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Представлена вторая часть серии обзорных работ по свойствам некоторых син-

тетически и спектроскопически интересных исследований нашей группы за период 2007-

2017 гг. В частности, приведены примеры анализа спектроскопических данных в сочетании 

с расчетами методом молекулярных орбиталей. Мы использовали в основном спектроскопи-

ческие методы электронного поглощения и естественного и магнитного кругового дихро-

изма, периодически применяя флуоресценцию, фосфоресценцию и ЭПР с временным разреше-

нием. Теоретически проанализированы спектры (4n + 2)   систем, а также некоторые 4n 

антиароматических систем, что помогает читателю интерпретировать спектральные 

данные. В первой и второй частях этого обзора рассматриваются мономерные системы, а в 

третьей - тримерные и тетрамерные системы. 
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The second part of the series of review papers on the properties of some synthetically and 

spectroscopically interesting studies of our group for the period 2007-2017 is presented. In partic-

ular, examples of the analysis of spectroscopic data in combination with calculations by the molec-

ular orbitals method are given. We mainly used spectroscopic methods of electron absorption and 

natural and magnetic circular dichroism, periodically applying fluorescence, phosphorescence and 

ESR with a time resolution. The spectra of (4n + 2)  systems, as well as some 4n antiaromatic 

systems, are analyzed theoretically, which helps the reader to interpret the spectral data. In the first 

and the second parts of this review monomer systems are considered, and in the third - trimeric and 

tetrameric systems. 
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2-4 Ring-Expanded Systems 

Core-Modified Rubyrins Containing Dithi-

enylethene Moieties [1] 

Aromaticity is a fundamental concept of chem-

ical structure and bonding, which describes the en-

hanced stability that is derived from the delocalization 

of -electrons in cyclic conjugated macrocycles. Alt-

hough aromaticity cannot be quantified directly by ex-

periment, it can be analyzed by studying the molecular 

and electronic structures, and the external magnetic 

field induced diamagnetic ring current. Theoretical cal-

culations such as nucleus-independent chemical shift 

(NICS) and anisotropy of the current-induced density 

(ACID) can be used to determine the extent to which a 

novel macrocycle is aromatic [2]. Typically, porphy-

rins can be regarded as aromatic molecules following 

Hückel’s (4n+2) rule as 18 -electron are delocalized 

along the inner ligand perimeter. Core-modified and 

ring-expanded porphyrins have been intensively stud-

ied because of their suitability for various applications. 

Extent of macrocyclic aromaticity is closely related to 

the number of -electrons and the topology of the mo-

lecular structure. The aromatic character can be fine-

tuned through protonation, by modifying the solvent 

polarity and coordination environment, and by incorpo-

rating novel heterocyclic moieties as building blocks [1].  

Dithienylethene (DTE) can exhibit switchable 

properties in response to certain external stimuli such 

as light, redox potential, oxidation/reduction, and the 

presence of ions (Scheme 1).  

 

 
Scheme 1. Schematic representation of the cycloreversion of DTE 

(top) and structures of rubyrins containing one (1) and two (2) 

DTE units (bottom) 

Схема 1. Схематическое представление циклореверсии DTE 

(вверху) и структур рубиринов, содержащих одну (1) и две (2) 

единицы DTE (внизу) 

In the open form of DTE, two thiophene units 

are linked at their -positions through a cyclopentene 

moiety, and thus the conjugation pathway (indicated 

by alternating single and double bonds) is not planar. 

In the closed form, the two -positions of the thio-

phene units are linked directly, leading to the extension 

of the -conjugation system over the entire DTE moi-

ety. The unique structural flexibility inspired us to 

think about introducing a DTE unit into a macrocycle. 

Core-modified rubyrins were selected so that the aro-

maticity of porphyrinoids can be studied further. Por-

phyrinoid macrocycles containing one (1) and two (2) 

DTE moieties were designed, synthesized, and charac-

terized (Scheme 1). The noteworthy findings were that 

firstly, even under dark conditions, the embedded DTE 

moiety of the compound with one DTE moiety exists 

solely in the closed form, suggesting the formation of 

a very stable aromatic macrocycle with a 26 -electron 

system. Secondly, the optical and redox properties of 1 

differ markedly from those of conventional core-mod-

ified rubyrins with a 26 -electron system. Thirdly, due 

to the constraints imposed by the geometry of the inner 

perimeter of the macrocycle, the rubyrin with two em-

bedded DTE units (i.e. 2) contains one closed and one 

open moiety and retains nonaromatic properties.  

The key step in the short synthesis of 1 was the 

coupling of diol 4 and modified tetrapyrrane 6 (Scheme 2). 

Diol 4 was prepared by the double Grignard reaction 

of 3, which was synthesized according to literature pro-

cedures [3]. The other coupling component, compound 

6, was obtained by reacting 5 [4] with excess pyrrole 

in the presence of trifluoroacetic acid (TFA). Finally, 

rubyrin 1 was prepared by the reaction of compounds 

4 and 6 under Lindsey reaction conditions [5]. Core-

modified rubyrin 2 was similarly obtained by the reac-

tion of 4 and pyrrole (Scheme 3).  

The structure of 1 was unambiguously eluci-

dated by single crystal X-ray analysis (not shown). The 

1H NMR spectra of 1 and 2 were recorded in CD2Cl2 
for comparison. In 1, the signal of the thiophene methyl 

protons, which lie inside the conjugated macrocycle, 

was detected at high field ( = -0.27 ppm), while the 

thiophene protons of the DTE moiety appeared as a 

singlet at  = 7.56 ppm. In 2, the chemical shifts of the 

thiophene methyl protons ( = 2.01 (6 H) and 2.18 (6 H) 

experimental details are provided in the Supporting Informa-

tion). Diol 4 wasprepared by the double Grignard reaction of

3, which was synthesized according to literature proce-

dures.[13] The other coupling component, compound 6, was

obtained by reacting 5[6b] with excess pyrrole in the presence

of trifluoroacetic acid (TFA ). Finally, rubyrin 1 was prepared

by the reaction of compounds 4 and 6 under Lindsey reaction

conditions.[6a,17]

The structure of 1 was unambiguously elucidated by

single-crystal X-ray diffraction analysis (Figure 1).[19] Suitable

crystals were obtained by the slow diffusion of hexane into

a dichloromethane solution at room temperature. The two

sulfur atoms and methyl groups of the DTE moiety are

disordered. A fter the final refinement, the occupancies of the

two disordered parts were found to be 0.61 and 0.39,

respectively. A lthough the closed form of the DTE moiety

adopts a nearly planar conformation, the p-system of 1 is

torsionally distorted. The bithiophene

moiety forms a plane which bends over

the DTE plane (C5-C2-C2’-C5’) with

a dihedral angle of 34.38, thus the mole-

cule adoptsa J-shaped conformation when

viewed from the side. There appears to be

a weak intermolecular hydrogen-bonding

interaction between a pyrrole b hydrogen

atom (H1) and an Fatom on a neighboring

molecule with a C H···F distance of

3.508 Š and an angle of 145.78. A s

a result, the N1 pyrrole ring has a larger

torsion angle (23.88, relative to the DTE

plane) than the N2 ring (6.38). TheC1–C1’

distance (1.532(16) Š ) is consistent with

that of a typical C C single bond, which

indicates the presence of a “ closed-form”

DTE moiety in 1. I t isnoteworthy that the

C4–C2, C3–C3’, and C2’–C4’ distances (1.336(5) Š ,

1.325(5) Š , and 1.336(5) Š , respectively) are consistent with

C=C double bonds, which differs markedly from the com-

pounds containing “ closed-form” DTE units that have been

reported previously.[13] I t has been reported that the photo-

chromic quantum yields (F O! C) for DTE cyclization are 10–

100 times larger than those for cycloreversion (F C! O).[13] The

presence of only one DTE moiety makes it easy to carry out

the conversion from a nonaromatic “ open-form” structure to

a more stable 26-p aromatic “ closed-form” DTE rubyrin.

Therefore, we tried to incorporate two DTE moieties into

a single macrocycle using the synthetic conditions similar to

those used for 1 (Scheme 3).

The chemical structure of the product was found to be

consistent with that of 2 based on the HRMS data (m/z:

found: 1000.30098; calcd: 1000.30078 [M + ] for 2). The

structure of 2 was the only possible structure in this context.

In order to estimate the extent of the diamagnetic ring current

when an external magnetic field is applied to the molecule,

the 1H NMR spectra of 1 and 2 were recorded in CD 2Cl2 for

comparison (Figure 2). In 1, the signal of the thiophene

methyl protons, which lie inside the conjugated macrocycle,

was detected at high field (d = 0.27 ppm), while the

Scheme 1. Schematic representation of the cycloreversion of DTE (top) and structures of

rubyrins containing one (1) and two (2) DTE units (bottom).

Scheme 2. Synthesis of core-modified rubyrin 1.

Figure 1. The X-ray crystal structure of rubyrin 1. a) Top view, b) side

view (solvent molecules, hydrogen atoms, and peripheral groups are

omitted for clarity).
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ppm) and the thiophene protons ( =5.78 (2H) and 

6.85 (2H) ppm) of the DTE moiety are significantly 

different from those of 1, indicating that there are two 

different types of methyl and DTE thiophene protons, 

as shown in the structure of 2. 

 

 
Scheme 2. Synthesis of core-modified rubyrin 1 

Схема 2. Синтез ядро-модифицированного рубирина 1 

 

 
Scheme 3. Synthesis of core-modified rubyrin 2 

Схема 3. Синтез ядро-модифицированного рубирина 2 

 

In order to disclose the conjugation pathways 

of 1 and 2, the ACID (anisotropy of the induced current 

density) was calculated at the B3LYP/6-31G* level of 

theory (Fig. 1). There is a distinct diatropic ring cur-

rent, which is revealed through numerous current den-

sity vectors on the isosurface, in the periphery of 1 (red 

line, clockwise). In contrast, there are only local cur-

rents (in benzene, pyrrole, and thiophene rings) in 2. At 

a higher isosurface value there is a continuous isosur-

face in 1. In 2, however, the delocalization is inter-

rupted. When this is combined with the bond length 

data for the 1 macrocycle from X-ray analysis (not 

shown), it is clearly evident that 1 has an aromatic 26 

-electron system. In contrast, there is no ring current 

on the outer ring periphery of 2, as would be antici-

pated based on the 1H NMR measurements. The -

system of 2 is clearly nonaromatic. 

Molecular orbital (MO) and time-dependent 

(TD)-DFT calculations have been carried out for 1 and 

2 (Figs. 2 and 3). Although alternating single and dou-

ble bonds cannot be drawn for the “open-form” struc-

ture of 2 (Scheme 1), when viewed in the context of 

molecular orbital theory, the spectroscopic properties 

can still be analyzed using theoretical frameworks that 

have been derived for conjugated macrocycles. First, it 

is noteworthy that the nodal patterns of the HOMO and 

HOMO-1 and also the LUMO and LUMO+1 of 1 are 

consistent with what would be anticipated for a het-

eroaromatic 26 -electron porphyrinoid, since six an-

gular nodal planes are predicted for the HOMO level 

and seven for the LUMO level due to an ML =0, ±1, 

±2, …, ±11, ±12, 13 sequence in terms of ascending 

energy for the MOs derived from a parent C26H26 aro-

matic hydrocarbon perimeter with D26h symmetry. 

 
a 

 
b 

Fig. 1. ACID plots of 1 (a) and 2 (b) at an isosurface value of 

0.065. The external magnetic field is applied orthogonal to the 

macrocycle plane with its vector pointing towards the viewer. 

Current density vectors (green lines and red conics) are plotted 

onto the ACID isosurface (Fig. 1 in color see http://jour-

nals.isuct.ru/ctj/article/view/1520) 

Рис. 1. Графики кислотности 1 (а) и 2 (b) при изоповерхност-

ном значении 0,065. Внешнее магнитное поле прикладыва-

ется ортогонально к плоскости макроцикла с вектором, 

направленным на зрителя. Векторы плотности тока (зеленые 

линии и красные конические сечения) нанесены на изопо-

верхности (Рис. 1 в цвете смотри http://journals.isuct.ru/ctj/arti-

cle/view/1520) 

thiophene protonsof the DTE moiety appeared asa singlet at

d = 7.56 ppm. In 2, the chemical shiftsof the thiophene methyl

protons(d = 2.01 (6H) and 2.18 (6H) ppm) and the thiophene

protons (d = 5.78 (2H) and 6.85 (2H) ppm) of the DTE

moiety are significantly different from those of 1, indicating

that there are two different types of methyl and DTE

thiophene protons, as shown in the structure of 2.

In order to disclose the conjugation pathways of 1 and 2,

the ACID was calculated at the B3LYP/6-31G* level of

theory (Figure 3, FiguresS13–S16 in the Supporting Informa-

tion). There is a distinct diatropic ring current, which is

revealed through numerous current density vectors on the

isosurface, in the periphery of 1 (red line, clockwise). In

contrast, there are only local currents (in benzene, pyrrole,

and thiophene rings) in 2. A t a higher isosurface value there is

a continuous isosurface in 1. In 2, however, the delocalization

is interrupted. When this is combined with the bond length

data for the 1 macrocycle (see Figure S12 in the Supporting

Information), it isclearly evident that 1 hasan aromatic 26 p-

electron system. In contrast, there is no ring current on the

outer ring periphery of 2, as would be anticipated based on

the 1H NMR measurements. The

p-system of 2 is clearly nonaro-

matic.

Molecular orbital (MO) and

time-dependent (TD)-DFT cal-

culations have been carried out

for 1 and 2 (Figures 4 and 5).

A lthough alternating single and

double bonds cannot be drawn

for the “ open-form” structure of

2 (Scheme 1), when viewed in

the context of molecular orbital

theory, the spectroscopic proper-

ties can still be analyzed using

theoretical frameworks that

have been derived for conju-

gated macrocycles.[20] First, it is

noteworthy that the nodal pat-

terns of the HOMO and

HOMO 1 and also the LUMO

and LUMO + 1 of 1 are consis-

tent with what would be antici-

pated for a heteroaromatic 26 p-

electron porphyrinoid (Support-

Scheme 3. Synthesis of core-modified rubyrin 2.

Figure 2. The 1H NMR spectra of a) 2 and b) 1 in CD2Cl2.

Figure 3. ACID plots of 1 (a) and 2 (b) at an isosurface value of 0.065.

The external magnetic field is applied orthogonal to the macrocycle

plane with its vector pointing towards the viewer. Current density

vectors (green lines and red conics) are plotted onto the ACID

isosurface.

Figure 4. The predicted energies of the frontier p-MOs based on the

X-ray structure of 1 and the optimized geometry of 2 at the B3LYP/6-

31G* level of theory. Black squares are used to denote occupied MOs.

Vertical arrows denote the one-electron transitions associated with the

L and B bands of Michl’s 4N + 2 perimeter model[21] and the S, N1/2,

and P1/2 bands of the 4N perimeter model.[22] The details of the TD-

DFT calculations and the angular nodal patterns of the main MOs are

provided in the Supporting Information.
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is interrupted. When this is combined with the bond length

data for the 1 macrocycle (see Figure S12 in the Supporting

Information), it isclearly evident that 1 hasan aromatic 26 p-

electron system. In contrast, there is no ring current on the
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the 1H NMR measurements. The

p-system of 2 is clearly nonaro-
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Figure 3. ACID plots of 1 (a) and 2 (b) at an isosurface value of 0.065.

The external magnetic field is applied orthogonal to the macrocycle

plane with its vector pointing towards the viewer. Current density

vectors (green lines and red conics) are plotted onto the ACID

isosurface.

Figure 4. The predicted energies of the frontier p-MOs based on the

X-ray structure of 1 and the optimized geometry of 2 at the B3LYP/6-

31G* level of theory. Black squares are used to denote occupied MOs.

Vertical arrows denote the one-electron transitions associated with the

L and B bands of Michl’s 4N + 2 perimeter model[21] and the S, N1/2,

and P1/2 bands of the 4N perimeter model.[22] The details of the TD-

DFT calculations and the angular nodal patterns of the main MOs are
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Fig. 2. The predicted energies of the frontier -MOs based on the 

X-ray structure of 1 and the optimized geometry of 2 at the 

B3LYP/6- 31G* level of theory. Black squares are used to denote 

occupied MOs. Vertical arrows denote the one-electron transitions 

associated with the L and B bands of Michl’s 4n+2 perimeter 

model [6, 7] and the S, N1/2, and P1/2 bands of the 4n perimeter 

model [8-11] 

Рис. 2.  Предсказанные энергии граничных -МО, основан-

ные на рентгеновской структуре 1, и оптимизированная гео-

метрия 2 на уровне теории B3LYP / 6-31G *. Черные квад-

раты используются для обозначения занятых МО. Вертикаль-

ными стрелками обозначены одноэлектронные переходы, 

связанные с полосами L и B модели 4n + 2 периметра Мишля 

[6, 7] и полосами S, N1 / 2 и P1 / 2 модели периметра 4n [8-11] 

 

Michl and co-workers have demonstrated that 

this is the pattern that would normally be anticipated 

for a heteroaromatic 4n+2 -system with 26 atoms and 

26 -electrons [6, 7]. Since only relatively minor en-

ergy splittings (the HOMO and LUMO values to 

use Michl’s terminology) are predicted for the four 

frontier -MOs derived from the HOMO and LUMO 

of the parent perimeter, almost fully forbidden L bands 

and strongly allowed B bands are expected to dominate 

the UV/Vis absorption spectrum, with pairs of coupled 

Faraday B terms of opposite signs anticipated in the 

MCD spectrum in each case. The bands in the 450-600 

and 650-850 nm ranges (Fig. 3) can be assigned to the 

B and L transitions based on the TD-DFT calculations 

and the sign sequences observed in the MCD spectrum.  

Due to the presence of the “open-form” DTE 

unit, the optical properties of the -system of 2 can be 

readily interpreted using Michl’s 4N perimeter model 

(Fig. 2) [8-11]. Six frontier -MOs derived from the 

HOMO, SOMO, and LUMO of the parent hydrocarbon 

perimeter (referred to by Michl as the h, h+, s, s+, l, 

and l+ MOs) have six, seven, and eight angular nodal 

planes (not shown), respectively, and play the key role 

in the low-energy singlet electronic states. The intensi-

ties of the MCD bands are an order of magnitude 

weaker than those of 1, since the induced excited-state 

magnetic moments are very weak due to the absence of 

a heteroaromatic conjugation pathway [12, 13]. The 

lowest energy band is associated with the s→s+ tran-

sition, which is of an intrashell nature. The absorption 

and hence also the MCD intensity of the S band is usu-

ally predicted to have near-zero intensity. The weak 

tail of intensity in the 700-850 nm region can be as-

signed to this transition (Fig. 3). The other spin-al-

lowed electronic transitions within the model are inter-

shell, being derived from HOMO→SOMO and 

SOMO→LUMO one-electron transitions (Fig. 2). Two 

weak (N1, N2) and two strong (P1, P2) electric-dipole 

transitions are predicted on this basis, which can be 

readily assigned based on the TD-DFT calculation to 

the more intense coupled pairs of Faraday B terms in 

the 450-650 nm range.  
 

 
Fig. 3. The observed electronic absorption spectra of 1 and 2, and the 

calculated TD-DFT (diamonds) oscillator strengths based on the X-

ray structure of 1 and the optimized geometry of 2 at the B3LYP/6-

31G* level of theory plotted against the primary and secondary verti-

cal axes, respectively. Black and light gray diamonds are used to 

highlight the L and B bands from Michl’s 4n+2 perimeter model [6, 

7] and the S, N1/2, and P1/2 bands from the 4n perimeter model [8-11]  

Рис. 3. Наблюдаемые электронные спектры поглощения 1 и 2, и 

рассчитанные значения сил осцилляторов по TD-DFT (алмазы) на 

основе рентгеновской структуры 1 и оптимизированной геомет-

рии 2 на уровне теории B3LYP / 6-31G *, нанесенные на график 

относительно первичной и вторичной вертикальных осей, соответ-

ственно. Черные и светло-серые ромбы используются для выделе-

ния полос L и B из модели периметра 4n + 2 Мишля [6, 7] и полос 

S, N1 / 2 и P1 / 2 из модели периметра 4n [8-11]  
 

In summary, a heteroaromatic core-modified 

rubyrin bearing one dithienylethene moiety (1) has 

been successfully synthesized and characterized for the 

first time, along with a nonaromatic macrocycle con-

taining both an “open-form” and a “closed-form” dithi-

enylethene moiety (2). An analysis of the MCD spec-

tral data and the TD-DFT and ACID calculations 

clearly demonstrated that the -systems of 1 and 2 are 

aromatic and nonaromatic, respectively. The use of a 

dithienylethene moiety as a building block, therefore, 

offers a new vista of opportunities for tuning the aro-

maticity of ring-expanded core-modified porphyrins. 

thiophene protonsof the DTE moiety appeared asa singlet at

d = 7.56 ppm. In 2, the chemical shiftsof the thiophene methyl

protons(d = 2.01 (6H) and 2.18 (6H) ppm) and the thiophene

protons (d = 5.78 (2H) and 6.85 (2H) ppm) of the DTE

moiety are significantly different from those of 1, indicating

that there are two different types of methyl and DTE

thiophene protons, as shown in the structure of 2.

In order to disclose the conjugation pathways of 1 and 2,

the ACID was calculated at the B3LYP/6-31G* level of

theory (Figure 3, FiguresS13–S16 in the Supporting Informa-

tion). There is a distinct diatropic ring current, which is

revealed through numerous current density vectors on the

isosurface, in the periphery of 1 (red line, clockwise). In

contrast, there are only local currents (in benzene, pyrrole,

and thiophene rings) in 2. A t a higher isosurface value there is

a continuous isosurface in 1. In 2, however, the delocalization

is interrupted. When this is combined with the bond length

data for the 1 macrocycle (see Figure S12 in the Supporting

Information), it is clearly evident that 1 hasan aromatic 26 p-

electron system. In contrast, there is no ring current on the

outer ring periphery of 2, as would be anticipated based on

the 1H NMR measurements. The

p-system of 2 is clearly nonaro-

matic.

Molecular orbital (MO) and

time-dependent (TD)-DFT cal-

culations have been carried out

for 1 and 2 (Figures 4 and 5).

A lthough alternating single and

double bonds cannot be drawn

for the “ open-form” structure of

2 (Scheme 1), when viewed in

the context of molecular orbital

theory, the spectroscopic proper-

ties can still be analyzed using

theoretical frameworks that

have been derived for conju-

gated macrocycles.[20] First, it is

noteworthy that the nodal pat-

terns of the HOMO and

HOMO 1 and also the LUMO

and LUMO + 1 of 1 are consis-

tent with what would be antici-

pated for a heteroaromatic 26 p-

electron porphyrinoid (Support-

Scheme 3. Synthesis of core-modified rubyrin 2.

Figure 2. The 1H NMR spectra of a) 2 and b) 1 in CD2Cl2.

Figure 3. ACID plots of 1 (a) and 2 (b) at an isosurface value of 0.065.

The external magnetic field is applied orthogonal to the macrocycle

plane with its vector pointing towards the viewer. Current density

vectors (green lines and red conics) are plotted onto the ACID

isosurface.

Figure 4. The predicted energies of the frontier p-MOs based on the

X-ray structure of 1 and the optimized geometry of 2 at the B3LYP/6-

31G* level of theory. Black squares are used to denote occupied MOs.

Vertical arrows denote the one-electron transitions associated with the

L and B bands of Michl’s 4N + 2 perimeter model [21] and the S, N1/2,

and P1/2 bands of the 4N perimeter model.[22] The details of the TD-

DFT calculations and the angular nodal patterns of the main MOs are

provided in the Supporting Information.
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b) Rectangular-Shaped Expanded Phthalo-

cyanines with Two Central Metal Atoms [14] 
Although more than 300 X-ray structures have 

been reported for metallo-Pcs, [15] SubPcs, and Super-
Pcs, all of these compounds contain isoindole rings 
connected by aza nitrogen atoms whether they are 
monomeric, dimeric, or oligomeric, and no other com-
plex types have been reported from the Pc formation 
reactions [16, 17]. In this article, we provide the first 
report of a completely new type of Pc complex con-
taining two metal ions that is obtained under normal Pc 
formation reaction conditions in the presence of mo-
lybdenum and tungsten salts.  

In a similar manner to normal Pc formation re-
actions, a mixture of phthalic anhydride or phthalimide 
and excess urea (and occasionally a trace amount of 1-
chloronaphthalene for ease of stirring; see Scheme 4) 
was heated in the presence of a molybdenum [MoO2Cl2 
or (NH4)2MoO4] or tungsten salt [(NH4)2WO4] at 210-
250 °C for 10−30 min, and the products were purified 
by chromatography using silica gel followed by a size-
exclusion column. After removal of greenish-blue 
bands containing normal Pcs, another band with a 
brown color was collected, and strong electronic ab-
sorption bands beyond 900 nm were detected. The 
yields were always higher for molybdenum salts (max. 
8.3%) than for tungsten salts (less than 2.0%). The 
tungsten derivatives tended to decompose during col-
umn chromatography. Although the yield was low, a 
similar compound (3) was obtained even when phtha-
lonitrile and urea were used as the starting materials.  

 

 
Scheme 4. Synthesis of 1-4 

Схема 4. Синтез соединений 1-4 
 

The absorption spectra of each of these com-
pounds did not change upon storage for up to a year so 

long as they were kept in the dark in the solid state. 
This demonstrates that these compounds are reasona-
bly stable. However, when the complexes were dis-
solved in solution or stored under direct light, they de-
composed more slowly than ZnPc but more quickly 
than CuPc.  

All of the brown compounds with intense ab-
sorption bands beyond 900 nm were subjected to anal-
ysis by mass spectrometry (MS). The high-resolution 
MS (HR-MS) spectra and calculated isotopic distribu-
tion patterns provided a reasonable match for the com-
pounds with two atoms of molybdenum (1a, 2, and 3) 
or tungsten (1b). To provide a further confirmation of 
the number of nitrogen atoms, 15N-labeled 1a was syn-
thesized using 15N-labeled urea. The parent peak was 
observed by HR-MS at m/z 1076.1677 [M+ + Na], 
while m/z 1076.1678 was calculated for 
C50H48Mo2

15N12O2Na. The theoretical isotopic distri-
bution pattern matched the experimental one almost 
perfectly. When the mass data obtained for 4 were 
taken into consideration, all of the mass data could be 
successfully reproduced only when 12 nitrogen atoms, 
two oxygen atoms, and two molybdenum or tungsten 
atoms were included.  

The crystal structure of 2 (Fig. 4) reveals that 
the macrocycle comprises four isoindole rings linked 
by two methanetriamine moieties and contains two Mo 
ions in its central cavity. Two oxygen atoms are con-
nected to each Mo ion from the same direction as axial 
ligands (i.e., a cis isomer).  

 

 
Fig. 4. X-ray crystal structure of 2: (top) top view; (bottom) side view. 
The thermal ellipsoids are scaled to the 50% probability level. For clar-

ity, H atoms and substituents have been omitted in the side view 
Рис. 4. Рентгенокристаллическая структура 2: (сверху) вид 

сверху; (снизу) вид сбоку. Тепловые эллипсоиды масштаби-
руются до уровня вероятности 50%. Для ясности, атомы Н и 

заместители были опущены на виде сбоку 
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The Mo−O bonding distance of 1.66 Å in the 
crystal structure is in the range of lengths for Mo=O 
double bonds [18] The interatomic distance between 
the two Mo ions is 2.64 Å, which corresponds to the 
distance of a Mo−Mo single bond [19]. Each Mo ion is 
further coordinated by two pyrrole nitrogen atoms and 
two amino nitrogen atoms of the macrocycle (5A in 
Fig. 5). The overall molecular structure of 2 adopts a 
dome shape. The dihedral angles formed by the isoin-
dole moieties are 39° on average. The Mo ions lie out 
of the macrocyclic plane. No significant bond-length 
alternation was observed for the C−N and C−C bonds 
of the core structure of 2, as would be anticipated for a 
heteroamatic π system. This pattern is generally ob-
served in the crystal structures of Pc congeners. On the 
basis of the MS and 1H NMR data described below, the 
only other isomer that could be formed would contain 
two nitride-type nitrogen atoms connected at the axial 
positions and two oxygen atoms in turn residing at the 
meso positions to coordinate each Mo ion along with 
two pyrrole nitrogen atoms in a square planar fashion 
(5B in Fig. 5). A detailed analysis of both structures 
revealed that the thermal ellipsoids were properly 
solved for the structure 5A in Fig. 5. 

 

 
Fig. 5. Possible structures 5A and 5B based on the MS and 1H 

NMR analyses 

Рис. 5. Возможные структуры 5А и 5В на основе анализов 1H 

ЯМР и МС анализов 

 

The 1H NMR data (Fig. 6) of 2 and 3 were also 

sufficient to support the X-ray crystallographic struc-

tures(Fig. 4). For example, the signals of 3 were as-

signed on the basis of both correlation spectroscopy 

(COSY) and nuclear Overhauser effect (NOE) experi-

ments. Two α-benzo proton signals appear at 9.23 and 

9.37 ppm as singlets with the same intensity, while tert-

butyl proton signals were found at 1.42 and 1.51 ppm, in-

dicating that 3 possesses a symmetry lower than the 

regular symmetry of D4h metallo-Pcs.  

 

 
Fig. 6. 1H NMR spectra of 2 in toluene-d8 (top) and 3 in CDCl3 (bottom). * Indicates residual solvent peaks 

Рис. 6. Спектры 1Н ЯМР: 2 в толуоле-d8 (вверху) и 3 в CDCl3 (внизу). * Указывает на остаточные пики растворителя 

 

On the other hand, the four doublets of the phe-

noxy protons observed in the 7.3-7.6 ppm region are 

similar to those at 7.1-7.3 ppm for 2,3,9,10,16,17,23,24-

octa(p-tert-butyl)phenoxy zinc phthalocyanine (t-Bu-

PhOZnPc). The fact that signals due to the α-benzo 

protons of 3 appeared significantly downfield relative 

to the corresponding protons of 4,5-di-tert-butylphe-

noxyphthalonitrile (7.82 ppm in CDCl3) is consistent 

with the presence of a strong ring-current effect and a 

heteroaromatic π system. Similar trends as shown for 2 

and 3 (Fig. 6) have been proposed for the 1H NMR 

spectra of 1 and 4.  

When a Mo salt is used as a template in Pc syn-

theses in the presence of urea, nitride complexes of 

MoPc [(MoV≡N)Pc] are known to be formed [20]. For 

the (MoV≡N)Pcs reported to date, the IR signals asso-

ciated with the MoV≡N bond are observed in the 950-

980 cm-1 range, while an intense electron paramagnetic 

resonance (EPR) signal due to the coupling of the un-

paired electron with the five nitrogen atoms is observed 

at g ≈ 1.97, along with weaker lines on each side due 

to electron−Mo95/Mo97 coupling [21]. In this study, 

during the purification of 1a, tetra-tert-butylated 
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(MoV≡N)Pc was obtained (HR-MS: m/z 871.2985 

found for [M++Na]; m/z 871.2984 calcd for 

C48H48MoN9Na), and the anticipated IR band was ob-

served at 974 cm-1, while an EPR signal was detected 

at g = 1.977 in toluene at room temperature. When the 

IR spectrum of 1a obtained from the same batch as the 

tert-butylated (MoV≡N)Pc was recorded, the spectrum 

shown in Fig. 7 was obtained. 1a was found to be EPR-

silent under the same conditions, which is reasonable 

considering the coordination geometry around the Mo 

ions and the presence of a Mo−Mo single bond as ob-

served in the crystal structure of 2 (Fig. 4). Since the 

IR spectra of high-symmetry (D4h) and low-symmetry 

Pc derivatives can be reliably reproduced by theoreti-

cal calculations in terms of both the energies and inten-

sities of bands [22, 23, 28], calculated IR spectra were 

obtained for structures 5A and 5B (Fig. 5) and com-

pared with the experimental data for compound 1a 

(Fig. 7). A structure substituted with tert-butyl groups 

was optimized. Although the calculated spectra for 5A 

and 5B broadly reproduced the experimental data, we 

focused our attention on the 1080-970 cm-1 region 

since 1a displays three intense characteristic peaks at 

1057, 1012, and 970 cm-1. As is clearly shown in Fig. 7, 

these three strong peaks were reproduced when the 

MoV＝O structure (5A) was used, while in contrast, 

when the MoV≡N structure (5B) was used only two in-

tense peaks were predicted. Of the three intense peaks 

calculated for structure 5A, the peak at the lowest en-

ergy (1014 cm-1) corresponds to the peak observed at 

970 cm-1, which can be assigned as a MoV＝O stretch-

ing vibrational mode. The MoV＝O stretching vibra-

tional modes of Pcs that have been reported previously 

have always appeared in the 970−975 cm-1 region [25], 

while that of MoV≡N has been reported to lie between 

950-980 cm-1 [21]. These results therefore suggest that the 

compounds formed have a MoV＝O structure (5A) [26]. 

The absorption, MCD, and fluorescence spec-

tra of 2 are shown in Fig. 8, together with the absorp-

tion and MCD spectra of tert-butylated H2Pc 

(tBuH2Pc); the absorption and MCD spectra of 1, 3, 

and 4 can be compared in Fig. 9. The spectra of 1-4 are 

broadly similar and contain bands that can be readily 

assigned as the Q and B bands in the context of Gouter-

man’s four-orbitals terminology [27]. The peak at 

longest wavelength is substantially red-shifted into the 

near-IR region relative to that of tBuH2Pc, reflecting 

the expansion of the aromatic π systems of 1-4 relative 

to those of conventional Pcs. 

 
Fig. 7. Observed IR spectrum of 1a (top) and theoretical IR spectra of 

structures 5A (middle) and 5B (bottom) with tert-butyl substituents. 

Marked bars indicate the vibrations involving Mo and its axial ligand 

Рис. 7. Наблюдается ИК спектр 1а (вверху) и теоретические 

ИК спектры структур 5А (в центре) и 5В (внизу) с трет-бу-

тильными заместителями. Выделенные интервалы указывают 

на колебания, связанные с Мо и его осевым лигандом 

 
Fig. 8. Absorption (middle) and MCD (top) spectra of 2 (red) and t-

BuH2Pc (blue) in CHCl3 and theoretical absorption spectra (bottom) 

of Opt2A and Opt2B (red) and H2Pc (blue). The fluorescence spec-

trum of 2 in CHCl3 is also shown in the middle panel (Fig. 8 in color 

see http://journals.isuct.ru/ctj/article/view/1520)  

Рис. 8. Спектры поглощения (в центре) и MCD (вверху) для 2 

(красный) и t-BuH2Pc (синий) в CHCl3 и теоретические спек-

тры поглощения (внизу) Opt2A и Opt2B (красный) и H2Pc 

(синий). Спектр флуоресценции 2 в CHCl3 также показан на 

средней панели (Рис. 8 в цвете смотри http://jour-

nals.isuct.ru/ctj/article/view/1520) 

BuH2Pc); the absorption and MCD spectra of 1, 3, and 4 can
be compared in Figure 7. The spectra of 1−4 are broadly
similar and contain bands that can be readily assigned as the Q
and B bands in the context of Gouterman’s four-orbitals
terminology21 (strictly speaking, the Q band is probably better
described as the L band in Platt’s terminology,22 since the
angular momentum change (ΔML) of the Q band is ±9 while
for 1−4 it is ±11). The peak at longest wavelength is
substantially red-shifted into the near-IR region relative to that
of t-BuH2Pc, reflecting theexpansion of the aromaticπsystems
of 1−4 relative to those of conventional Pcs. TheMCD spectra
in the Q-band region are clearly dominated by Faraday B
terms,23−25 since the intensity maxima and minima are closely
aligned with the centers of the main absorption bands. This
provides direct spectral evidence that the molecular symmetry
of the compounds is lower than C3 and that the excited states
are nondegenerate, as would be anticipated on the basis of the
C2v symmetry of the crystal structure of 2. The MCD bands
observed in the 1000−1300 nm and 800−1000 nm regionscan
be assigned to symmetry-split y- and x-polarized Q00 bands,
since coupled oppositely signed B terms would be anticipated
in this context. Although three peaks are generally observed in
the absorption spectra in Figures 6 and 7, the second-lowest-
energy band appears to be a vibrational component of the
lowest-energy band, since the MCD signs are the same and the
splittings between these bands are 1000−1200 cm−1, which is

typical of the spacing observed for vibrational bands in Pc
spectra (ca. 1100 cm−1).23,26 The optical spectra therefore
provide strong evidence that compounds 1−4 arise from ring-
expanded Pc analogues, which lack fourfold-symmetry axes.

The calculated absorption spectra based on structures
containing MoV O (5A) and MoV N (5B) are provided in
the bottom portion of Figure 6 (for details, see the next
section). The closest match with the experimental spectrum
was obtained using the MoV ion with an oxygen atom as the
axial ligand.

Compound 2 was found to have a weak emission peak at
1247 nm when excited at 404 nm (Figure 6 middle).

Analysis of π-Electron Structure. Theoretical calculations
were carried out using the Gaussian 03 software package27 to
provide further insight into the electronic structures. Geometry
optimization calculations werecarried out using thestructure of
5A as a model compound. The optimized structure, Opt2A
(Figure S7 in theSI), isvery similar to thecrystal structure of 2.
In addition, the theoretical absorption spectrum (Figure 6) and
a molecular orbital (MO) diagram (Figure 8) were calculated
for Opt2A using time-dependent density functional theory
(TD-DFT) (B3LYP/ 6-31G(d) for C, H, N, and O and
LANL2DZ for Mo)28 and compared with those of substituent-
free H2Pc. The symmetry-split Q bands of Opt2A were

Figure 6. Absorption (middle) and MCD (top) spectraof 2 (red) and
tBuH2Pc (blue) in CHCl3 and theoretical absorption spectra (bottom)
of Opt2A and Opt2B (red) and H2Pc (blue). The fluorescence
spectrum of 2 in CHCl3 is also shown in the middle panel.

Figure 7. Absorption (bottom) and MCD (top) spectra of 1a, 1b, 3,
and 4 in CCl4.

Journal of the American Chemical Society Article
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The MCD spectra in the Q-band region are 

clearly dominated by Faraday B terms, since the inten-

sity maxima and minima are closely aligned with the 
centers of the main absorption bands. This provides di-
rect spectral evidence that the molecular symmetry of 
the compounds is lower than C3 and that the excited 
states are nondegenerate, as would be anticipated on 
the basis of the C2v symmetry of the crystal structure of 
2. The MCD bands observed in the 1000-1300 nm and 
800-1000 nm regions can be assigned to symmetry-
split y- and x-polarized Q00 bands, since coupled oppo-

sitely signed B terms would be anticipated in this con-
text. Although three peaks are generally observed in 
the absorption spectra in Figs. 8 and 9, the second-low-
est- energy band appears to be a vibrational component 
of the lowest-energy band, since the MCD signs are the 
same and the splittings between these bands are 1000-
1200 cm-1, which is typical of the spacing observed for 
vibrational bands in Pc spectra (ca. 1100 cm-1) [28]. 
The optical spectra therefore provide strong evidence 
that compounds 1-4 arise from ring- expanded Pc ana-
logues, which lack fourfold-symmetry axes.  

 

 
Fig. 9. Absorption (bottom) and MCD (top) spectra of 1a, 1b, 3, 

and 4 in CCl4 
Рис. 9. Спектры поглощения (внизу) и MCD (вверху) 1a, 1b, 3 

и 4 в CCl4 

The calculated absorption spectra based on 

structures containing MoV=O (5A) and MoV≡N (5B) 

are provided in the bottom portion of Fig. 8 (for details, 

see the next section). The closest match with the exper-

imental spectrum was obtained using the MoV ion with 

an oxygen atom as the axial ligand. Compound 2 was 

found to have a weak emission peak at 1247 nm when 

excited at 404 nm (Fig. 8 middle).  

Theoretical calculations were carried out to 

provide further insight into the electronic structures. 

Geometry optimization calculations were carried out 

using the structure of 5A as a model compound. The 

optimized structure, Opt2A, is very similar to the crys-

tal structure of 2. In addition, the theoretical absorption 

spectrum (Fig. 8) and a molecular orbital (MO) dia-

gram (Fig. 10) were calculated for Opt2A using TD-

DFT (B3LYP/6-31G(d) for C, H, N, and O and 

LANL2DZ for Mo [29]) and compared with those of 

substituent-free H2Pc.  

 

 
Fig. 10. MO diagrams of Opt2A and H2Pc. H and L indicate the 

HOMO and LUMO, respectively. Arbitrary nodal lines have been 

drawn on the isosurface plots 

Рис. 10. МО диаграммы Opt2A и H2Pc. H и L обозначают 

HOMO и LUMO соответственно. На изоповерхностных 

участках проведены произвольные узловые линии 

 

The symmetry-split Q bands of Opt2A were 

predicted to lie at 1068 and 833 nm, while those of 

H2Pc were predicted to lie at 601 and 594 nm. The large 

splitting of the two bands (2642 cm-1) and the much 

weaker intensity of the lower energy band of Opt2A 

(f = 0.080 compared with f = 0.45) are in close agreement 

predicted to lie at 1068 and 833 nm, while those of H2Pc were
predicted to lie at 601 and 594 nm. The large splitting of the
two bands (2642 cm−1) and the much weaker intensity of the
lower energy band of Opt2A ( f = 0.080 compared with f =
0.45) are in close agreement with the experimental data
(splitting = 2025 cm−1 and intensity ratio ≈ 1:5; Figure 6). The
Q bandswerepredicted to ariseprimarily from thefour frontier
π-MOs (Table 1). The HOMO−1 was not included since it is
derived mainly from d orbitals of the two Mo atoms. When
Opt2B, which isbased on thestructure of 5B with an MoV N
corestructure, wasused instead, theQ bandswerecalculated to
lieat 796 and 773 nm with asplitting of only 374 cm−1, and the
intensity ratio wastheoppositeof that observed experimentally.
This provides further evidence that an MoV N core structure
is unlikely to be present.

In Figure 8, the HOMO−LUMO gap of Opt2A is much
smaller than that of H2Pc. The marked red shift of the Q band
of 2 relative to that of t-BuH2Pc is readily explained on this

basis. Thesplitting of theLUMO and LUMO+1 issmaller than
that of the HOMO and HOMO−2, aswould beanticipated on
thebasisof the− / + sign sequence observed for theQ bands in
the MCD spectrum in ascending energy terms. Michl has
demonstrated that a − / + sign sequence is consistent with the
orbital angular momentum properties that arise when the
energy difference between the MOs derived from the HOMO
of a parent hydrocarbon corresponding to the inner perimeter
of the ligand (in thiscase theHOMO and HOMO−2) is larger
than that between the MOs derived from the LUMO (in this
case the LUMO and LUMO+1).29,30 The number of nodes on
the inner ligand perimeter of Opt2A frontier π-MOs is the
same as the number observed for the frontier π-MOs of the
C20H20

2− parent hydrocarbon perimeter. For example, five
nodes are observed for the HOMO and HOMO−2 of Opt2A
and the HOMO and HOMO−1 of C20H20

2−. On this basis, it
can bestated that the four frontier π-MOsof Opt2A aresimilar
to those of a 20-atom, 22-π-electron annulene, which satisfies
Hückel’s(4n + 2)πaromaticity rule. Thestrong intensity of the
Q band in the MCD spectrum relative to that observed for the
B-band region is related to the ΔML = ±11 change in orbital
angular momentum properties that would beanticipated for the
Q bands of 1−4 if the π systems were heteroaromatic.21 The
TD-DFT results therefore provide strong support for the
conclusion that Opt2A and therefore 1−4 have a hetero-
aromatic 22-π-electron system.

Electrochemistry. Cyclic voltammograms of 1a and t-
BuH2Pc were measured under similar conditions (Figure 9),

Figure 8. MO diagrams of Opt2A and H2Pc. H and L indicate the
HOMO and LUMO, respectively. Arbitrary nodal lines have been
drawn on the isosurface plots.

Table 1. Transition Weights of Q Bands in Opt2A, Opt2B, and H2Pc Obtained Using the TDDFT Hamiltonian

state λ (nm) f transition weight (density)a

Opt2A Qy 1068 0.080 H → L+1 (0.70)

Qx 833 0.45 H → L (0.70), H−2 → L+1 (0.14)

Opt2B Qx 796 0.49 H → L (0.57), H−2 → L (0.20)

Qy 773 0.22 H → L+1 (0.61), H−2 → L+1 (0.19)

H2Pc Qx 601 0.39 H → L+1 (0.60), H−1 → L (0.17)

Qy 594 0.44 H → L (0.60)
aH = HOMO; L = LUMO.

Figure 9. Cyclic voltammograms of 1a (red lines) and tBuH2Pc (blue
lines). Conditions: sample, 1.0 mM; solvent, distilled o-DCB;
electrolyte, 0.1 M TBAP; reference electrode, Ag/ AgCl; counter
electrode, Pt wire; scan rate, 100 mV/ s.

Journal of the American Chemical Society Article
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with the experimental data (splitting = 2025 cm-1 and in-

tensity ratio ≈ 1:5; Fig. 8). The Q bands were predicted 

to arise primarily from the four frontier π-MOs. The 

HOMO-1 was not included since it is derived mainly 

from d orbitals of the two Mo atoms. When Opt2B, 

which is based on the structure of 5B with an MoV≡N 

core structure, was used instead, the Q bands were cal-

culated to lie at 796 and 773 nm with a splitting of only 

374 cm-1, and the intensity ratio was the opposite of 

that observed experimentally. This provides further ev-

idence that an MoV≡N core structure is unlikely to be 

present. In Fig. 10, the HOMO−LUMO gap of Opt2A 

is much smaller than that of H2Pc. The marked red 

shift of the Q band of 2 relative to that of tBuH2Pc is 

readily explained on this basis. The splitting of the 

LUMO and LUMO+1 is smaller than that of the 

HOMO and HOMO−2, as would be anticipated on the 

basis of the −/+ sign sequence observed for the Q bands 

in the MCD spectrum in ascending energy terms. 

Michl has demonstrated that a −/+ sign sequence is 

consistent with the orbital angular momentum proper-

ties that arise when the energy difference between the 

MOs derived from the HOMO of a parent hydrocarbon 

corresponding to the inner perimeter of the ligand (in 

this case the HOMO and HOMO−2) is larger than that 

between the MOs derived from the LUMO (in this case 

the LUMO and LUMO+1) [6, 30]. The number of 

nodes on the inner ligand perimeter of Opt2A frontier 

π-MOs is the same as the number observed for the fron-

tier π-MOs of the C20H20
2 parent hydrocarbon perim-

eter. For example, five nodes are observed for the 

HOMO and HOMO−2 of Opt2A and the HOMO and 

HOMO−1 of C20H20
2. On this basis, it can be stated 

that the four frontier π-MOs of Opt2A are similar to 

those of a 20-atom, 22-π-electron annulene, which sat-

isfies Hückel’s (4n+2)π aromaticity rule. The strong 

intensity of the Q band in the MCD spectrum relative 

to that observed for the B-band region is related to the 

ΔML = ±11 change in orbital angular momentum prop-

erties that would be anticipated for the Q bands of 1-4 

if the π systems were heteroaromatic [27]. The TD-

DFT results therefore provide strong support for the 

conclusion that Opt2A and therefore 1-4 have a het-

eroaromatic 22-π-electron system.  
Since the core structure was elucidated on the 

basis of the X-ray analysis of 2, the aromaticity of this 
π system was evaluated by calculating nucleus-inde-
pendent chemical shift (NICS) values. 1H NMR chem-
ical shifts were calculated for the corresponding non-
substituted metal-free structures using DFT with the 
B3LYP functional and 6-31G(d) basis sets. The NICS 
values for expanded C2h symmetric Pcs (i.e., the metal-
free π structures of 1-4) were calculated to be −11.8 ppm 

at the center of the structure and −11.3 ppm at the cen-
ter of the two central amino nitrogen and two pyrrole 
nitrogen atoms (i.e., the location of the Mo and W at-
oms in 1-4), while a value of −13.5 ppm at the center 
of D2h-symmetric nonsubstituted metal-free H2Pc was pre-
dicted (Fig. 11). These values suggest that the expanded 
Pc has a ring-current effect similar to that of H2Pc.  

 

 
Fig. 11. NICS values of the expanded C2h-symmetric Pc analogue 
and D2h-symmetric free-base Pc. NICS values for the expanded 

Pc at the centers of the inner 20-membered ring and the central 
heteroatoms are shown in red and blue, respectively (Fig. 11 in 

color see http://journals.isuct.ru/ctj/article/view/1520) 
Рис. 11. Значения NICS расширенного C2h-симметричного 
аналога Pc и D2h-симметричного свободного основания Pc. 

Значения NICS для расширенного Pc в центрах внутреннего 
20-членного кольца и центральных гетероатомов показаны 

красным и синим соответственно (Рис. 11 в цвете смотри 
http://journals.isuct.ru/ctj/article/view/1520) 

 

In summary, novel expanded phthalocyanine 
(Pc) congeners containing two Mo=O or W=O central 
cores and four isoindole moieties coordinated by four 
pyrrole nitrogen atoms and two amino nitrogen atoms 
have been synthesized under normal Pc formation con-
ditions in the presence of urea. Their structures have 
been characterized using several spectroscopic meth-
ods, and their redox properties have been explored. X-
ray analysis revealed a rectangular structure with C2v 
symmetry. Although structures containing two Mo≡N 
or W≡N cores are also possible on the basis of the MS 
and 1H NMR data, careful analysis of the X-ray, IR, 
and electronic absorption data and MO calculations has 
provided strong evidence for structures containing two 
Mo=O or W=O central cores. Electronic absorption 
bands in the 1200-1500 nm region were observed and 
could be readily assigned on the basis of Gouterman’s 
four-orbital theory. Theoretical calculations were con-
sistent with a heteroaromatic 22-π-electron system, 
which satisfies Hückel’s (4n+2)π rule. 

c) A Bottom-up Synthesis of Antiaromatic 

Expanded Phthalocyanines: Pentabenzotriazasma-
ragdyrins, i.e. Norcorroles of Superphthalosya-
nines [31] 

Superphthalocyanine (SPc) is a only Pc analog 

containing five isoindole units., and has (4n+2)  type 
aromatic character. In 2015, the first examples of an 
antiaromatic expanded phthalocyanines, 3a and 3b 
(Scheme 5), classified as norcorroles of SPcs were pre-
pared and fully characterized. The newly developed 
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phthalonitrile dimerization reaction was a crucial step, 
which allowed for the bottom-up synthesis of ex-
panded phthalocyanines. Their structure was con-
firmed by single crystal X-ray diffraction analysis. The 
20 π antiaromaticity of the macrocycles was suggested 
by optical and theoretical calculations.  

The lithium method is a well-known synthetic 

protocol for free-base Pcs. The reaction is initiated by 
a nucleophilic attack of lithium alkoxide (oxyanion) on 

the cyano group of the phthalonitrile. The oxygen atom 

of the nucleophile is essential for the formation of Pcs. 
When carbanions are used as the nucleophile, tetra-

benzotri-, di-, and monoazaporphyrins are obtained in-
stead of Pcs [32]. These results motivated us to find alter-

native macrocyclic synthetic procedures using a differ-
ent source of anion initiation. Thus, the thiolate anion, 

generated from dodecanethiol and sodium, was reacted 
with 4,5- disubstituted phthalonitrile (Scheme 5a). Alt-

hough no macrocyclic compound was observed, an un-
expected bright orange solid was obtained in moderate 

yields. Its structure, 2b, was determined using single 
crystal X-ray diffraction analysis which revealed a di-

amino-β-isoindigo skeleton. Although the correspond-
ing diimino-β-isoindigo skeleton has been reported by 

another group [33], this one-step synthesis of diamino-
β-isoindigo skeleton has been explored for the first 

time. 2b has a highly planar structure with two isoin-

dole units in a transoid configuration.  
 

 
Scheme 5. Synthesis of (a) Diamino-β-isoindigos and (b) Pen-

tabenzotriazasmaragdyrins, 3a, 3b)a  aReagents and conditions: 

(i) Na, 1-dodecanethiol, 100 °C, 1 h, then 180 °C, 1 h, 50% (for 

2a), 39% (for 2b); (ii) 1-chloronaphthalene, 200 °C, 12 h, 18% 
(for 3a), 14% (for 3b) 

Схема 5. Синтез (а) диамино-β-изоиндиго и (b) пентабен-
зотриазмасмарагдиринов, 3a, 3b)a Реагенты и условия: (i) Na, 

1-додекантиол, 100 ° C, 1 ч, затем 180 ° C, 1 ч, 50 % (для 2а), 
39% (для 2b); (ii) 1-хлорнафталин, 200 ° C, 12 ч, 18% (для 3a), 

14% (для 3b) 

The condensation between phthalonitrile 1a 

and aminoisoindigo 2a at high temperatures produced 

the macrocyclic compound 3a in an acceptable yield 

(Scheme 5b). In the case of different substituents be-

tween phthalonitrile (1c) and amino-isoindigo (2b), the 

1:2 condensed macrocycle 3b was obtained as the sole 

product. The 1H NMR spectrum of 3a showed five sets 

of signals arising from the α protons of isoindoles, re-

flecting a highly symmetric structure. More im-

portantly, two sets of broad signals for inner NH pro-

tons appeared in the far low field region (20-24 ppm) 

for both 3a and 3b, owing to a strong paratropic ring 

current effect [34], indicating an antiaromatic character 

of compounds having 3’s skeleton. The 1H NMR spec-

tra of 3a and 3b remained unchanged even after storage 

as a solid in air under ambient light for over 6 months.  

The structure of 3 was unambiguously eluci-

dated by X- ray diffraction analysis of crystals obtained 

from the diffusion of pyridine into an ethyl acetate so-

lution of 3b (Fig. 12).  

 

 
Fig. 12. X-ray crystal structure of 3b. The thermal ellipsoids were 

scaled to the 50% probability level. (a) Top view; (b) side view 

(peripheral substituents were omitted) 

Рис. 12. Рентгеновская кристаллическая структура 3б. Тепло-

вые эллипсоиды были масштабированы до уровня вероятно-

сти 50%. а) вид сверху; (b) вид сбоку (периферические заме-

стители были опущены) 

 

The macrocyclic skeleton of 3b consists of five 

isoindole units with two direct pyrrole−pyrrole bonds. 

The whole structure is weakly twisted resulting from 

the steric interaction between the α protons of ami-

noisoindigo units. In contrast to 22 π aromatic 

smaragdyrins, the structure of 3b can be interpreted as 

a 20 π electron macrocyclic delocalization pathway. 

Reflecting its (4nπ) antiaromaticity in the solid state, 

compound 3b displays significant bond length alterna-

tion (the HOMA index is 0.587). The NICS(0) and 

NICS(1) values calculated at the center of the macro-

cycle of model structure 3c, where the peripheral sub-

stituents were replaced with hydrogen atoms, are 16.2 

and 14.3 ppm, respectively, supporting the antiaroma-

ticity of the macrocycle.  

revealed a diamino-β-isoindigo skeleton (Figure S1). Although
the corresponding diimino-β-isoindigo skeleton has been
reported by another group,13 this one-step synthesis of
diamino-β-isoindigo skeleton has been explored for the first
time. 2b has a highly planar structure with two isoindole units
in a transoid configuration.

Compounds 2a and 2b are isolable and bench-stable
aminopyrrole derivatives, suggesting their candidacy as
precursors for novel azaporphyrinoids. The condensation
between phthalonitrile 1a and aminoisoindigo 2a at high
temperatures produced the macrocyclic compound 3a
(PBTAS) in an acceptable yield (Scheme 2b). In the case of
different substituents between phthalonitrile (1c) and amino-
isoindigo (2b), the 1:2 condensed macrocycle 3b wasobtained
as the sole product. The 1H NMR spectrum of 3a showed five
sets of signals arising from the α protons of isoindoles,
reflecting a highly symmetric structure (Figure S2). More
importantly, two sets of broad signals for inner NH protons
appeared in the far low field region (20−24 ppm) for both 3a
and 3b, owing to a strong paratropic ring current effect,7a,b

indicating an antiaromatic character of PBTASs. The 1H NMR
spectra of 3a and 3b remained unchanged even after storage as
a solid in air under ambient light for over 6 months. The MS
spectra after a metalation reaction of 3a supported the
formation of metalated PBTASs; however, their isolation was
so far unsuccessful.

Thestructure of PBTASwasunambiguously elucidated by X-
ray diffraction analysis of crystals obtained from thediffusion of
pyridine into an ethyl acetate solution of 3b (Figure 1). The
macrocyclic skeleton of 3b consists of five isoindole units with
two direct pyrrole−pyrrole bonds. The whole structure is
weakly twisted resulting from thesteric interaction between the
α protons of aminoisoindigo units. Selected bond lengths and
angles are shown in Figure S3. Two amino pyrrole rings and

three imino pyrrole ringscould bedistiguished by theC−N−C
angles of pyrrole.14 In contrast to 22 πaromatic smaragdyrins,
the structure of 3b can be interpreted as a 20 π electron
macrocyclic delocalization pathway. Reflecting its (4n π)
antiaromaticity in the solid state, compound 3b displays
significant bond length alternation (the HOMA index is
0.587). The NICS(0) and NICS(1) values calculated at the
center of the macrocycle of model structure 3c, where the
peripheral substituents were replaced with hydrogen atoms, are
16.2 and 14.3 ppm, respectively, supporting the antiaromaticity
of the macrocycle (Figure S4).

Absorption and magnetic circular dichroism (MCD) spectra
of 3a and 3b are shown in Figure 2. The absorption spectra

exhibit significantly different envelopes from those of typical
Pcs and superphthalocyanines.4 Both compounds have weak
and broad absorption bands ranging from 600 to 1300 nm,
which are characteristic bands for 4n π antiaromatic
porphyrinoids. Moderate (around 500 nm) and intense
(around 400 nm) bands appeared in the visible region. In the
MCD spectra, very weak and moderate Faraday B terms
appeared, corresponding to the weak near-IR band and
moderately intense band at around 500 nm, respectively.
Strongly coupled Faraday B terms with a − , + MCD sign in

Scheme 2. Synthesis of (a) Diamino-β-isoindigos and (b)
Pentabenzotriazasmaragdyrinsa

aReagents and conditions: (i) Na, 1-dodecanethiol, 100°C, 1 h, then
180°C, 1 h, 50% (for 2a), 39% (for 2b); (ii) 1-chloronaphthalene,
200°C, 12 h, 18%(for 3a), 14% (for 3b).

Figure 1. X-ray crystal structure of 3b. The thermal ellipsoids were
scaled to the 50% probability level. (a) Top view; (b) side view
(peripheral substituents wereomitted). In both views, hydrogen atoms
and the solvent molecules have been omitted for clarity.

Figure 2. UV−vis−NIR absorption (bottom) and MCD (top) spectra
of (a) 3a in CH2Cl2 and (b) 3b in THF. * : H2Pc.
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Absorption and MCD)spectra of 3a and 3b are 

shown in Fig. 13. The absorption spectra exhibit sig-

nificantly different envelopes from those of typical Pcs 

and superphthalocyanines [35]. 

 

 
Fig. 13. UV−vis−NIR absorption (bottom) and MCD (top) spectra 

of (a) 3a in CH2Cl2 and (b) 3b in THF 

Рис. 13. Спектры поглощения в УФ-видимой и ближней ИК-

области (внизу) и МКД (вверху) для (а) 3a в CH2Cl2 и (b) для 

3b в ТHF 

 

Both compounds have weak and broad absorp-

tion bands ranging from 600 to 1300 nm, which are 

characteristic bands for 4nπ antiaromatic porphy-

rinoids. Moderate (around 500 nm) and intense 

(around 400 nm) bands appeared in the visible region. 

In the MCD spectra, very weak and moderate Faraday 

B terms appeared, corresponding to the weak near-IR 

band and moderately intense band at around 500 nm, 

respectively. Strongly coupled Faraday B terms with a 

−, + MCD sign in ascending energy were observed, 

corresponding to the absorption bands at around 400 nm.  

To investigate further optical properties and 

the antiaromaticity of 3, MO coefficients for modeled 

compound 3c have been calculated. Partial MO energy 

diagrams and the calculated absorption spectrum of 3c 

are shown in Fig. 14.  

In our previous work, Michl’s 4n-electron pe-

rimeter model [8-11] could be applied to the interpre-

tation of absorption properties belonging to antiaro-

matic porphyrinoids [29, 36]. According to the model, 

six frontier π-orbitals of a 20-electron [18] annulene 

perimeter ([C18H18]2) are of particular importance for 

the 20 π antiaromatic 3 and, thus, are also shown in Fig. 

14. As can clearly be seen, the number of nodal planes 

(4, 5, and 6) of the six frontier orbitals belonging to 3c 

are the same as those for [C18H18]2. The calculated 

lowest-energy band (1160 nm) is composed of transi-

tions from the HOMO to the LUMO (s− → s+). Since 

this transition is of an intrashell nature, the absorption 

and MCD intensities of the band are very weak [10] 

and the observed weak near-IR band (781 nm for 3a) 

could be assigned as the S band. Two weak (N1, N2) 

and two strong (P1, P2) transitions are also predicted on 

the basis of the perimeter model. The other four elec-

tronic transitions are intershell transitions derived from 

the (h or h+) → s+ or s → (l or l+) transition. Since 

the TD-DFT calculations of 3c agree well with the an-

tiaromatic perimeter model, the experimental absorp-

tion and MCD spectra could be assigned. 

 

 
Fig. 14. Partial molecular energy diagram, orbitals, and perimeter 

labels of 3c (top, right), its calculated absorption spectra (black 

sticks) and the absorption spectrum of 3a in CH2Cl2 (gray line) 

(bottom), and 20-electron [18] annulene perimeter ([C18H18]2-) 

(top, left) 

Рис. 14. Диаграмма парциальной молекулярной энергии, ор-

битали и метки периметра 3c (вверху, справа), его рассчитан-

ные спектры поглощения (черные палочки) и спектр погло-

щения 3a в CH2Cl2 (серая линия) (внизу) и 20-электронном 

[18] периметре аннулена ([C18H18]2-) (вверху слева) 

 

In summary, the first 20 π expanded antiaro-

matic azaporphyrinoid (3) have been prepared and 

characterized. The sulfur-mediated phthalonitrile di-

merization reaction was explored, allowing for the fac-

ile synthesis of diamino-β-isoindigos. Mixed conden-

sation with aminoisoindigos and phthalonitriles pro-

duced new macrocyclic compounds consisting of five 

isoindole units. The crystal structure, 1H NMR, absorp-

tion, and MCD spectra revealed clear 20 π electronic 

conjugations both in solution and in the solid state. 

Moreover, Michl’s 4n-electron perimeter model, in 

revealed a diamino-β-isoindigo skeleton (Figure S1). Although
the corresponding diimino-β-isoindigo skeleton has been
reported by another group,13 this one-step synthesis of
diamino-β-isoindigo skeleton has been explored for the first
time. 2b has a highly planar structure with two isoindole units
in a transoid configuration.

Compounds 2a and 2b are isolable and bench-stable
aminopyrrole derivatives, suggesting their candidacy as
precursors for novel azaporphyrinoids. The condensation
between phthalonitrile 1a and aminoisoindigo 2a at high
temperatures produced the macrocyclic compound 3a
(PBTAS) in an acceptable yield (Scheme 2b). In the case of
different substituents between phthalonitrile (1c) and amino-
isoindigo (2b), the 1:2 condensed macrocycle 3b wasobtained
as the sole product. The 1H NMR spectrum of 3a showed five
sets of signals arising from the α protons of isoindoles,
reflecting a highly symmetric structure (Figure S2). More
importantly, two sets of broad signals for inner NH protons
appeared in the far low field region (20−24 ppm) for both 3a
and 3b, owing to a strong paratropic ring current effect,7a,b

indicating an antiaromatic character of PBTASs. The 1H NMR
spectra of 3a and 3b remained unchanged even after storage as
a solid in air under ambient light for over 6 months. The MS
spectra after a metalation reaction of 3a supported the
formation of metalated PBTASs; however, their isolation was
so far unsuccessful.

Thestructure of PBTASwasunambiguously elucidated by X-
ray diffraction analysis of crystals obtained from thediffusion of
pyridine into an ethyl acetate solution of 3b (Figure 1). The
macrocyclic skeleton of 3b consists of five isoindole units with
two direct pyrrole−pyrrole bonds. The whole structure is
weakly twisted resulting from thesteric interaction between the
α protons of aminoisoindigo units. Selected bond lengths and
angles are shown in Figure S3. Two amino pyrrole rings and

three imino pyrrole ringscould bedistiguished by theC−N−C
angles of pyrrole.14 In contrast to 22 πaromatic smaragdyrins,
the structure of 3b can be interpreted as a 20 π electron
macrocyclic delocalization pathway. Reflecting its (4n π)
antiaromaticity in the solid state, compound 3b displays
significant bond length alternation (the HOMA index is
0.587). The NICS(0) and NICS(1) values calculated at the
center of the macrocycle of model structure 3c, where the
peripheral substituents were replaced with hydrogen atoms, are
16.2 and 14.3 ppm, respectively, supporting the antiaromaticity
of the macrocycle (Figure S4).

Absorption and magnetic circular dichroism (MCD) spectra
of 3a and 3b are shown in Figure 2. The absorption spectra

exhibit significantly different envelopes from those of typical
Pcs and superphthalocyanines.4 Both compounds have weak
and broad absorption bands ranging from 600 to 1300 nm,
which are characteristic bands for 4n π antiaromatic
porphyrinoids. Moderate (around 500 nm) and intense
(around 400 nm) bands appeared in the visible region. In the
MCD spectra, very weak and moderate Faraday B terms
appeared, corresponding to the weak near-IR band and
moderately intense band at around 500 nm, respectively.
Strongly coupled Faraday B terms with a − , + MCD sign in

Scheme 2. Synthesis of (a) Diamino-β-isoindigos and (b)
Pentabenzotriazasmaragdyrinsa

aReagents and conditions: (i) Na, 1-dodecanethiol, 100°C, 1 h, then
180°C, 1 h, 50% (for 2a), 39% (for 2b); (ii) 1-chloronaphthalene,
200°C, 12 h, 18%(for 3a), 14% (for 3b).

Figure 1. X-ray crystal structure of 3b. The thermal ellipsoids were
scaled to the 50% probability level. (a) Top view; (b) side view
(peripheral substituents wereomitted). In both views, hydrogen atoms
and the solvent molecules have been omitted for clarity.

Figure 2. UV−vis−NIR absorption (bottom) and MCD (top) spectra
of (a) 3a in CH2Cl2 and (b) 3b in THF. * : H2Pc.
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conjunction with TD-DFT calculations, could be ap-

plied to explain the optical properties results. The new 

azaporphyrinoids were constructed using only phthalo-

nitriles so that the expanded Pcs synthesis in this report 

is a true bottom-up synthesis that is led by new syn-

thetic methodology.  

2-5 Cyclo[n]pyrroles [37-39] 

When the -positions of n pyrrole molecules 

are connected to form cyclic compounds, the resultant 

molecules are called calix[n]pyrroles, and they are 

considered as porphyrin congeners in a broad sense. 

These molecules collected attention of particularly 

synthetic and spectroscopic chemists. We summarize 

here the synthesis and some spectroscopic properties 

developed and/or elucidated in our group.  

The BCOD-fused 2,2’-bipyrrole 1 (Scheme 6) 

was prepared from BCOD-fused pyrrole according to 

literature procedures [37b]. All of the FeCl3·6H2O ox-

idant and H2SO4 were added to a 2 mM solution of 1 in 

CHCl3 and stirred the mixture for 45minutes at 0 °C. 

After purification by silica gel column chromatog-

raphy and gel permeation chromatography (GPC), 2 

was obtained as deep blue crystals in 43% yield. The 

MALDI-TOF mass spectrum contained a molecular 

ion peak at m/z = 1241 with eight daughter peaks with 

successive mass differences of m/z = 28, which is con-

sistent with the presence of eight BCOD-fused pyrroles. 

 

 
Scheme 6. Structures of bipyrrole 1 and octaphyrins 2 and 3 

Схема 6. Структуры бипиррола 1 и октафиринов 2 и 3 

 

When 2 was heated as a solid at 240 °C in a 

glass tube under reduced pressure, the color changed 

from blue to yellow and cyclo[8]isoindole (3) was 

formed in almost quantitative yield. Crystals suitable 

for X-ray structure determination were obtained after 

recrystallization from CS2/CHCl3. The crystal struc-

tures of 2 and 3 are shown in Figs. 15 and 16.  

In both cases, nonplanarity of the ligand and 

the geometry of the central SO2- ion result in a D2d mo-

lecular symmetry. The crystal structure of 2 is similar 

to that of the -alkyl substituted cyclo[8]pyrroles re-

ported by Sessler and co-workers[40] and contain a 

monoclinic cell, thus conforming to the P21/c space 

group with Z = 4. Alternating pyrrole moieties tilt 

above and below the plane formed by the 16  carbon 

atoms with a mean deviation of 0.1891Å (Fig. 16). In 

contrast, a mean displacement of 0.4603 Å was re-

ported for β-pyrrole-substituted cyclo[8]pyrroles [40]. 

This observation is consistent with our previous reports 

that fused BCOD moieties enhance the level of planar-

ity of porphyrinoid  systems [41]. Dihedral angles of 

20.8-27.88 are observed between adjacent pyrrole moi-

eties, while the inner SO2- ion is bound by six hydro-

gen-bonding interactions with NH···O distances rang-

ing from 1.901 to 2.147 Å. 
 

 
Fig. 15. Top and side views of the molecular structures of a) 2 and 

b) 3 with solvent molecules omitted for clarity 

Рис. 15. Вид сверху и сбоку молекулярных структур а) 2 и b) 

3 с молекулами растворителя, опущенными для ясности 

 

 
Fig. 16. ORTEP drawing of a) 2 and b) 3. Solvent molecules are 

omitted for clarity. c) Deviation from the mean cyclo [8]pyrrole 

planes of 2 (blue) and 3 (red) (Fig. 16 in color see http://jour-

nals.isuct.ru/ctj/article/view/1520) 

Рис. 16. Рисунок ORTEP для a) 2 и b) 3. Молекулы раствори-

теля для ясности опущены. в) Отклонение от средних цикло 

[8] пиррольных плоскостей 2 (синий) и 3 (красный) (Рис. 16 в 

цвете смотри http://journals.isuct.ru/ctj/article/view/1520) 
 

Steric hindrance between the neighboring ben-

zene rings of 3 at the ligand periphery results in a 

deeper saddling distortion of the cyclo[8]isoindole 

system (Figs. 15 and 16), which crystallizes in a mon-

oclinic cell that conforms to space group P2/c. The 
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mean deviation from the cyclo[8]pyrrole plane is 

0.6081 Å, more than three times higher than the value 

for 2. The dihedral angles between adjacent pyrroles of 

20.5-29.08° are similar, however. There is a slight 

bending of the isoindole moieties with dihedral angles 

of 1.98-2.078° between the pyrrole and fused benzene 

moieties (Fig. 15).  

As for the above 2 and 3, acenaphthylene-

fused cyclo[8]pyrrole 5 and cyclo[10]pyrrole 6 were 

prepared using 2,2’,5,5’-tetra-tert-butyl-7,7’-bi-

cenaphtho[1,2-c]pyrrole 4 in ca. 20-40 and 45-70% 

yield, respectively under the best conditions (Figs. 17 

and 18).  
 

 
Fig. 17. Structures of 4 and acenaphthylene-fused cyclo[8]pyrrole 5 

Рис. 17. Строение 4 и аценафтилен-конденсированного цикло 

[8] пиррола 5 

 

In the case of 5, Ce(SO4)2 and H2SO4 were 

used as oxidant and acid respectively, and Na2(SO4) 

and N(Bu)4HSO4 were used as additives. For 6, cro-

conic acid and FeCl3 were used as a template and oxi-

dant, respectively. Without croconic acid, 6 was not 

formed.  

 

 
Fig. 18. Structures of 4 and acenaphthylene-fused cyclo[10]pyrrole 6 

Рис. 18. Строение 4 и аценафтилен-конденсированного цикло 

[10] пиррола 6 
 
Crystals of 5 were obtained in two forms (a 

and b) shown in Fig. 19. Isomer 5a crystallized in a 

triclinic unit cell (space group P1 ̄, Z = 2). Although 

relatively weak reflections were observed, the structure 

of the less-polar 5b isomer was successfully solved and 

refined (Fig. 19b). A similar structure was elucidated 

by means of X-ray diffraction studies with a synchro-

tron radiation X-ray beam. When only the cyclo[8]pyr-

role ligand is considered, 5a has an S8 rotoinversion 

axis, whereas 5b has Cs symmetry. In the structure of 

5a, alternating pyrrole moieties tilt above and below 

the mean plane. Dihedral angles of 11.2-19.8 and 23.9-

310° are observed between the mean plane and pyrrole 

moieties and between adjacent pyrrole moieties, re-

spectively, whereas the inner SO4
2- ion is bound by six 

hydrogen-bonding interactions with NH···O distances 

of 1.907-2.264 Å. In contrast, the less-polar 5b struc-

ture adopts a conformation in which the pyrrole moiety 

(labeled D in Fig. 19c) flips in orientation from that 

observed in the alternating tilting structure of 5a. Di-

hedral angles of 28.0-37.2° are observed between the 

mean plane and pyrroles B, D, and F (see Fig. 19c). In 

contrast, the dihedral angles of 24.4-34.7° between ad-

jacent pyrroles are similar to those in the structure of 

5a. There is a slight bending of the acenaphthopyrrole 

moieties with dihedral angles of 11.6-20.4 and 8.8-

22.1° between the pyrrole and acenaphthylene rings for 

5a and 5b, respectively. 

 

 
Fig. 19. Molecular structures of a) 5a and b) 5b. c) Deviation 

from the mean cyclo[8]pyrrole planes of 5a and 5b (dotted and 

solid lines, respectively). The disordered atoms of the peripheral 

tert-butyl substituents are omitted for clarity 

Рис. 19. Строение молекул а) 5а и b) 5b. с) Отклонение от 

средних цикло [8] пиррольных плоскостей 5a и 5b (пунктир-

ные и сплошные линии соответственно). Разупорядоченные 

атомы периферических трет-бутильных заместителей для 

ясности опущены 

 

A single crystal of 6 was obtained after recrys-

tallization from chlorobenzene/n-heptane and was used 

for X-ray crystallographic analysis. The crystal struc-

tures are shown in Fig. 20. Compound 6 crystallized in 

5

4

c

4

6

c

the pyrrole moiety (labeled D in Figure 2c) flips in orienta-

tion from that observed in the alternating tilting structure of

1a. D ihedral angles of 28.0–37.28 are observed between the

mean plane and pyrroles B, D, and F (see Figure 2c and

Table S2 in the Supporting Information). In contrast, the di-

hedral angles of 24.4–34.78 between adjacent pyrroles are

similar to those in the structure of 1a. There is a slight bend-

ing of the acenaphthopyrrole moieties with dihedral angles

of 11.6–20.4 and 8.8–22.18 between the pyrrole and acenaph-

thylene rings for 1a and 1b, respectively.

The 1H NMR spectrum of 1b was recorded at various

temperatures (Figure 3), which revealed that 1a is more

thermodynamically stable than 1b. A t room temperature,

several signals are observed for the NH protons between

d= 2.8 and 5.5 ppm due to the asymmetrical structure (Fig-

ure 2a). These signals are shifted downfield due to hydro-

gen-bonding interactions between the NH group and the

SO4
2 ion. When a solution of 1b was heated in ortho-

C6D 4Cl2, signal broadening occurred for the acenaphthylene

moieties at d= 8.0–8.5 and 9.2–9.7 ppm. Further heating re-

sulted in the coalescence of all the signals. The spectrum at

1448C was identical to that of 1a, and the spectrum did not

change after cooling the solution to room temperature. A

solution of 1b in xylene was heated at 1508C for 3 hours to

afford 1a in quantitative yield. Thus, 1b was converted into

its conformational isomer 1a through a thermal ring flip of

pyrrole D.

Geometry optimizations were carried out for unsubstitut-

ed cyclo[8]pyrrole, cyclo[8]isoindole, D 2d and Cs symmetry

cyclo[8]acenaphthopyrrole model complexes for 1a and 1b

(labeled as A and B, respectively), and a D 24h symmetry

C24H 24
6 parent perimeter species by using the B3LYP func-

tional of the Gaussian09[11] software package with SDD

basis sets. TD-DFT calculations were carried out for the op-

timized B3LYP geometries (Figure 4 and Table 2). Figure 5

contains the electronic absorption and MCD spectra of 1a

and 1b, with the TD-DFT spectra calculated for the

B3LYP-optimized geometries plotted against a secondary

axis. A n intense band is observed in the spectrum of 1a in

Figure 2. Molecular structures of a) 1a and b) 1b. c) Deviation from the

mean cyclo[8]pyrrole planes of 1a and 1b (dotted and solid lines, respec-

tively). The disordered atoms of the peripheral tert-butyl substituents are

omitted for clarity.

Figure 3. 1H NMR (400 MHz) of 1b in o-C6D 4Cl2 at a) room temperature,

b) 80, c) 110, d) 135, and e) 1448C.

Figure 4. The calculated TD-DFT spectra for the B3LYP-optimized struc-

tures of the cyclo[8]pyrrole, cyclo[8]isoindole, and cyclo[8]acenaphtho -

pyrrole A model complexes. Experimental spectra for a BCOD-fused cy-

clo[8]pyrrole, 2,[3] and 1a are plotted against a secondary axis. Black dia-

monds highlight the L and B bands. Details of the calculations are pro-

vided in Table 2.
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a triclinic unit cell (space group P1,̅ Z = 2). Alternating 

pyrrole moieties tilt above and below the mean plane. 

The inner croconate anion is bound by ten hydrogen-

bonding interactions with NH···O distances of 1.784-

2.015 Å, which are slightly shorter than the distances 

between the SO4
2 anion and the pyrrolic NH of cy-

clo[8]pyrroles since the croconate anion adopts the pla-

nar structure. Thus, croconate anion acts as a template 

for cyclization because its size fits with the central 

space of the pyrrolic macrocycle. Dihedral angles of 

14.1-18.0° and 30.4-32.9° are observed between the 

mean plane and pyrrole moieties and between adjacent 

pyrrole moieties, respectively, which are similar to 

those of the symmetrical conformational isomer of cy-

clo[8]acenaphthopyrrole (5a in Fig. 19c).  

 

 
Fig. 20. Molecular structure of cyclo[10]acenaphthopyrrole 6. 

Disordered (less popular) atoms and solvents are omitted for clarity 

Рис. 20. Строение молекулы цикло [10] аценафтопиррола 6. 

Неупорядоченные (менее популярные) атомы и растворители 

для ясности опущены 

 

Fig. 21 shows the experimental spectra for 2, 3 

and 5a, with the TD-DFT spectra calculated for the 

B3LYP-optimized geometries plotted against a sec-

ondary axis. An intense band is observed in the spec-

trum of 5a in the near-IR region at 1482 nm, while 

there is a weaker band in the visible region at 512 nm. 

The spectroscopic shape is broadly similar to each 

other, but the major bands are shifted significantly to 

the red with increasing the  system. Also, the relative 

intensities of the major spectral bands in the near-IR 

and visible regions differ markedly.  

The electronic absorption and MCD spectra of 

6 are shown in Fig. 22, together with its calculated ab-

sorption spectrum. The L band appeared at 1982 nm 

compared with 1481 nm for 5. Thus, the expansion of 

two acenaphthopyrroles has resulted in markedly red-

shift of the L band by ca. 500 nm (ca. 1710 cm-1). In 

the UV−visible region, absorption peaks are observed 

at 549, 428, and 365 nm. In the MCD, negative A-term-

like curves were observed corresponding to most of the 

absorption peaks, with an apparent L band intensity 

about 20 times larger than that of the other bands. From 

the sharp dispersion-type MCD curve and the results of 

molecular orbital calculations described later, the band 

at 428 nm appears to be the B band. These optical prop-

erties can be understood with reference to a C30H30
8- 

parent hydrocarbon that corresponds to the inner ligand 

perimeter with MOs arranged in an ML = 0, ±1, ±2, ... 

±13, ±14, 15 sequence in ascending energy. An al-

lowed B band and a forbidden L band are related to 

ΔML = ±1 (transitions from ML = −9 to −10 and ML = 

+9 to +10 MOs) and ΔML = ±19 (transitions from ML 
= −9 to +10 and ML = +9 to −10 MOs) properties, re-

spectively. Since the MCD intensity mechanism is 

based on the relative magnitude of the magnetic mo-

ments of the ππ* excited states, the intensity of the L 

MCD band with “ΔML = ±19” property is much 

(around 20 times) stronger than that of the B band with 

ΔML = ±1, as is observed experimentally (Fig. 22).  

 

 
Fig. 21. The calculated TD-DFT spectra for the B3LYP-optimized 

structures of the cyclo[8]pyrrole, cyclo[8]isoindole, and cy-

clo[8]acenaphthopyrrole model complexes. Experimental spectra 

for a BCOD-fused cyclo[8]pyrrole 2, benzo-fused 3, and acenaph-

tho-fused 5a are plotted against a secondary axis. Black diamonds 

highlight the L and B bands 

Рис. 21. Рассчитаны спектры TD-DFT для B3LYP-

оптимизированных структур модельных комплексов цикло 

[8] пиррола, цикло [8] изоиндола и цикло [8] аценафтопир-

рола. Экспериментальные спектры для BCOD-конденсиро-

ванного цикло [8] пиррола 2, бензо-конденсированного 3 и 

аценафто-конденсированного 5a построены на вторичной 

оси. Черные ромбы подчеркивают полосы L и B 

pyrrolicNHs,and in thisrespect, thecroconateanion isexpected
to coordinate to this decapyrrolic macrocycle. After addition of
aqueouscroconic acid to asolution of 1a in CHCl3, themixture
wasstirred for 3days. In theTLC (silica, CHCl3) of thereaction
mixture, ared spot with an Rf valueof 0.0disappeared, and anew
red spot with an Rf value of 1.0 wasobserved. This red fraction
showed amolecular ion peak of the croconate salt of 1a in the
MALDI−TOF MS.

Oxidative coupling of 2,2′-bipyrrole 2 in CH2Cl2 wascarried
out in thepresenceof croconicacid.FeCl3 andAgO wereusedas
oxidants, to afford cyclo[10]pyrrole 1b in 66 and 46% yields,
respectively. Upon characterization by MS, NMR spectroscopy,
and X-ray crystallographic analysis, theproduct wasfound to be
consistent with the target structure of 1b. The MALDI−TOF
mass spectra showed two peaks assigned as M+ and [M−
croconate] +.The1H NMRspectraof theproductsshowed many
signals for the acenaphthylene moieties in the aromatic region,
andseveral signalsfor theNH protonsbetween 5−7ppm,similar
to that of the asymmetrical conformer of cyclo[ 8] -
acenaphthopyrrole.2b Although thermal isomerization to sym-
metrical 1b wasexplored, theNMRspectradid not changeafter
heating a solution of 1b in o-dichlorobenzene at reflux. After
removal of the croconate anion, thermal isomerization was
carried out. When asolution of 1b in CH2Cl2 wastreated with 1
M NaOH, thecolor of thesolution changed from red to yellow.
After theyellow organic layer wasseparated and concentrated, a
solution of the residue in toluene was refluxed for 4 days and
treated with 0.01 M croconic acid. Recrystallization from
CH2Cl2/ n-hexane afforded a red solid, which did not show
sufficient solubility to measure NMR. However, the MALDI−
TOFMSandtheabsorption spectrumsupported thestructureof
1b.

A singlecrystal of 1b wasobtained after recrystallization from
chlorobenzene/ n-heptane and was used for X-ray crystallo-
graphic analysis. The crystal structures are shown in Figure 1,
with the crystallographic data summarized in Table S1.
Compound 1b crystallized in a triclinic unit cell (space group
P1̅, Z = 2). Alternating pyrrolemoietiestilt aboveand below the
meanplane,similar to1a(FigureS1).Theinner croconateanion
is bound by ten hydrogen-bonding interactions with NH···O
distances of 1.784−2.015 Å, which are slightly shorter than the
distances between the SO4

2− anion and the pyrrolic NH of
cyclo[8]pyrroles since the croconate anion adopts the planar
structure.1a,2,3 Thus, croconate anion acts as a template for
cyclization because its size fits with the central space of the
pyrrolic macrocycle. Dihedral angles of 14.1−18.0° and 30.4−
32.9° areobserved between themean planeand pyrrolemoieties
and between adjacent pyrrole moieties, respectively, which are

similar to those of the symmetrical conformational isomer of
cyclo[8]acenaphthopyrrole.2b

Theelectronic absorption and MCD spectraof 1b areshown
in Figure 2, together with its calculated absorption spectrum

(Table S2).10 TheL band appeared at 1982 nm compared with
1481 nm for cyclo[8]acenaphthopyrrole.2b Thus, theexpansion
of two acenaphthopyrroles hasresulted in markedly red-shift of
the L band by ca. 500 nm (ca. 1710 cm−1). In the UV−visible
region, absorption peaksareobserved at 549, 428, and 365 nm.
In the MCD, negative -term-like curves were observed
corresponding to most of theabsorption peaks, with an apparent
L band intensity about 20 times larger than that of the other
bands.12 From the sharp dispersion-type MCD curve and the
resultsof molecular orbital calculationsdescribed later, theband
at 428nmappearstobetheBband.Theseoptical propertiescan
beunderstood with reference to aC30H30

8− parent hydrocarbon

Scheme 1. Synthesis of Cyclo[10]pyrrole 1b (Croconate Salt
of 1a)

Figure 1. Molecular structure of cyclo[10]acenaphthopyrrole 1b.
Disordered (lesspopular) atoms and solvents areomitted for clarity.

Figure 2. Experimental (a) MCD and (b) UV−vis−NIR and (c)
calculated UV−vis−NIR spectra of cyclo[10]acenaphthopyrrole using
the B3LYP/ SDD level.
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the pyrrole moiety (labeled D in Figure 2c) flips in orienta-

tion from that observed in the alternating tilting structure of

1a. Dihedral angles of 28.0–37.28 are observed between the

mean plane and pyrroles B, D, and F (see Figure 2c and

Table S2 in the Supporting Information). In contrast, the di-

hedral angles of 24.4–34.78 between adjacent pyrroles are

similar to those in the structure of 1a. There is a slight bend-

ing of the acenaphthopyrrole moieties with dihedral angles

of 11.6–20.4 and 8.8–22.18 between the pyrrole and acenaph-

thylene rings for 1a and 1b, respectively.

The 1H NMR spectrum of 1b was recorded at various

temperatures (Figure 3), which revealed that 1a is more

thermodynamically stable than 1b. A t room temperature,

several signals are observed for the NH protons between

d= 2.8 and 5.5 ppm due to the asymmetrical structure (Fig-

ure 2a). These signals are shifted downfield due to hydro-

gen-bonding interactions between the NH group and the

SO4
2 ion. When a solution of 1b was heated in ortho-

C6D 4Cl2, signal broadening occurred for the acenaphthylene

moieties at d= 8.0–8.5 and 9.2–9.7 ppm. Further heating re-

sulted in the coalescence of all the signals. The spectrum at

1448C was identical to that of 1a, and the spectrum did not

change after cooling the solution to room temperature. A

solution of 1b in xylene was heated at 1508C for 3 hours to

afford 1a in quantitative yield. Thus, 1b was converted into

its conformational isomer 1a through a thermal ring flip of

pyrrole D.

Geometry optimizations were carried out for unsubstitut-

ed cyclo[8]pyrrole, cyclo[8]isoindole, D 2d and Cs symmetry

cyclo[8]acenaphthopyrrole model complexes for 1a and 1b

(labeled as A and B, respectively), and a D 24h symmetry

C24H 24
6 parent perimeter species by using the B3LYP func-

tional of the Gaussian09[11] software package with SDD

basis sets. TD-DFT calculations were carried out for the op-

timized B3LYP geometries (Figure 4 and Table 2). Figure 5

contains the electronic absorption and MCD spectra of 1a

and 1b, with the TD-DFT spectra calculated for the

B3LYP-optimized geometries plotted against a secondary

axis. A n intense band is observed in the spectrum of 1a in

Figure 2. Molecular structures of a) 1a and b) 1b. c) Deviation from the

mean cyclo[8]pyrrole planes of 1a and 1b (dotted and solid lines, respec-

tively). The disordered atoms of the peripheral tert-butyl substituents are

omitted for clarity.

Figure 3. 1H NMR (400 MHz) of 1b in o-C6D 4Cl2 at a) room temperature,

b) 80, c) 110, d) 135, and e) 1448C.

Figure 4. The calculated TD-DFT spectra for the B3LYP-optimized struc-

tures of the cyclo[8]pyrrole, cyclo[8]isoindole, and cyclo[8]acenaphtho-

pyrrole A model complexes. Experimental spectra for a BCOD-fused cy-

clo[8]pyrrole, 2,[3] and 1a are plotted against a secondary axis. Black dia-

monds highlight the L and B bands. Details of the calculations are pro-

vided in Table 2.
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Fig. 22. Experimental (a) MCD and (b) UV−vis−NIR and (c) cal-

culated UV−vis−NIR spectra of cyclo[10]-acenaphthopyrrole 6 

using the B3LYP/SDD level 

Рис. 22. Экспериментальные (a) MCD и (b) UV-vis-NIR и (c) 

вычисленные UV-vis-NIR спектры цикло [10] -аценафтопир-

рола 6 с использованием уровня B3LYP / SDD 

 

Fig. 23 shows the MO energies and some MOs 

in TD-DFT calculations based on the B3LYP-opti-

mized geometry of 6, which is close to its X-ray struc-

ture. In compound 6, some degenerate orbitals in a 

high-symmetry parent hydrocarbon perimeter are 

raised, due to a structural perturbation. When the C30 
axis of C30H30

8- is replaced by an S5 in the proper rota-

tion axis in the context of D5d symmetry with respect 

to 6, only the degeneracy of MOs with ML = odd num-

ber is retained, while that of those with ML = even num-

ber are split.  

This outcome means that the HOMOs (ML = 

±9) are degenerate in 6, while the LUMOs (ML = ±10) 

are split, in contrast to normal D4h type porphyrinoids, 

in which the HOMOs with ML = ±4 are symmetry-split, 

while the LUMOs with ML = ±5 are degenerate [27]. In 

understanding the MCD spectra of chromophores, the 

degeneracy in the ground and/or excited states and the 

relative energy splitting of the HOMO and HOMO-1 

(ΔHOMO) and LUMO+1 (in this study LUMO+12) and 

LUMO (ΔLUMO) are important. When the excited 

state is orbitally degenerate, as in this case, a deriva-

tive-shaped MCD curve (called A-term) is observed, 

associated with an absorption peak, and its signal 

changes from plus-to-minus if ΔLUMO > ΔHOMO is 

in ascending energy [12, 42, 13, 6, 7]. Conversely, a 

minus-to-plus MCD pattern appears if ΔLUMO < 

ΔHOMO, as is generally seen for normal porphy-

rinoids. In accordance with these MCD characteristics, 

6 showed a plus-to-minus MCD sequence correspond-

ing to both the L and B bands.  

 

 
Fig. 23. Partial molecular energy diagram and some orbitals con-

tributing to absorption spectrum for the B3LYP-optimized geom-

etries of 6. Note that L+1 is not ligand-centered 

Рис. 23. Диаграмма парциальной молекулярной энергии и не-

которые орбитали, вносящие вклад в спектр поглощения для 

геометрий, оптимизированных B3LYP для 6. Обратите вни-

мание, что L + 1 не является лиганд-центрированной 

 

The calculated absorption spectrum in Fig. 22c 

broadly reproduces the experimental data. The L and B 

bands were calculated at 1625 (and 1624) and 446 (and 

445) nm, and from the configuration (not shown), the 

band estimated at 495 nm corresponds to transitions 

from the HOMO-1 to the fused acenaphthylene-cen-

tered orbitals (LUMO+2 to LUMO+11). The emer-

gence of a red-shifted, intensified L band (HOMO, 

HOMO-1 to LUMO transition) may be explained using 

the results in Fig. 23 together with Michl’s perimeter 

model [6, 7]. When aromatics such as acenaphthylene 

or benzene are added to the pyrrole rings of cy-

clo[10]pyrrole, whether the ring annulation results in a 

stabilization or a destabilization is related to the pres-

ence and absence, respectively, of nodal planes 

through the ten pyrrole N atoms and the peripheral 

fused aromatics. Thus, compared with a LUMO, which 

has bonding interaction with the annulated aromatics, 

the LUMO+12 with ten nodal planes and having anti-

bonding interaction with the annulated ring is greatly 

destabilized (Fig. 24), resulting in an increase in the 

(LUMO+12 − LUMO) value (Fig. 23), and a further 

pyrrolicNHs,and in thisrespect, thecroconateanion isexpected
to coordinate to this decapyrrolic macrocycle. After addition of
aqueouscroconic acid to asolution of 1a in CHCl3, themixture
wasstirred for 3days. In theTLC (silica, CHCl3) of thereaction
mixture, aredspot with an Rf valueof 0.0disappeared, and anew
red spot with an Rf value of 1.0 wasobserved. This red fraction
showed a molecular ion peak of the croconate salt of 1a in the
MALDI−TOF MS.

Oxidative coupling of 2,2′-bipyrrole 2 in CH2Cl2 was carried
out in thepresenceof croconicacid.FeCl3 andAgO wereused as
oxidants, to afford cyclo[10]pyrrole 1b in 66 and 46% yields,
respectively. Upon characterization by MS, NMR spectroscopy,
and X-ray crystallographic analysis, theproduct wasfound to be
consistent with the target structure of 1b. The MALDI−TOF
mass spectra showed two peaks assigned as M+ and [M−
croconate] +.The1H NMRspectraof theproductsshowed many
signals for the acenaphthylene moieties in the aromatic region,
andseveral signalsfor theNH protonsbetween 5−7ppm,similar
to that of the asymmetrical conformer of cyclo[ 8] -
acenaphthopyrrole.2b Although thermal isomerization to sym-
metrical 1b wasexplored, theNMRspectradid not changeafter
heating a solution of 1b in o-dichlorobenzene at reflux. After
removal of the croconate anion, thermal isomerization was
carried out. When asolution of 1b in CH2Cl2 wastreated with 1
M NaOH, thecolor of thesolution changed from red to yellow.
After theyellow organic layer wasseparated and concentrated, a
solution of the residue in toluene was refluxed for 4 days and
treated with 0.01 M croconic acid. Recrystallization from
CH2Cl2/ n-hexane afforded a red solid, which did not show
sufficient solubility to measure NMR. However, the MALDI−
TOFMSandtheabsorption spectrum supported thestructureof
1b.

A singlecrystal of 1b wasobtained after recrystallization from
chlorobenzene/ n-heptane and was used for X-ray crystallo-
graphic analysis. The crystal structures are shown in Figure 1,
with the crystallographic data summarized in Table S1.
Compound 1b crystallized in a triclinic unit cell (space group
P1̅, Z = 2). Alternating pyrrolemoietiestilt aboveand below the
mean plane,similar to1a(FigureS1).Theinner croconateanion
is bound by ten hydrogen-bonding interactions with NH···O
distances of 1.784−2.015 Å, which are slightly shorter than the
distances between the SO4

2− anion and the pyrrolic NH of
cyclo[8]pyrroles since the croconate anion adopts the planar
structure.1a,2,3 Thus, croconate anion acts as a template for
cyclization because its size fits with the central space of the
pyrrolic macrocycle. Dihedral angles of 14.1−18.0° and 30.4−
32.9° areobserved between themean planeand pyrrolemoieties
and between adjacent pyrrole moieties, respectively, which are

similar to those of the symmetrical conformational isomer of
cyclo[8]acenaphthopyrrole.2b

Theelectronic absorption and MCD spectraof 1b areshown
in Figure 2, together with its calculated absorption spectrum

(Table S2).10 TheL band appeared at 1982 nm compared with
1481 nm for cyclo[8]acenaphthopyrrole.2b Thus, theexpansion
of two acenaphthopyrroles hasresulted in markedly red-shift of
the L band by ca. 500 nm (ca. 1710 cm−1). In the UV−visible
region, absorption peaksareobserved at 549, 428, and 365 nm.
In the MCD, negative -term-like curves were observed
corresponding to most of theabsorption peaks, with an apparent
L band intensity about 20 times larger than that of the other
bands.12 From the sharp dispersion-type MCD curve and the
resultsof molecular orbital calculationsdescribed later, theband
at 428nmappearstobetheBband.Theseoptical propertiescan
beunderstood with reference to aC30H30

8− parent hydrocarbon

Scheme 1. Synthesis of Cyclo[10]pyrrole 1b (Croconate Salt
of 1a)

Figure 1. Molecular structure of cyclo[10]acenaphthopyrrole 1b.
Disordered (lesspopular) atoms and solvents areomitted for clarity.

Figure 2. Experimental (a) MCD and (b) UV−vis−NIR and (c)
calculated UV−vis−NIR spectra of cyclo[10]acenaphthopyrrole using
the B3LYP/ SDD level.
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decrease of the (HOMO−LUMO) value, i.e., a red-shift 

of the L band. Conversely, in the case of normal por-

phyrinoids such as tetrabenzoporphyrin (TBP), an an-

tibonding interaction occurs for MOs having nodal 

planes through the four pyrrole N atoms (Fig. 24), pro-

ducing an increase in the (HOMO–HOMO-1) value. 

As nicely explained by Gouterman’s 4-orbital model 

[27], the Q-band gains intensity, as the energy differ-

ence between the HOMO and HOMO-1 increases. In a 

similar manner, a large energy difference between the 

LUMO+12 and LUMO (Fig. 23) produces the intensi-

fied L band here.  

 

 
Fig. 24. Nodal patterns of the LUMO and LUMO + 12 of 6 (left) 

and the HOMO and HOMO − 1 of TBP (right) at an isosurface 

value of 0.025 atomic units (hartrees) with the ML = ±10 and ±4 

nodal plane properties highlighted 

Рис. 24. Узловые структуры LUMO и LUMO + 12 для 6 

(слева) и HOMO и HOMO - 1 TBP (справа) при значении изо-

поверхности 0,025 атомных единиц (хартри) с выделенными 

свойствами узловой плоскости ML = ± 10 и ± 4 

 

In summary, we have succeeded in preparing 

cyclo[8/10]pyrroles with varying -conjugation sys-

tems. With the increase of the -system, both the L and 

B bands shifted to longer wavelengths. In the case of 

the acenaphthylene-fused cyclo[10]pyrrole complex 6, 

not only the assignment of the bands, but also the in-

tensity and sign of the MCD spectra were illustrated 

and reasonably explained. Different from normal por-

phyrins, cyclo[8/10]pyrroles introduced here have de-

generate HOMOs and the LUMOs degeneracy is lifted.  

2-6 4n and (4n+3) Systems 

а) Application of the Perimeter Model to the 

Assignment of the Electronic Absorption Spectra of 

Gold(III) Hexaphyrins with [4n+2] and [4n] -Elect-

ron Systems [43] 

We prepared Au complexes of hexaphyrin 

shown in Fig. 25. When the compounds in the left-hand 

side (Au2-N and Au-N) are reduced by NaBH4, two 

imino nitrogens in the central moiety are reduced and 

the compounds in the right-hand side (Au2-R and Au-

R) were obtained. The absorption spectra of Au2-N and 

Au-N (not shown) are those of normal [4n+2] type, 

showing weak Q and strong Soret bands.  

However, the absorption and MCD spectra of 

Au2-R and Au-R (Fig. 26) were quite different from 

those of normal porphyrins, and finally found to be 

those of typical 4nπ cyclic compounds as follows. 

 

 
Fig. 25. Hexaphyrin Au complexes in the neutral (left) and re-

duced (right) forms 

Рис. 25. Комплексы гексафирина Au в нейтральной (слева) и 

восстановленной (справа) формах 

 

Fig. 26 shows the MCD and electronic absorp-

tion spectra of the reduced forms of the hexaphyrins 

(Au2-R and Au-R). The reduced forms do not exhibit 

the remarkable NIR absorption bands observed in the 

neutral forms. However, when we carefully measured 

the absorption spectra, a weak, structureless absorption 

band was detected in the NIR region. In the visible re-

gion, intense absorption bands observed for the neutral 

hexaphyrins shifted to the blue. It is noteworthy to 

mention that two distinct absorption shoulders are seen 

in the 600-700 nm region for both complexes. When 

the spectra of these complexes were measured in tolu-

ene and methanol, the spectral patterns remained virtu-

ally unchanged. We measured the MCD spectra of 

these complexes in the UV-visible-NIR region. 

Strongly coupled Faraday B terms with +, MCD sign 

in ascending energy were observed, corresponding to 

the absorption bands at 539 and 570 nm for Au2-R. 

Similar coupled MCD signals are seen for the 497 and 

569 nm absorption bands of Au-R, but their MCD in-

tensities are somewhat weaker than those observed for 

Au2-R. This may result from the energy separation of 

two electronic excited states, since the intensity of cou-

pled B terms is inversely proportional to the energy dif-

ference between two states [12, 13, 6, 7]. Weak MCD 

signals were observed for the two absorption shoulders 
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at longer wavelength to the intense bands of both com-

plexes. No MCD signals were observed in the NIR re-

gion.  

The calculated stick spectra of the reduced 

form of the hexaphyrins without a C6F5 group (Au2-R’, 

Au-R’) are presented at the bottom of Fig. 26, with the 

calculation results summarized in Table. The calcu-

lated spectral features appear to be in reasonable agree-

ment with the observed spectra. The reduced species 

are predicted to have two blue-shifted absorption bands 

compared with the neutral species. The 445 nm transi-

tion calculated for Au2-R’ is polarized along the x axis, 

while the polarization of the 509 nm band is the y axis. 

Since the mutually perpendicular transitions have cou-

pled Faraday B terms, the observed 539 and 590 nm 

absorption bands are attributed to these transitions. The 

third absorption band (508 nm) is considered to be a 

vibronic band of the 539 nm absorption band. The ex-

citation wavelengths of the mono-gold complex are al-

most identical to those of the bis-gold complex, repro-

ducing well the experimental spectra. Two very weak 

electronic transitions are calculated at around 600-670 nm 

for Au2-R’ and Au-R’, which can be correlated with 

the observed absorption shoulders. Interestingly, four 

low-energy electronic transitions consist mainly of 

electronic transitions involving the six frontier  orbit-

als, which can be labeled as h, h+, s, s+, l, and l+ by 

applying the perimeter model (details are discussed in 

the following section). The TDDFT calculations also 

predict that the forbidden HOMO→LUMO (s-→s+) 

transition is located beyond 2000 nm for both com-

plexes. Although the present calculations underesti-

mate the excitation energies, the weak NIR absorption 

band observed is assigned to the HOMO→LUMO (s-

→s+) transition. This type of forbidden transition is charac-

teristic of unaromatic cyclic π-electron systems [8-11].  

According to the 4N-electron perimeter model, 

six frontier π-orbitals are of particular importance [8-

11]. These orbitals are derived from the highest doubly 

occupied (HO), the singly occupied (SO), and the low-

est unoccupied (LU) doubly degenerate orbitals of an 

ideal 4N-electron perimeter. Fig. 27 shows the six fron-

tier molecular orbitals of a 28-electron[24]annulene 

perimeter ([C24H24]4-) and Au2-R’. As is clearly seen in 

the Figure, the number of nodal planes of the six orbit-

als of Au2-R’ is the same as that of [C24H24]4-. Essen-

tially identical nodal properties were calculated for the 

mono-gold complex (Au-R’).  

 
Fig. 26. MCD and absorption spectra of the reduced forms of hex-

aphyrins recorded in CH2Cl2 at room temperature (a: Au2-R, c: 
Au-R). The calculated stick absorption spectra 

(B3LYP/LanL2DZ) of the hexaphyrins without peripheral substit-
uents are shown in b) Au2-R’ and d) Au-R’. The inset shows the 
optimized structures of Au2-R’ and Au-R’ (B3LYP/LanL2DZ) 
Рис. 26. MCD и спектры поглощения восстановленных форм 

гексафиринов, записанные в CH2Cl2 при комнатной температуре 
(a: Au2-R, c: Au-R). Рассчитанные спектры поглощения (B3LYP / 
LanL2DZ) гексафиринов без периферических заместителей по-

казаны для b) Au2-R ’и d) Au-R’. На вставке показаны оптимизи-
рованные структуры Au2-R ’и Au-R’ (B3LYP / LanL2DZ) 
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Table  

TDDFT results for low-energy * states of unaromatic hexaphyrins (B3LYP/LanL2DZ) 

Таблица. Результаты TDDFT для низкоэнергетических * состояний неароматических гексафиринов 

(B3LYP / LanL2DZ) 

 
 

 
Fig. 27. Iso-surface plots of the frontier MOs, energy levels, and 

perimeter labels of 28-electron [24]annulene perimeter ([C24H24]4-) 

and Au2-R’ (B3LYP/LanL2DZ). Arbitrary nodal lines are drawn 

on the iso-surface plots. HOMO = s, LUMO = s+ 

Рис. 27. Графики изоповерхности пограничных МО, энерге-

тических уровней и меток периметра периметра с 28 электро-

нами [24] аннулена ([C24H24]4-) и Au2-R ’(B3LYP / LanL2DZ). 

На изоповерхностных участках изображены произвольные 

узловые линии. HOMO = s-, LUMO = s + 

 

The frontier orbitals of Au2-R’ and Au-R’ can 

therefore be derived from the perimeter orbitals, and 

the HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1, 

and LUMO+2 are labeled as h, h+, s, s+, l, and l+, re-

spectively. The origin of the peculiar spectral features 

of the reduced forms will now be discussed using the 

model. The five singly excited states considered in the 

perimeter model, S, N1, N2, P1, and P2, arise as shown 

in Fig. 27. As we described in the previous section, the 

lowest-energy transition is the s→s+ transition. Since 

the transition is of an intrashell nature in the perimeter 

model, the transition is magnetic-dipole allowed, but 

the absorption and MCD intensities are predicted to be 

zero [8-11]. Indeed, the observed absorption and MCD 

intensities of the S band are very weak. The other four 

electronic transitions are intershell transitions derived 

from the HO→SO or SO→LU transition. Two weakly 

(N1, N2) and two strongly (P1, P2) electric-dipole al-

lowed transitions are predicted on the basis of the pe-

rimeter model. The N and P transitions can be related 

to the L and B transitions of aromatic systems. Thus, a 

significant mixing of the h+→s+ and s-→l- transitions 

causes cancellation and intensification of the transition 

dipole moments in the N1 and P1 bands, while weak N2 
and intense P2 bands are due to a significant mixing of 

the h-→s+ and s-→l+ transitions. The present TDDFT 

calculations of Au2-R’ and Au-R’ agree well with the 

perimeter model and we can assign the experimental 

absorption spectra by using the perimeter model and 

computational results: the weak absorption bands ob-

served at 695 and 645 nm for Au2-R are N1 and N2 

bands, while the intense 590 and 539 nm bands are P1 

and P2 bands, respectively. Similar band assignments 

can be made for Au-R.  

Finally, the observed MCD sign pattern of the 

reduced forms is discussed. Strongly coupled Faraday 

B terms with a +,- pattern in ascending energy were 

observed for the two P bands of both complexes. Since 

the electric transition dipole moments for the P bands 

are much larger than those for N bands, the sign of the 

coupled B terms are likely to be dominated by contri-

bution from magnetic mixing within the two P states. 

As shown in Table, the transition from the ground state 

to the P1 state consists of the s-→l+ and h+→s+ transi-

tions, while that to the P2 state consists of the s-→l+ and 

h-→s+ transitions. According to the perimeter model, 

coupling between s-→l- and s-→l+ transitions gives rise 

to a -,+ pattern for the two P bands, while coupling be-

tween h+→s+ and h-→s+ transitions causes a + + ,- pat-

tern [8-11]. Since a +,- pattern is observed, the cou-

pling between the h+→s+ and h-→s+ transitions must be 

dominant for the MCD signals of the present hex-

aphyrins. Thus, the 4N-electron perimeter model was 
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successfully used for the analysis of the reduced form 

of Au hexaphyrins.  

b) An Extremely Air-Stable 19π {(4n+3) 
Porphyrinoid [44] 

We observed during our experiments, that the 
color of the crude solution of the octa(p-tert-bu-
tylphenyl) TAP phosphorus(V) complex (PTAP) 
changed from purple to brown on adding triethyla-
mine. The polarity of this brown species was much 
lower than that of the original cationic species, and we 
were able to isolate the brown species (rPTAP) as a 
stable solid by conventional Al2O3 open column chro-
matography with a basic eluent (CH2Cl2−triethyla-
mine) (Scheme 7).  

 

 
Scheme 7. Synthesis of cationic (PTAP) and neutral (rPTAP) 

states of the tetraazaporphyrin (TAP) phosphorus(V) complex and 
their absorption spectra in CH2Cl2 

Схема 7. Синтез катионных (PTAP) и нейтральных (rPTAP) 
состояний комплекса тетраазапорфирина (TAP) фосфора (V) 

и их спектры поглощения в CH2Cl2 

 
Peripheral p-tert-butylphenyl groups were 

suitable for isolation of the reduced species. The ab-
sorption properties of rPTAP are quite different from 
those of PTAP. The sharp absorption band at around 
660 nm is retained (at 681 nm), while bands around 
500 nm are broad and weak, and near-IR bands (915 
and 823 nm) appear only for rPTAP. The observed 
HR-MALDI-FT- ICR-MS spectrum and CHN ele-
mental analysis data provided a reasonable match with 
a compound whose molecular formula is C98H110N8O2P, 
constituting a TAP phosphorus complex without any 
ion, suggesting that rPTAP is a one-electron reduced 
neutral radical. rPTAP is extremely air- and photo-sta-
ble, such that a glovebox system is unnecessary for the 
entire synthetic process. Moreover, the absorption 
spectrum remained unchanged when rPTAP was 
stored as a solid in air under ambient light for more 
than 1 year.  

To confirm the redox properties of rPTAP, cy-
clic voltammograms of PTAP and rPTAP were meas-
ured in o-dichlorobenzene (o-DCB) (not shown). Since 
the redox potentials can be shifted anodically by inser-
tion of a phosphorus(V) atom into the azaporphyrin 

core, the redox waves of PTAP appeared at only 
slightly less than 0 V vs Fc+/Fc. Interestingly, the volt-
ammogram of rPTAP is compatible with that of 
PTAP, showing five redox waves at similar positions 
to the redox waves of PTAP, indicating that rPTAP 
has very close redox behavior to PTAP and is a good 
multiple electron acceptor. For assignment of the redox 
relationship between rPTAP and PTAP, spectroelec-
trochemical measurements in o-DCB were performed. 
When a potential negative enough for the first reduc-
tion reaction to occur was applied to the solution of 
PTAP (Fig. 28a), new weak bands appeared in the 
near-IR region, while the bands in the UV−vis region 
broadened, accompanying a set of clear isosbestic 
points. The final absorption spectrum fully matched 
the absorption spectrum of an as-prepared rPTAP so-
lution. When the applied potential was returned to 0 V, 
the original spectrum was regenerated. More im-
portantly, when a potential positive enough for the first 
oxidation reaction to occur was applied to the solution 
of as-prepared rPTAP (Fig. 28b), the final absorption 
spectrum fully matched the absorption spectrum of 
PTAP and the changes were reversible. In summary, 
the spectroelectrochemical switching between PTAP 
and rPTAP was completely reversible, supporting the 
premise that rPTAP is an air-stable one-electron re-
duced species of PTAP.  

 

 
Fig. 28. (a) Spectral changes of PTAP solution by applying −0.2 V 
potential vs Ag/AgCl reference electrode in o-DCB. (b) Spectral 

changes of rPTAP solution by applying 0.3 V potential vs 
Ag/AgCl reference electrode in o-DCB 

Рис. 28. (a) Изменения спектров раствора PTAP при прило-
жении потенциала -0,2 В относительно электрода сравнения 
Ag / AgCl в o-DCB. (b) Изменения спектра раствора rPTAP 
при приложении потенциала 0,3 В по сравнению с электро-

дом сравнения Ag / AgCl в o-DCB 

 
The solid state structure of rPTAP was unam-

biguously elucidated by X-ray diffraction analysis of 
crystals obtained from a toluene solution of rPTAP 
(Fig. 29). The phosphorus atom sits in the center of the 
4N mean plane (Δ4N < 0.005 Å), and the macrocycle 
is highly planar (Δr = 0.06), although the reported 
structures of TAP or Pc phosphorus(V) complexes are 
ruffled, due to the small atomic radius (98 pm) of the 
phosphorus atom. Indeed, the bond lengths between 
phosphorus and the pyrrole-nitrogen in rPTAP are 
longer than those of PTAP. More interestingly, two 
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kinds of P−N bond lengths were found (1.8654(14) and 
1.8745(14) Å) for rPTAP, while all P−N bond lengths 
in PTAP are the same (1.839(2) Å), indicating that the 
chromophore symmetry has been slightly altered. The 
HOMA indexes for the internal cross in rPTAP and 
PTAP are 0.84 and 0.90, respectively. Hence no sig-
nificant bond-length alternation was observed for the 
C−N bonds even in the core structure of rPTAP, sim-
ilarly as for those of PTAP (a typical 18π aromatic 
molecule).  

 

 
Fig. 29. X-ray crystal structure of rPTAP. The thermal ellipsoids 
were scaled to the 50% probability level. (a) Top view; (b) side 
view (peripheral substituents are omitted). In both views, hydro-

gen atoms have been omitted for clarity 
Рис. 29. Рентгеновская кристаллическая структура rPTAP. 

Тепловые эллипсоиды масштабированы до уровня вероятно-
сти 50%. а) вид сверху; (b) вид сбоку (периферийные за-

меcтители опущены). В обоих представлениях атомы водо-
рода опущены для ясности 

 
However, the EPR spectra of rPTAP in 1.0 

and 0.1 mM solution in degassed CH2Cl2 showed a sin-
glet with g = 2.01 and 2.001, respectively, characteris-
tic of a delocalized radical having an unpaired electron 
(S = 1/2); no hyperfine coupling to nitrogen atoms was 
observed even in diluted and degassed solution (as per 

similar Pc3 systems). The VT 1H NMR spectrum of 
rPTAP in toluene-d8 was also measured (not shown). 
No peaks were found in the normal region for aromatic 
protons (ca. 6-9 ppm). However, broad signals were 
observed at low-field (10.7 and 18.0 ppm at 298 K), 
which could be assigned to paramagnetically shifted 
aryl protons of the peripheral substituents. A reversible 
temperature dependence was also observed between 
298 and 353 K whereby the two peaks shift linearly 
toward the diamagnetic region with higher tempera-
ture, reaching 10.2 and 17.7 ppm at 353 K, consistent 
with rPTAP containing an unpaired electron. The 31P 
NMR signal for rPTAP is a simple very broad (ap-
proximately 25 ppm) peak centered at −233 ppm; its 
extreme broadness is consistent with the paramag-
netism. Finally, the spin density distribution of the 
model compound rPTAP′, where the peripheral sub-
stituents of rPTAP were replaced by phenyl groups, 
was calculated. The calculations implied the unpaired 
electron density to be encompassed over the TAP mac-
rocycle, as well as no spin-density at the central phos-
phorus. Furthermore, the calculated positive charge on 

the central phosphorus was unchanged between 
PTAP′ and rPTAP′, confirming the valence of the 
phosphorus center in rPTAP to be +5.  

All electrochemical, spectroscopic, and theo-
retical results support the premise that the valence of 
the rPTAP macrocyclic core is −3 and that the com-
plete rPTAP molecule is an air-stable neutral radical. 
With this air-stable, reduced azaporphyrinoid in hand, 
the absorption properties of -3 azaporphyrins could be 
investigated unambiguously. Here, partial MO energy 
diagrams of rPTAP′ and the calculated stick absorp-
tion spectrum are shown in Fig. 30. An MCD spectrum 
also gives information on the electronic structure of 
azaporphyrin, so that the detailed absorption and MCD 
spectra of rPTAP are shown in Fig. 31. It was pro-
posed in a previous report [45] that the ground state of 
-3 Pcs was distorted from D4h symmetry to C2v sym-
metry due to Jahn-Teller effects.  

 

 
Fig. 30. Partial molecular energy diagrams and orbitals of rPTAP′ 
(top) and its calculated absorption spectrum (bottom). Calcula-
tions were performed at the ULC-BLYP/6-31G*//UB3LYP/6-

31G* level 
Рис. 30. Диаграммы парциальной молекулярной энергии и ор-
битали rPTAP ′ (вверху) и рассчитанный спектр поглощения 
(внизу). Расчеты проводились на уровне ULC-BLYP / 6-31G * 

// UB3LYP / 6-31G * 
 

Indeed, the bond lengths between phosphorus 
and the pyrrole nitrogens in the X-ray crystallographic 
structure are slightly altered. In the MCD spectrum at 
longer wavelengths, relatively weak and strong Fara-
day B terms were observed at 933 and 883 nm, corre-
sponding to the absorption band at 915 nm, reflecting 
the altered structure. An intense Faraday B term ap-
peared at 698 nm, so that the change of orbital angular 
momentum between the ground and excited states for 
the absorption band at 681 nm appears to be larger than 
for other bands. Theoretical calculations for the -3 TAP 
ligand also support the experimental results. Although 

inoid in hand, the absorption properties of −3 azaporphyrins
could be investigated unambiguously. Here, partial MO energy
diagrams of rPTAP′ and the calculated stick absorption
spectrum are shown in Figure 3, with the results of TDDFT

calculations summarized in Table S3. A magnetic circular
dichroism (MCD) spectrum also gives information on the
electronic structure of azaporphyrin,15 so that the detailed
absorption and MCD spectra of rPTAP are shown in Figure 4.

It was proposed in a previous report5b that the ground state of
−3 phthalocyanines was distorted from D4h symmetry to C2v

symmetry due to Jahn−Teller effects.16 Indeed, the bond
lengths between phosphorus and the pyrrole nitrogens in the
X-ray crystallographic structure are slightly altered, as depicted
in Figure S3. In the MCD spectrum at longer wavelengths,
relatively weak and strong Faraday B terms were observed at
933 and 883 nm, corresponding to the absorption band at 915

nm, reflecting the altered structure. An intense Faraday B term
appeared at 698 nm, so that the change of orbital angular
momentum between the ground and excited states for the
absorption band at 681 nm appears to be larger than for other
bands. Theoretical calculations for the −3 TAP ligand also
support the experimental results. Although many orbitals
contribute to the calculated low-energy bands (Figure S10),
in each band we could find mainly contributing one π→ π*
transition. The SOMO (265A) → LUMO (266A) intrashell
transition was estimated to lie beyond 1500 nm (1689 nm);
however, this transition should be forbidden, which may not
appear in the experimental spectra. The HOMO (264B) →
LUMO (265B or 266B) transitions wereestimated at 1323 and
859 nm, which are allowed transitions from ML = ±4 to ±5.
The properties of the calculated bands and MCD spectra
support theassignment of the absorption bandsat 915 and 681
nm to π → π* bands calculated at 1323 and 859 nm,
respectively. The corresponding occupied and unoccupied
orbitals aredelocalized on theTAPcore, without localization at
peripheral phenyl rings.

In summary, an extremely air-stable 19π-electron azapor-
phyrin has been prepared and characterized; it was easily
obtained from the reduction of a cationic phosphorus-
containing complex of TAP. The central phosphorus(V)
atom17 and peripheral bulky groups may be crucial to stabilize
the reduced state. VT-NMR and EPR spectra support the
premise that the unpaired electron is delocalized on the TAP
macrocycle. Finally, analysis of absorption and MCD spectra,
together with theoretical calculations concluded that rPTAP is
the first exampleof an isolated −3 TAP complex, namely, a19π
azaporphyrinoid. Although various synthetic, spectroscopic and
electrochemical methodologies on unstable compounds have
been developed and established in modern chemistry, a new
compound with easy handling in air and a simple synthetic
method should open the door to practical and commercial
applications. Further work is currently underway to prepare a
series of stable 19π porphyrinoids for developing novel
materials with unpaired electrons.
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many orbitals contribute to the calculated low-energy 
bands, in each band we could find mainly contributing 
one π → π* transition. The SOMO (265A) → LUMO 
(266A) intrashell transition was estimated to lie be-
yond 1500 nm (1689 nm); however, this transition 
should be forbidden, which may not appear in the ex-
perimental spectra. The HOMO (264B) → LUMO 
(265B or 266B) transitions were estimated at 1323 and 
859 nm, which are allowed transitions from ML = ±4 to 
±5. The properties of the calculated bands and MCD 
spectra support the assignment of the absorption bands 
at 915 and 681 nm to π → π* bands calculated at 1323 
and 859 nm, respectively. The corresponding occupied 
and unoccupied orbitals are delocalized on the TAP 
core, without localization at peripheral phenyl rings.  

 

 
Fig. 31. UV−vis−NIR absorption (bottom) and MCD (top) spectra 

of rPTAP in CH2Cl2 
Рис. 31. Спектры поглощения в ультрафиолетовой и инфра-
красной областях спектра (внизу) и МCD (вверху) rPTAP в 

CH2Cl2 
 

In summary, an extremely air-stable 19π-elec-
tron azaporphyrin has been prepared and character-
ized; it was easily obtained from the reduction of a cat-
ionic phosphorus-containing complex of TAP. The 
central phosphorus(V) atom and peripheral bulky 
groups may be crucial to stabilize the reduced state. 
VT-NMR and EPR spectra support the premise that the 
unpaired electron is delocalized on the TAP macrocy-
cle. Finally, analysis of absorption and MCD spectra, 
together with theoretical calculations concluded that 
rPTAP is the first example of an isolated -3 TAP com-

plex, namely, a 19π or (4n+3) azaporphyrinoid.  
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