unclear, the thiolate anion seems to
work as a reducing agent. The optimized synthetic route towards
meso-position-modified phthalocyanine derivatives 2, 3, and 4 from 5
is shown in Fig. 2. All initial attempts to cyclize 5 directly under various
conditions were unsuccessful. We anticipated that configurational
transformation to fold the tetramer 5 appropriately by using a metal
template would assist the cyclization. Ni was chosen as the central
metal due to its strong binding ability and relatively small covalent
radius'®. Complexation of 5 with Ni(OAc), proceeded in high yield to
afford the open-form folded tetraisoindolinic Ni complex 1, whose
structure was elucidated by single-crystal X-ray diffraction analysis
(Supplementary Fig. 13). The isoindoline units at the two ends were
placed close to each other as a result of the coordination of Ni.
Treatment of 1 with sodium hexamethyldisilazide (NaHMDS) followed
by the addition of D,O resulted in ca. 50% deuterium incorporation at
the four protons in the benzylic positions, suggesting in-situ genera-
tion of a dianion species (Supplementary Fig. 8). This prompted us to
screen various electrophiles for macrocyclization (Fig. 2). Successive
treatment of 1 with PtCl, and NaHMDS led to facile ring closure to give
tetrabenzodiazanorcorrole 2, which lacks two meso-N atoms of
phthalocyanine, in 94% yield. The reaction with N-iodosuccinimide
(NIS) also gave 2, albeit in lower yield (25%) (Supplementary Fig. 6). 2 is
a rare example of tetrabenzodiazanorcorrole, in contrast to the rich
chemistry of 16m-electron antiaromatic norcorrole’®*. Next, ring clo-
sure with single atom insertion was investigated. The reaction of the
dianion with isoamyl nitrate (AmONO) as an electrophile gave a
nitrogen-inserted macrocycle, tetrabenzotriazacorrole 3** %, while the
reaction with benzoyl chloride as an electrophile afforded a carbon-
inserted macrocycle, tetrabenzodiazacorrole 4. The high yields of
meso-modified phthalocyanine derivatives 2, 3, and 4 from 5 demon-
strate the utility of our successive Ni-complexation and deprotonative
functionalization methodology. It is also noteworthy that the macro-
cycles 2, 3, and 4 were bench-stable as solids for at least 6 months in air
at room temperature, even though 2 is antiaromatic and 3 and 4 exist
as m-radical species, as discussed later.

Physicochemical properties

The structures of macrocycles 2, 3, and 4 were unambiguously con-
firmed by single-crystal X-ray diffraction analysis (Fig. 3). The tetra-
benzoazaporphyrinoid skeletons of 2, 3, and 4 take almost planar
structures in the solid state; the mean deviations from the averaged
planes are 0.052 A, 0.055 A, and 0.058 A, respectively. 2 displays sig-
nificant bond length alternation in the pyrrole units compared with
18m-electron aromatic Ni phthalocyanine®, suggesting the presence of
16m-electron antiaromaticity (Supplementary Fig. 19).

To investigate the electronic structures in solution, we mea-
sured the '"H NMR spectra of 1, 2, 3, and 4. Firstly, to investigate the
antiaromaticity of 2 in solution, we compared the 'H NMR spectra of
1 and 2 in CDCl; at room temperature (Fig. 4a, b). The o protons H?
and HP of 16m-electron macrocycle 2 were observed at 5.66 and 5.56
ppm, being shifted significantly upfield compared with those of
nonaromatic, open-form tetramer 1 at 7.01-6.53 ppm. The aryloxy
protons of 2 (7.11-7.00 ppm) were also observed slightly upfield
compared with the protons of 1 (7.38-7.09 ppm). These chemical
shifts strongly suggest the existence of an antiaromatic paratropic
ring current in 2. The antiaromaticity of 2 was further confirmed by
nucleus-independent chemical shifts (NICS)* calculation of Ni tet-
rabenzodiazanorcorrole 2’ without any peripheral substituents
(Supplementary Fig. 28). The NICS(1) values inside the macrocycle
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Fig. 2 | Synthesis of Ni(Il) complexes of meso-edited phthalocyanine derivatives 2, 3, and 4 via open-form Ni tetramer 1. NaHMDS sodium hexamethyldisilazide, ‘Am

isoamyl.

Fig. 3 | X-ray structures. Top and side views of (a) 2, (b) 3, and (c) 4. One of the two molecules in the asymmetric unit is shown. Hydrogen atoms are omitted for clarity.
Thermal ellipsoids are drawn at the 30% probability level. Carbon, nitrogen, oxygen, and nickel atoms are drawn in gray, blue, red, and green, respectively.

were estimated to be about +20 ppm, indicating the presence of
distinct antiaromaticity. In contrast to 2, diazacorrole derivatives 3
and 4 exhibited broad 'H NMR signals in CD,Cl, even at -90°C
(Supplementary Figs. 2, 4). The electron spin resonance (ESR) spectra
of 3 and 4 in toluene at room temperature exhibited sharp signals at
g=2.0048 and 2.0039, respectively, indicating m-radical character
instead of Ni-centered radical character (Fig. 4c, d)*®. These ESR
signals suggest that the oxidation state of Ni is not paramagnetic
Ni(lll) but diamagnetic Ni(ll), which is similar to the case of Ni(ll)
corrole mr-radicals®~*. The calculated spin density plots on radicals 3’
and 4’ without any peripheral substituents showed that the spin
populations were delocalized over the azacorrole skeleton, con-
sistent with the experimental ESR data (Supplementary Fig. 29).
Figure 5a shows the electronic absorption spectra of 2, 3, and 4
in CHCls. The spectrum of macrocycle 2 showed a weak, broad,
visible-near-IR absorption band tailing up to 1200 nm, which is dif-
ferent from the intense Q-bands usually observed for regular

phthalocyanines'. This absorption of 2 is characteristic of 4nm-elec-
tron antiaromatic porphyrinoids, whose HOMO-LUMO transition is
symmetry-forbidden™*. 3 and 4 exhibited Q-like bands in the near-IR
region at 770nm (£=8.37x10*°M'cm™) and 751nm (s=1.40x
10*M*cm™), respectively. Additionally, broad absorption peaks at
1431 nm (¢=6.40 x10*M*cm™) and 1193 nm (£=6.98 x10°M*cm™)
for 3 and at 1665nm (¢=5.42x10*M'cm™) and 1345 nm (¢=5.32 x
10°M*cm™) for 4 are consistent with m-radical character®. These
absorption bands of 3 and 4 span the second near-IR region (NIR-II,
1000-1700nm), a desirable optical window for biological
applications®™ . No detectable emission was observed for 2, 3, or 4
in CHCI; at room temperature.

Cyclic voltammetry (CV) measurements of 2, 3, and 4 were per-
formed in CH,Cl, to examine their redox potentials (Fig. 5b). 2
exhibited two reversible reduction peaks (£3,, = -1.11 and -1.46 V vs Fc/
Fc') in a narrow range, suggesting the facile conversion of 16rr-electron
antiaromaticity to 18m-electron aromaticity. An irreversible oxidation
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Fig. 4 | 'H NMR and ESR spectra. Partial 'H NMR spectra of (a) 1 and (b) 2 in CDCl; (S00 MHz). ESR spectra of (c) 3 and (d) 4 in toluene (9125 MHz).
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Fig. 5| Physicochemical properties. a Electronic absorption spectra of 2 (black), 3
(blue), and 4 (red) in CHCI;. b Cyclic voltammograms of 2 (black), 3 (blue), and 4
(red) in CH,Cl,.

wave was observed at Eoy pa = +0.43 V vs Fc/Fc'. In contrast, r-radicals 3
and 4 both exhibited reversible reduction (3: E,,=-0.73V; 4:
Ei»=-0.85V vs Fc/Fc") and oxidation waves (3: £;,=-0.17V; 4:
Ey,=-0.28V vs Fc/Fc'). The extremely narrow redox potential
gaps (3: 0.56 V; 4: 0.57 V) are consistent with the 17m-electron radical
character of 3 and 4 owing to favorable single-electron transfer for
both reduction and oxidation. These electrochemical characteristics
of 3 and 4 are similar to those of the recently reported Ni
tetrabenzocorrole m-radicals, which were easily converted to 16m-
electron antiaromatic and 18m-electron aromatic species®’. There-
fore, oxidation and reduction of 3 and 4 by chemical reagents
were investigated (Supplementary Information Section 2-4).
Single-electron oxidation of 3 and 4 by NO'BF,” generated broad, weak
near-IR absorption reminiscent of that of 2 (Supplementary Fig. 25).
The '"H NMR spectra showed upfield aromatic signals around 6 ppm,
indicating the formation of 16m-electron antiaromatic species assigned
as 3" and 4" (Supplementary Figs. 9, 11). In contrast, single-electron
reduction of 3 and 4 by CoCp; led to the generation of sharp, strong
red absorption reminiscent of the intense Q-bands observed for 18m-
electron aromatic tetrabenzotriazacorrole (Supplementary Fig. 26)%.
The 'H NMR spectra displayed downfield aromatic signals around
8 ppm, indicating the formation of 18m-electron aromatic species
assigned as 3™ and 4~ (Supplementary Figs. 10, 12). This is a marked
feature of phthalocyanine-based structure, different from porphyrin
analogs, which possess weak Q-bands.

To elucidate the origin of the observed optical and electro-
chemical properties of macrocycles 2, 3, and 4, we conducted frontier
molecular orbital (FMO) analysis and time-dependent density func-
tional theory (TD-DFT) calculation of model compounds 2’, 3’, and 4’
(Supplementary Information Section 4). The nodal patterns of the
highest occupied molecular orbital (HOMO) and lowest unoccupied
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Fig. 6 | Skeletal transformation of 2. Synthesis of ring-opened compound 7 and
ring-expanded macrocycle 8.

molecular orbital (LUMO) of 2’ are similar to those of a pair of
degenerate singly occupied and unoccupied molecular orbitals
(SOMOs and SUMOs) in the 16m-electron perimeter model (Supple-
mentary Fig. 30)***, consistent with the experimentally observed
antiaromaticity of 2. However, tetrabenzodiazanorcorrole 2 exhibited
a closed-shell character judging from its sharp signals observed in the
'H NMR spectrum (Fig. 4b), in contrast to a reported 16m-electron
antiaromatic tetrabenzonorcorrole, which has an open-shell, singlet
diradical character”. We think that the difference is due to the larger
HOMO-LUMO energy gap of 2 (1.49 V) (Fig. 5b, Supplementary Table 5)
than that of tetrabenzonorcorrole (0.75 V)*, which is attributable to
the stabilization of the HOMO energy of 2 by the two electronegative
nitrogen atoms at the meso-positions (Supplementary Fig. 30). Radical
species 3’ and 4 exhibited analogous FMOs localized mainly on the
m-planes, although the energy levels of 3’ are slightly lower than those
of 4’ due to the electronegative meso-nitrogen atom (Supplementary
Figs. 31, 32). Their FMOs, i.e., -SOMO-1s, a-SOMOs, -SOMOs, and
B-SUMOs, are related to a pair of degenerate SOMOs of the 167-elec-
tron perimeter model***, indicating that 3’ and 4’ have 17m-electron
systems, similarly to the reported 17m-electron Ni tetrabenzocorrole
m-radicals™ .

Transformation of macrocycle 2
Next, we considered further skeletal transformations of these phthalo-
cyanine derivatives. Especially, 16r-electron macrocycle 2 was expected
to show high reactivity owing to its antiaromaticity (Fig. 6). Treatment of
2 with NaOH afforded ring-opened nonaromatic compound 7. Addi-
tionally, we found the reaction of 2 with hydrazine gave ring-expanded
18m-electron aromatic macrocycle 8. The structures of 7 and 8 were
confirmed by X-ray analysis (Supplementary Figs. 17, 18). The 'H NMR
spectra of 8 showed low-field shifts of isoindolinic a protons at
7.97-7.53 ppm (Supplementary Fig. 5), consistent with 18m-electron
aromatic ring current effects. Compounds 7 and 8 exhibited stronger
absorption bands in the red region around 650 nm than 2 (Supple-
mentary Figs. 23, 24), reflecting the changes in aromaticity. These
reactions of macrocycle 2 can be regarded as skeletal editing, which has
recently attracted attention for the synthesis of small heterocycles**.
In summary, we have developed a synthetic methodology for new
phthalocyanine skeletons. Folding of linear tetramer 5 by Ni com-
plexation, followed by deprotonative macrocyclization provides a

strategy for the synthesis of meso-edited phthalocyanine derivatives as
their Ni(I[) complexes, exemplified here by tetrabenzodiazanorcorrole
2, tetrabenzotriazacorrole 3, and tetrabenzodiazacorrole 4. These air-
stable macrocycles exhibited striking physicochemical properties,
such as 16m-electron antiaromaticity of 2 and 17m-electron radical
character of 3 and 4. Further, the antiaromatic macrocycle 2 was sus-
ceptible to nucleophilic cleavage, enabling skeletal transformations.
We believe the current protocol opens up a versatile access to diverse
phthalocyanine-like macrocycles. Efforts to expand the reaction scope,
including access to the free-base** and variously metalated macro-
cycles, and to elucidate the reaction mechanisms with the help of
theoretical and spectroscopic studies are in progress in our laboratory.
We believe this approach is potentially applicable to the synthesis of a
range of extended m-conjugated functional molecules, which are
expected to have unique physicochemical properties.

Methods

Instrumentation

'H and *C NMR spectra were obtained on a Bruker AVANCE NEO 500
spectrometer. Samples were recorded in CDCl;, CD,Cl,, pyridine-ds,
DMSO-d,, or THF-ds. Chemical shifts are expressed in & (ppm) values.
'H spectra were referenced to tetramethylsilane (6 =0.00 ppm), resi-
dual CHCIl; (6=7.26 ppm), residual CHDCI, (6 =5.32 ppm), residual
pyridine-d, (6 =8.74 ppm), residual DMSO-ds (6 =2.50 ppm), or resi-
dual THF-d; (6 =3.50 ppm) as an internal standard. C spectra were
referenced to tetramethylsilane (6=0.00 ppm) or CDCl; (6=77.16
ppm) as an internal standard. The following abbreviations are used:
s=singlet, d=doublet, t=triplet, sept=septet, m=multiplet, br=
broad. ESR spectra were obtained on a JEOL JES-X320 spectrometer. IR
spectra were obtained on a JASCO FT/IR 4700 spectrometer. ESI-MS
spectra were measured on a Bruker compact spectrometer.
Ultraviolet-visible-near-IR absorption spectra were recorded with a
JASCO V-770 spectrophotometer. Emission spectra were recorded on a
JASCO FP-8750 spectrofluorometer. Cyclic voltammetry measure-
ments were carried out with a Hokuto Denko HZ-110 voltammetric
analyzer. Single crystal X-ray analysis was performed with a Rigaku
XtaLAB Synergy-S diffractometer with a HyPix-6000HE HPC detector.
All the reactions were performed under an Ar atmosphere using a
standard Schlenk technique or an Ar glovebox (MBRAUN,
Labmaster Pro).

Materials

Materials were purchased from Merck-Sigma-Aldrich Corporation,
FUJIFILM Wako Pure Chemical Corporation, Tokyo Chemical Industry
Corporation, and Kanto Chemical Corporation. Dehydrated toluene,
CH,Cl,, and tetrahydrofuran (THF) were purchased from Kanto Che-
mical and purified by a solvent purification system of Glass-Contour.
Flash column chromatographic separation was performed with
Yamazen medium pressure liquid chromatography (MPLC) system
(EPCLC-W-Prep 2XY A-Type) using a disposable Hi-flash column
from Yamazen Co. Merck Kiesel gel 60 F,s, plate (0.25 mm thickness,
coated on glass 20x20cm? was used for analytical thin layer
chromatography (TLC).

Data availability

The experimental and computational data generated in this study are
provided in the article and the Supplementary Information, and also
are available from the corresponding authors upon request. Source
Data for the cartesian coordinates of the calculated structures are
provided with this manuscript. Crystallographic data for the structures
reported in this Article have been deposited at the Cambridge Crys-
tallographic Data Centre, under deposition numbers CCDC 2382224
(1), 2382225 (2), 2382226 (3), 2382227 (4), 2416449 (7), and 2382228
(8). Copies of the data can be obtained free of charge https://www.
ccdc.cam.ac.uk/structures/. Source data are provided with this paper.
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