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Chapter 1 
 

General introduction 

 

 

1-1. Functionality of polycyclic aromatic hydrocarbons 

 A lot of π-conjugated molecules having one-, two- and three-dimensional structures have been well investigated, 

because of the fascinating physical and chemical properties (Figure 1-1).1-4 Among them, polycyclic aromatic 

hydrocarbons (PAH) has widely attracted attention, because of interests in the intense absorption in the visible region,5 

 

 

 Figure 1-1. Representative examples of π-conjugated compounds. 

 

and highly electron-conducting properties,6 by virtue of expansion of the π-conjugated circuits. PAHs also can easily 

form one- and two-dimensional supramolecular assemblies using strong π-π interactions based on the planar 

structures.7,8 Introduction of substituents showing electrostatic or hydrogen-bonding interaction to PAHs prompts PAHs 

to more easily form multi-dimensional assemblies accompanying more complicated structures and more useful 

functionalities.9 For example, an amphiphilic PAH molecule, having a hexabenzocoronene (HBC) moiety at the core  

 

 
Figure 1-2. The molecular structure of the TNF-appended HBC amphiphile (a) and schematic description of one-dimensional 
supramolecular assembly to form the nanotube structure (b).9a 
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and a trinitro-fluorenone (TNF) moiety at the periphery, selectively formed nanotubes or microfibers, depending on the 

assembling conditions, and the nanotubes and microfibers exhibited different photochemical properties (Figure 1-2).9a 

The coaxial nanotubular structure of the amphiphilic HBC derivative performed photochemical generation of spatially 

separated charge carries and a quick photoconductive response, whereas the microfibers consisting of the amphiphilic 

HBC derivative exhibit almost no photocurrent generation.9a 

 Various PAHs, having not only six-membered rings but also five-membered rings, have been also synthesized. 

PAHs consisting of only six-membered rings generally exhibit planar structures, whereas those involving 

five-membered rings displayed curved surfaces.1c Based on π-π interaction of the curved surfaces, π-conjugated 

molecules including five-membered ring have been employed as host molecule for fullerenes;10 for instance, a 

corannulene derivative, a, (Figure 1-3), which consists of five benzene rings fused with a central five-membered ring, 

formed 1:1 complexes with C60 in toluene with the association constant, Kassoc, of 450 M–1.11 The association constant of 

a π-expanded corannulene derivative, b, with C60 was improved to ca. 1400 M–1,11 and thus, the expansion of the size of 

π-systems is important for efficient binding of fullerenes in solution. 

 

 

Figure 1-3. The molecular structures of the corannulene based host molecules.11 

 

 The number of atoms to form fused rings of PAHs also strongly affects its aromaticity.	 In PAHs consisting of 

only six-membered rings, each six-membered ring maintains the independent aromatic circuit, and additionally, an 

aromatic circuit across the whole structure of the PAH also can be drawn to exhibit the aromaticity.12 In contrast, PAHs 

having five-membered rings as components can exhibit an anti-aromatic circuit across the whole structure (Fig 1-4).12 

As an example of such kinds of PAHs, pyracylene has been well known; pyracylene has a naphthalene moiety at the 

center and two fused five-membered rings, and the pyracylene structure can be found in fullerenes such as C60 and C70 

as a partial structure.12 Pyracylene is considered to be an aromatic compound, since it can be regarded as a molecule 

consisting of 10π-electron naphthalene core and two etheno moieties at the periphery (Figure 1-4A).13 However, 

pyracylene also has an antiaromatic character, since it can be viewed as a 12π-electron cyclododecahexaene having an 

internal cross-linked etheno unit (Figure 1-4B). The 1H NMR spectrum of pyracylene indicates that the most  
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Figure 1-4. Structures of pyrene, pyracylene, and acenaphthene. In pyracylene, two resonance structures can bedrawn; a 
10π-electron naphthalene unit connected to two 2π-electron etheno systems (A) and a 12 π-electron cyclododecahexaene periphery 
having an internal cross-linked etheno unit.	 

 

appropriate structure of pyracylene, reflecting its real electronic structure, is model B. In fact, the 1H NMR signals of 

pyracylene appeared at relatively higher field (δ 6.01 and 6.52 ppm in CCl4) in comparison to those of naphthalene (δ = 

7.67 and 7.32 ppm in CCl4).13 The upfield shifts indicate the influence of a paramagnetic ring current of 12π-electron 

antiaromatic circuit. This paratropic shifts of the 1H NMR signals of pyracylene are smaller than those of pure 

antiaromatic systems,14 and thus, this shift can be viewed as a result of partial contribution of the antiaromatic circuits. 

Other compounds having fused five-membered rings at the periphery have been also reported to show characteristic 

properties derived from the partial contribution of the antiaromaticity to the electronic structures.15 

 In addition, as a characteristics of PAHs having five-membered fused rings, pyracylene has been reported to 

show a lower energy level of LUMO than that of isomeric anthracene, having a similar molecular size, and than that of 

acenaphthene, lacking a five-membered fused ring from pyracylene; the first reduction potential, Ered1, were reported to 

be = –1.06 V vs SCE for pyracylene, –2.10 V vs SCE for anthracene, –1.80 V vs SCE for acenaphthene.16 It can be 

explained by the fact that the 2e–-reduced form of PAHs having fused five-membered rings is stabilized by the 

formation of an aromatic cyclopentadienide structure, showing the (4n+2)π Hückel aromaticity.17 Therefore, PAHs 

having five-membered rings have been proposed as a candidate for components of n-type organic semiconductors.16 

 

1-2. Structural features and optoelectronic properties of porphyrin and its derivatives 

 Porphyrin is a macrocyclic system consisting of four pyrroles and four methine carbons, along which an 

18π electron π-conjugated circuit can be drawn. Porphyrin shows a strong diatropic current and strong optical 

absorption bands in the visible region with large absorption coefficients.18 Therefore, porphyrins have been extensively 

investigated in diverse fields to construct artificial photosynthetic systems,19 to develop efficient oxidation catalysts,20 

to form supramolecular assemblies,21 to obtain host molecules for molecular recognitions,22 and to apply porphyrin 

chromophores to nonlinear optical materials.23 As another attractive point of porphyrins, structures of porphyrins can be 

easily modified; through the modification, their optical and electrochemical properties and self-assembling structures 

can be finely controlled.18, 24-26 

 A lot of porphyrin derivatives have been synthesized to utilize their characteristic optical properties and 

reversible multi-redox processes for various applications,18,19,24-26 and for the purposes, many synthetic methods have 

Pyracylene A BPyrene Acenaphthene
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been reported so far.18 Syntheses of meso-aryl porphyrins, which have been the most widely used, can be achieved by 

condensation of pyrroles and arylaldehydes in the presence of an acid catalyst, and subsequent oxidation.27,28
 

Furthermore, porphyrin derivatives can be obtained with a stepwise manner using various dipyromethane derivatives as 

starting materials to obtain porphyrins unsymmetrically substituted with different aryl moieties.29 

 

 
Scheme 1-1. Synthetic routes of meso-aryl porphyrins. 

 

 Porphyrin and its derivatives exhibit characteristic absorption bands in the visible region; the intense absorption 

band around 400 nm is mentioned as the Soret band and the relatively weak-split absorption bands observed in the 

range of 500 – 600 nm are called as Q bands. The origins of these absorption bands can be explained by the 

Gouterman’s four-orbital model;30 in this model, Soret and Q bands are derived from transitions between four frontier 

orbitals, HOMO, HOMO–1, LUMO, and LUMO+1 (Figure 1-5). Because of the small HOMO-LUMO gap and 

expanded π-conjugation, porphyrin derivatives also have been used to produce nonlinear optical materials.23 The 

structural requirement to obtain high molecular first hyperpolalizability, β, is well understood from both of theoretical  

 

 
Figure 1-5. The Gouterman's model of four frontier orbitals of metalloporphyrins.30 

 

and experimental aspects (see Chapter 7 in this thesis).31Organic chromophores, having electron-donating and 

-withdrawing groups that are connected by a large π-conjugated molecular bridge, are known to show high β values and 

the molecular design is known as a “push-pull” strategy. A “push-pull” porphyrin derivative, having two p-nitrophenyl 

groups at 5 and 10 positions and p-aminophenyl groups at 15 and 20 positions, shows a moderate β value, (30 ± 10) 

× 10–30 esu (Figure 1-6).32 The reason for the small β value obtained by even introduction of the “push-pull” design to 

the porphyrin framework is that the intramolecular electronic conjugation between the electron-donating and 

-withdrawing groups are relatively weak in the tetraarylporphyrins, due to tilting of the meso- aryl-groups relative to the 

porphyrin plane. 
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Figure 1-6. Molecular structure of the “push-pull” porphyrin.32 

 

 Porphyrin and its derivatives show reversible redox processes; for instance, tetraphenylporphyrin (H2TPP) 

exhibited stepwise two oxidation and two reduction processes in CH2Cl2 containing 0.1 M (n-butyl)4NClO4 as an 

electrolyte (Figure 1-5).25b ESR studies have revealed that the redox processes proceed on the π-conjugated circuit of 

the porphyrin,33 and thus, introduction of substituents to the π-conjugation pathway of porphyrins intensively affects the 

redox properties. Therefore, it is possible to obtain porphyrin derivatives showing desired redox potentials for various 

purposes by changing the substituents.18,24-26 

 

 

Figure 1-7. Cyclic voltamogram of H2TPP. [H2TPP] = 2.6 × 10–3 M. Electrolyte: (n-butyl)4NClO4 (0.1 M). Solvent: CH2Cl2. Scan 
Rate: 0.05 V/s.26b 

 

 Freebase porphyrins have two imino-nitrogen atoms, which play a role as a weak base (pKa ~ 4).34 The basicity 

of the imino-nitrogen atoms has attracted much attention, since protonation of the imino-nitrogen atoms causes 

bathochromic shifts of absorption bands of the porphyrins and also induces positive shifts of the redox potentials. 

Therefore, protonated porphyrins can be utilized as electron acceptors in photoinduced electron transfer.35 In addition, 

freebase porphyrins exhibit NH tautomerism induced by proton transfer between the intramolecular hydrogen-bonded 

pair of the pyrrolic N-Hs and imino-nitrogen atoms of the non-protonated pyrroles. The NH tautomerism has been 

regarded as an important issue in the porphyrin chemistry toward development of single-molecule switchs, which are an 

essential component of single-molecule-based devices.36 

Porphyrin forms stable metal complexes with most of the metals in the periodic table using four coordinating 

inner-nitrogen atoms, suitable for forming square-planar coordination structures.18,37 Metal complexes of porphyrins 
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exhibit various reactivity and catalysis, depending on the characteristics of the metal centers.20,38 They can also form 

coordination polymers using axial ligation at the central metals.21b In addition, introduction of substituents at the 

periphery of the porphyrin ligand has been known to be effective to control the chemical properties of the metal 

centers;26 for example, an iron(III) complex of a porphyrin derivative having cyano groups at the meso-aryl groups 

shows positive shifts of the reduction potentials not only for the porphyrin core but also for the iron(III) center.26c 

 Using the expanded π-conjugation and strong electron-donating ability, porphyrin derivatives have been 

employed to form associated complexes with fullerenes as π-conjugated electron-accepting molecules.39 However, 

supramolecular interaction between porphyrin derivatives showing planar structures and fullerenes having curved 

surfaces40 generally are not so strong to maintain the associated structures in solution, since the structures are not 

complementary each other.41 Therefore, for efficient recognition of fullerenes with porphyrins in solution, porphyrin 

hosts need to be dimers or higher oligomers (Figure 1-8) to enhance intermolecular π-π interaction with 

fullerences.39,42,43 Using the associated complexes, photoinduced electron transfer from the porphyrin to the fullerene 

included has been also investigated.44 

 

 
Figure 1-8. Host molecule based on porphyrin dimer.42a 

 

1-3. Syntheses and physical properties of ring-fused porphyrins 

 Recent studies have revealed that porphyrin derivatives bearing fused aromatic moieties at the periphery show 

unique optical and magnetic properties on the basis of coplanarity between the porphyrin core and the fused aromatic 

moieties and the resultant expansion of π-conjugated circuits.45 Introduction of ring-fused structures to porphyrins 

allows us to access bathochromic shifts of the absorption bands reaching to near-IR region,46 two-photon absorption as 

a nonlinear optical response47 and strong intermolecular π-π interaction for supramolecular assemblies.48 The 

supramolecular assemblies of ring-fused porphyrins are highly promising as building blocks to develop efficient 

transporters of electrons, holes and excitation energies.48 In this section, recent development of ring-fused porphyrin 

derivatives are briefly reviewed with focus on the synthesis, structure, aromatic and optical properties. Herein, the 

structures of ring-fused porphyrins are categorized into β-β fusion and meso-β fusion types (Figure 1-9). 

 A lot of ring-fused porphyrins having the fused aromatic moieties at the β-β positions have been 

N
N N

N
Zn

Hex

HexHex

Hex

N
N N

N
Zn

Hex

HexHex

Hex

O O

OO

(CH2)6 (CH2)6

Hex = C6H13



 7 

 
Figure 1-9. Classification of ring-fused porphyrins. 

	 

prepared by various procedures. One of the representative synthetic procedures of β-β fusion type ring-fused porphyrins 

is macrocyclization of β-β-ring fused pyrroles (Scheme 1-2).49 To date, the procedure using the ring-fused pyrroles 

have been successfully utilized to synthesize various β-β ring-fused porphyrins;49,50 however, one of the problems of 

this procedure is the low solubility of pyrrole derivatives having large planar aromatic moieties at the β-β positions and 

that of the porphyrin products obtained from the pyrroles, which causes low reaction yields.50 To solve this problem, a 

retro-Diels-Alder strategy for the synthesis of the β-β aryl fused porphyrins has been developed;51 the Diels-Alder 

 

 

Scheme 1-2. Synthesis of phenanthrene-fused pyrrole and its porphyrin derivative.50 

 

precursor of tetrabenzoporphyrin is quite soluble in many organic solvents, whereas tetrabenzoporphyrin is an expanded 

planar molecule and poorly soluble in any solvents (Scheme 1-3). Therefore, this procedure has been employed to 

produce a homogeneous spin-coat film, which is applied to organic thin-film transistors51b and photovoltaic cells.52 

Other porphyrin having fused aromatic moieties at the periphery have been also prepared by the retro-Diels-Alder  

	 

 

Scheme 1-3. Synthesis of tetrabenzoporphyrin using a retro-Diels-Alder reaction.51	 

!

NO2

C
N

O

OEt

DBU

N
H

CO2Et

LiAlH4

N
H OH

1) BF3•OEt2
2) DDQ N

HN

NH

N

78%

13%

N

NH

NH

N 200 ºC

N

NH

NH

N

100%



 8 

 

strategy.53 All of the β-β-type ring-fused porphyrins described above show moderate bathochromic shifts of the Soret 

a n d  Q  b a n d s  i n  t h e  U V - V i s  s p e c t r a  r e l a t i v e  t o  m e s o -β - t y p e  r i n g - f u s e d  p o r p h y r i n s . 5 4 , 5 5 

In comparison to the β-β-type ring-fused porphyrins, a fewer examples of meso-β-type ring-fused porphyrins have been 

prepared so far.45 The meso-β ring-fusion on porphyrins, however, induces larger bathochromic shifts in the absorption 

spectra, in comparison to the β-β fused porphyrins, and thus, the meso-β ring-fusion more influences the electronic 

structures of porphyrins than the β-β-type ring-fusion.45 In addition, both of the meso-β and β-β fusion types of 

ring-fused porphyrins have exhibited strong tendency to form supramolecular assemblies based on the intermolecular  

 

 
Figure 1-10. Structure of the fused porphyrins synthesized with an intramolecular Friedel-Crafts reaction.56 Ar = 
3,5-di-tert-butylphenyl. 

 

π-π interaction. A series of meso-β-type ring-fused porphyrins have been synthesized using an intramolecular 

Friedel-Crafts reaction,56 and the porphyrin derivatives showing different symmetries have been isolated (Figure 1-10). 

These ring-fused porphyrins have been reported to form π-π-stacked dimeric structures in the solid state owing to 

co-planarization of the carboxyphenyl moieties by ring-fusion, despite the fact that they had sterically bulky 

substituents such as 3,5-di-tert-butylphenyl groups.56 

 The synthetic route of another example of meso-β-ring-fused porphyrins, which has a thiophen- fused moiety, is 

shown in Scheme 1-4.57 The thiophene-fused porphyrins show reduced aromaticity due to contribution of their 

antiaromatic resonance forms; a 20π-conjugated antiaromatic circuit can be drawn for the thiophene-fused porphyrin, c, 

with involving a fused five-membered ring at the periphery. In contrast, porphyrin d shows the weak antiaromatic 

contribution to the electronic structure, because of the disruption of the possible 24π antiaromatic circuit by the sulfur 

atom. The NICS values58 for c and d are both positive (+30.5 and +13.1 ppm, respectively), and the larger positive 

NICS value for c indicates a larger contribution of the antiaromatic 20π circuit to the electronic structure of c. In the 1H 

NMR spectra, the signals of the meso and β protons of c were shifted to further upfield relative to those of d, reflecting 

the increasing contributions of antiaromatic resonance forms to the electronic structures. On the other hand, in the 

UV-Vis absorption spectra of c and d, the Soret and Q bands were weakly and broadly observed in comparison with 

those of the precursor compounds, which is also due to contribution of the antiaromatic resonance forms.59 

Meso-β fused porphyrins can be prepared with oxidative fusing reactions between the porphyrin core and aromatic 

moieties at the meso-positions, using a chemical oxidant such as FeCl3 and DDQ.46, 60-65 Based on this method,
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Scheme 1-4. Synthesis of thiophene-fused porphyrins.57 

 

various aromatic compounds have been introduced as ring-fused moieties at the periphery of porphyrins. For example, 

meso-β-fused porphyrins having fused anthracene moieties have been synthesized by oxidative ring-fusion of the 

porphyrin core with electron-rich anthracene groups at the meso-positions using FeCl3 as an oxidant. (Figure 1-11).46 

The anthracene-fused porphyrins exhibit intense Q-bands at 855 nm for e, 973 nm for f, and 1417 nm for g, indicating 

that increase on the number of fused anthracene units causes further bathochromic shifts of the absorption  

 

Figure 1-11. (a), (b) Molecular structures of anthracene-fused porphyrins.46 (c) The distribution of the LUMO of an anthracene-fused 
porphyrin derivative.66 
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bands. In the crystal packing, porphyrin g formed a π-π stacked dimer. An anthracene-fused porphyrin derivative (h) 

has expanded π-conjugation to the aryl-ethynyl group and shows red-shifted absorption, and thus, it is expected to 

perform efficient charge-transfer from h to metal-oxide upon forming organic thin-layer photovoltaic cells by 

introduction of h on a metal-oxide substrate.66 However, the incident photon-to-current conversion efficiency (IPCE) 

was determined to be only 0.1%. The low efficiency can be accounted for by the fact that the fused porphyrin h has the 

LUMO away from the anchor moiety, the carboxyl group at the arylethynyl group, to the metal oxide surface (Figure 

1-11c), which disturbs efficient electron injection from the photoexcited h to the conduction band of the metal-oxide 

substrate. 

 Recently, thermal fusion methods of a porphyrin core having unactivated PAH groups such as naphthalene, 

pyrene, coronene, and perylene, introduced at the meso-positions, have been developed (Scheme 1-5).67 However, the 

fusing positions under the thermal conditions are difficult to be controlled, and thus, the product selectivity is inherently 

low and the isolation of the products is highly difficult. 

On the other hand, intramolecular ring-fusion reactions of porphyrins with aryl moieties at the periphery using 

Pd catalysts have been also reported;68 for instance, singly- and doubly-fused porphyrins were prepared from 

halogen-appended precursors at the meso-aryl moieties using a Pd catalyst (Scheme 1-6).68 Unfortunately, the 

corresponding quadruply-fused compounds was not detected at all in the 

   

 

 
Scheme 1-5. Synthesis of fused porphyrins with a thermal fusion process.67 

MALDI-TOF-MS spectrum of the reaction mixture, even when the tetrabromo-precursor was used (Scheme 1-6b).68b 

Additionally, the mixture including doubly fused porphyrins and the isomers could not be separated, although the 

compounds were obtained in moderate yields as estimated by the 1H NMR spectroscopy. On the other hand, the singly 

fused porphyrin, obtained and isolated by a different procedure (Scheme 1-6c),69 was utilized as a building block of 

dye-sensitized solar cells (Figure 1-11); as a result, the light harvesting properties of the solar cell made of the singly fused 

porphyrin in the visible and NIR regions were remarkably improved relative to that of tetraphenylporphyrin as a reference.69 
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Scheme 1-6. Synthesis of five-membered-ring-fused porphyrins by C-H activation reactions using a Pd catalyst. dba = 
dibenzylideneacetone. 

 

 
Figure 1-11. UV-vis absorption spectra of the singly fused porphyrin (solid line) and the corresponding tetraphenylporphyrin 
derivative (dashed line) in CH2Cl2.69 

Problems of syntheses of ring-fused porphyrins revealed to date are summarized as follows: The oxidative 

ring-fusion reactions requires introduction of electron-donating groups to the aryl groups to be fused,70 and thus, the 

possible substituents to be introduced are highly limited. Moreover, the synthesis of precursors for the oxidative 
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ring-fusion is time-consuming.46 Synthetic problems of thermal fusion reactions are the low product selectivity and 

severe ring-fusion conditions. The product selectivity is also a problem for the intramolecular ring-fusion reactions 

using Pd catalysts. 

 

1-4. Purpose of this research 

 In this research, the author has developed a facile synthetic method of novel quadruply fused porphyrins (QFPs), 

having four five-membered fused rings at the periphery, and has investigated their structural, aromatic and optical 

properties. QFP derivatives exhibit the expansion of the aromatic circuits to the fused meso-aryl groups, judging from 

the crystal structures and the ESR studies of the 1e–-reduced and 1e–-oxidized species. Furthermore, the impact of 

peripheral substitution of QFP on the structures and optical properties has been revealed. The author also has examined 

the effects of formation of ring-fused structure at the periphery on the properties of the metal center of the QFP-metal 

complexes and on the basicity of inner-imino nitrogen atoms of the freebase form. Furthermore, the nonlinear optical 

properties of QFP derivatives, having “push-pull” substituents, have been studied by the hyper-Rayleigh light-scattering 

method. Using the expanded π-conjugation circuit and the curved surface formed by the axial ligation of the metal 

center, QFP has been used as a host molecule for recognition of fullerenes in solution. 

 One of the advantages of QFP over other ring-fused porphyrin derivatives is the facile and efficient procedure 

for the preparation of QFP itself and its precursors. The ring-fusion reactions can be applied to a lot of porphyrins 

synthesized so far and having various functional groups, and the plentiful knowledge of porphyrin syntheses can be 

used to synthesize the ring-fusion precursors. Therefore, through the facile procedure, QFP derivatives exhibiting 

unique optical and electrochemical properties, which derive from the ring-fused structures, are easily prepared and they 

can be applied to optoelectronic devices. In addition, another interesting feature of QFP is the rhombic distortion around 

the metal center. As a result of the distortion, the mean length of the coordination bonds is elongated relative to those of 

the corresponding tetraphenylporphyrin complexes, which results in the increase of the Lewis acidity of the metal 

centers. Owing to the enhanced Lewis acidity, the metal center of the QFP metal complex can strongly hold axial 

ligands, and the axial ligation can induce a dome-like distortion of the QFP core plane, which is originally planar. 

Therefore, the two characteristic structures can be facilely switched by axial ligation, and resultantly, the functions and 

properties of QFP as supramolecular hosts can be controlled. Through this research, the author has provided a novel 

molecular design of functional molecules to develop the molecular devices utilizing a wide range of solar energy and 

exhibiting high efficiencies as optoelectronic materials. 
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Chapter 2 
 

Synthesis and characterization of multiply-fused porphyrins 

 

 

2-1. Introduction 

 π-Conjugated organic molecules exhibiting long-wavelength absorption and a high tendency to form 

intermolecular π-π stacking structures have attracted considerable attention due to their potential for application in 

organic semiconductors and organic photovoltaic cells.1-3 Tetraphenylporphyrin (TPP),4 a representative of synthetic 

porphyrins,5 and its derivatives are promising candidates as functional dyes for the purpose mentioned above, because 

of the highly-extended π-conjugation, facileness of the synthesis and introduction of functional groups, and the 

robustness among the organic dyes.4 TPP, however, cannot form strong intermolecular π-π stacking with the porphyrin 

core due to the steric repulsion of the meso-phenyl groups,6 and thus, it cannot be directly used to construct π-π stacked 

one-dimensional molecular wires, which are very important to construct molecule-based optoelectronic materials.7 On 

the other hand, modification of porphyrins by introduction of fused rings at the periphery of the porphyrin aromatic 

circuit has been intensively studied recently,8-14 because of the merits of the unique physical properties derived from the 

narrowed HOMO-LUMO gaps. The ring-fusion strategy has been successfully applied to obtain a chromophore 

showing an absorption band over 1400 nm based on one porphyrin unit,12 and by increasing the number of porphyrin 

units included in the fused π-systems, the longest absorption band can reach the infrared region below 3000 cm–1.13 In 

particular, meso-β-arene- fused derivatives10-14 exhibit larger red-shifts of the optical absorption bands and smaller 

HOMO-LUMO gaps, compared to β-β-arene fused derivatives.9 However, the ring-fusing reactions reported so far are 

highly limited and the synthetic procedures for the precursors are time-consuming. Herein, the author reports a facile 

and efficient procedure for the preparation of a quadruply ring-fused porphyrin (QFP, 4a, in Figure 2-1), in which the 

four meso-phenyl groups are covalently bonded to the β-carbons of the pyrrole rings at the ortho-positions. In addition, 

the ring-fused porphyrins are highly planar with expanded π-conjugation and are expected to show strong π-π stacking 

tendency and physical properties based on the narrowed HOMO-LUMO gaps. 

 

 
Figure 2-1. Molecular structures of fused porphyrins, 1 – 4. 
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2-2. Synthesis of porphyrins having five-membered fused rings 

 The ring-fusion reactions of zinc(II) 2,3,12,13,-tetrabromo-5,10,15,20-tetraphenylporpyrinate (5a)15 were 

conducted by direct C-H activation in the presence of a Pd catalyst.16 The key factor of the reaction is the selection of 

the Pd catalyst. The usual molecular Pd catalysts, such as Pd(PPh3)4, did not afford the fully fused product 4a, but the 

partially fused products, 1 and 2 (Table 2-1).14c In sharp contrast, when Pd-nanoclusters derived from [Pd(η3-C3H5)Cl]2 

were employed as the catalyst (Scheme 1),17 the quadruply fused 4a was obtained in 79% yield, accompanying the 

triply fused 3 as a minor product in 11% yield. The isolation of 4a was very easily performed on the basis of its low 

solubility in organic solvents; the reaction mixture was filtered to remove the Pd catalyst and other insoluble materials, 

and then the solvent of the filtrate was evaporated under vacuum. The residual solid was dissolved in THF and the 

remain ing  v io le t  so l id  was  f i l te red  to  g ive  a  red-brown f i l t ra te .  The  so l id  ob ta ined  main ly  

 

 

Scheme 2-1. Synthesis of a series of ring-fused porphyrin derivatives. 

 

included 4a and the recrystallization from THF-EtOH in the presence of one drop of pyridine to increase the solubility 

gave 4a with a pyridine molecule as an axial ligand (4a-py) in the pure form. In addition, the major component of the 

red-brown filtrate in THF was the triply fused 3 and further purification using preparative-scale thin-layer 

chromatography on silica gel, followed by recrystallization from THF-hexane, gave violet crystals of 3. The 

singly-fused 1 and doubly-fused 2 were also obtained from the reactions under different conditions using 

Pd-nanoclusters derived from Pd(OAc)2 as catalysts (entry 2 in Table 2-1). The doubly-fused porphyrin contains three 
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isomers, 7,22;18,40-fused, 2-cis, 7,22;17,34-fused, 2-trans, as well as 7,22;8,28-fused, 2’ (Figure 2-2). 2-cis and 2-trans 

were the major products and could be easily isolated by column chromatography. 

 

Table 2-1. Product yields of the ring-fused reactions dependent on the conditions. 
 

 Yield of products (%) 

Catalyst ZnTPP 1 2 3 4a 

Pd-clusters from [PdII(η3-C3H5)Cl]2 0 0 trace 11 79 

Pd-clusters from PdII(OAc)2 10 25 40 15 trace 

Pd0(PPh3)4 12 67 26 trace 0 

 

 
Figure 2-2. Structures of three isomers of the doubly-fused porphyrin. 

 

2-3. Structural characterization of ring-fused porphyrins 

 Characterization of the ring-fused porphyrins was performed using 1H NMR spectroscopy, MALDI-TOF-MS 

spectrometry, elemental analysis and X-ray crystallography (See below). The 1H NMR spectrum of 4a in DMSO-d6 

displayed a simple signal pattern reflecting the four-fold symmetric structure, and eight 1H NMR signals including three 

signals assigned to a free pyridine molecule18 were observed (Figure 2-3). Each signal of 4a was assigned on the basis 

of the 1H-1H COSY spectrum (Figure 2-4). The 1H NMR spectrum of 3 showed a relatively complicated pattern due to 

the low-symmetric structure (Figure 2-3b). 

 Recrystallization of 1 – 4a gave single crystals appropriate for X-ray diffraction analysis.19 The ORTEP 

drawings of 1-THF, 2-cis, 3, and 4a-py are shown in Figure 2-5. Compounds 1 and 4a had a THF and a pyridine (py) 

molecules, respectively, derived from the recrystallization solvents as axial ligands on the central ZnII ions, whereas 

2-cis and 3 did not have any axial ligand. As one of the characteristics of the ring-fused porphyrins in the crystal 

structures, the bond lengths between the central ZnII ion and the nitrogen atoms of the pyrrole rings involved in the 

ring-fused structures were much shortened than those for the ZnII and the nitrogen atoms of non-fused pyrrole rings 
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Figure 2-3. 1H NMR spectra of 4a (a) and 3 (b) in DMSO-d6. 

 
Figure 2-4. 1H-1H COSY spectrum of 4a in DMSO-d6. The sample solution of 4a included 1 equiv of pyridine for improving the 
solubility. 

 

 (Table 2-2); for instance, in 4a-py, the bond distances of Zn-N2 and Zn-N4 were found to be 1.894(2) Å and 1.900(2) 

Å, respectively, involving the fused-ring nitrogen atoms, whereas those of Zn-N1 and Zn-N3 were 2.196(5) Å and 

2.126(5) Å, respectively, involving the non-fused pyrrole nitrogen atoms. On the other hand, the Zn-N bond lengths in 

ZnTPP were almost identical.6 The difference in the Zn-N bond lengths observed for the fused and  
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Figure 2-5. ORTEP drawings of crystal structures of 1-THF (a), 2-cis (b), 3 (c), and 4a-py (d). The thermal ellipsoids are drawn with 
50% probability. 

 

non-fused pyrroles is probably caused by the rigidity of the fused ring structure, which results in shrinkage of the 

N2···N4 distance and elongation of the N1···N3 distance. The rhombic deformation of the porphyrin core by the ring 

fusion is confirmed by the density-functional-theory (DFT)-optimized structure of the free-base porphyrin of 4a (Figure 

2-6), where the N1···N3 distance is 4.59 Å and the N2···N4 distance is 3.43 Å. Another feature found in the crystal 

structures of the fused porphyrins was the long bond lengths between the ipso-carbon (Cipso) of the fused phenyl groups 

and the ortho-carbon (Co(fus)) of the same phenyl group in the ring-fused moieties (see Figure 2-5). The C-C bond 

lengths of non-fused phenyl groups and the C-C bond lengths except the Cipso-Co(fus) bond in the fused phenyl rings were 

almost equal to ca. 1.39 Å, whereas the Cipso-Co(fus) bond lengths were ca. 1.44 Å in common to all the crystal structures 

of the fused porphyrins. The elongation of the Cipso-Co(fus) bond by ca. 0.05 Å indicates that a single bond is localized 

between Cipso and Co(fus), and thus the π-conjugation circuit always avoids the Cipso-Co(fus) bond and the isolated 

aromaticity of the meso-phenyl groups is almost lost. Therefore, larger aromatic circuits soaking into the fused phenyl 

rings in the fused porphyrins are recognized in the crystal structures. The fused porphyrins obviously showed 

intermolecular π-π stacking in the crystal packing and the π-π stacking distances gradually shortened as the number of 

the fused rings increased. The THF-ligated 1 formed π-π stacked dimers, in which the interplanar distance of the two  
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Table 2-2. Selected bond lengths (Å) and angles (°) in the crystal structures of the fused porphyrins and ZnTPP 

 

 1-THF 2-cis-THFa 2-cis 3 4a-py ZnTPPb 

Zn-N1 2.113(5) 2.1543(13) 2.1372(16) 2.196(5) 2.277(2) 2.037(5) 

Zn-N2 2.003(5) 1.9652(14) 1.9619(16) 1.881(5) 1.894(2) 2.027(4) 

Zn-N3 2.078(5) 2.1044(13) 2.0768(15) 2.126(5) 2.268(2) — 

Zn-N4 1.993(4) 1.9567(13) 1.9503(16) 1.880(5) 1.900(2) — 

Zn-X 2.208(4) (O) 2.1930(13) (O) — — 2.079(3) (N) — 

C21-C22 1.433(9) 1.430(2) 1.427(3) 1.441(8) 1.437(4) 1.392(7) 

C27-C28 1.386(8) 1.391(2) 1.401(3) 1.438(8) 1.430(4) 1.375(7) 

C33-C34 1.366(8) 1.395(2) 1.388(3) 1.384(8) 1.443(4) — 

C39-C40 1.402(8) 1.431(2) 1.429(3) 1.430(8) 1.434(4) — 

∠C1-N1-C4 105.6(5) 106.54(13) 106.66(15) 107.0(5) 107.2(2) 106.6(4) 

∠C6-N2-C9 106.0(5) 105.77(13) 105.25(15) 104.1(5) 104.5(2) 106.0(4) 

∠C11-N3-C14 106.3(4) 107.11(13) 106.90(15) 108.1(5) 106.9(4) — 

∠C16-N4-C19 107.2(4) 105.85(13) 105.72(16) 105.5(5) 104.4(2) — 
a ref 14c. b ref 6. 

 

 

Figure 2-6. DFT-optimized structure of the freebase form of 4a. The bond lengths and atom distances are in Å. 
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porphyrins was 3.46 Å (Figure 2-7). On the other hand, compounds 2-cis and 3 having no axial ligands 

formedπ-stacked one-dimensional (1D) supramolecular arrays in the crystals (Figure 2-8 and 2-9). Both of the 1D 

arrays with 2-cis and with 3 exhibit two interplanar distances of 3.43 and 3.58 Å for 2-cis, and 3.28 and 3.36 Å for 3, 

respectively. With respect to the π-π stacking distances of the three crystal structures, the order is 1-THF (3.46 Å) > 

2-cis (3.43 Å) > 3 (3.28 Å). This order indicates that increasing the number of the fused rings enhances the planarity of 

the molecule and simultaneously increases the number of the π-electrons involved in the π-conjugation. Due to the axial 

pyridine ligand, 4a-py showed a dome-type distortion of the fully fused porphyrin ligand in the crystal structure and the 

porphyrin core did not exhibit any intermolecular π-π stacking (Figure 2-10). 

 
 

 
Figure 2-7. Description of the π-π stacking structure of 1-THF. Top (a) and side (b) views. In the top view, the carbon atoms of the 
behind molecule are orange-colored. 

 

 
Figure 2-8. Description of the π-π stacking structure of 2-cis. (a) Top and (b) side views. In the top view, the carbon atoms of the 
molecule in the second layer are green-colored and those of the molecule in the third layer are orange-colored. 
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Figure 2-9. Description of the π-π stacking structure of 3. Top (a) and side (b) views. In the top view, the carbon atoms of the 
molecule in the second layer are green-colored and those of the molecule in the third layer are orange-colored. 

 

 

Figure 2-10. The packing diagram of 4a-py from two directions. 

 

2-4. The contribution of partially antiaromatic resonance forms to magnetic properties 

 In the 1H NMR spectra of 1 – 4a and ZnTPP in DMSO-d6, increasing the number of fused rings causes the 

upfield shifts of the corresponding signals; for instance, the 1H NMR signals of protons at the β-positions of non-fused 

pyrroles, adjacent to fused phenyl rings (blue circles in Figure 2-11), were observed at δ 9.31 ppm for 1, 9.16 ppm for 

2-cis, 8.99 ppm for 2-trans, 8.62 ppm for 3 (the mean value of those for the three corresponding signals), and 8.34 ppm 

for 4a. This tendency seems contrary to the fact that the ring fusion makes the porphyrin molecules more planar and 
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Figure 2-11. 1H NMR spectra of the fused porphyrins in DMSO-d6 at 298 K; (a) ZnTPP, (b) 1, (c) 2-cis, (d) 2-trans, (e) 3, and (f) 4a. 

 

contribution of resonance structures involving anti-aromatic circuits.20-22 For instance, for quadruply fused 4a, 30π (4), 

26π (8), 22π (4) and 18π (2) aromatic circuits can be drawn (the numbers in parentheses indicate those of the circuit 

patterns having the number of π-electrons), whereas 24π (4) and 20π (4) anti-aromatic circuits can be expected 

simultaneously (Figure 2-12). In contrast to the aromatic and antiaromatic circuits expanding to the whole porphyrin 

molecule, more partial aromatic and anti-aromatic circuits such as 6π benzene rings (4), 8π azapentalene rings (4) and 

12π benzoazapentalene rings (4) can also be drawn. The numbers of possible resonance structures for the other 
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ring-fused porphyrins are summarized in Table 2-3 (see also Figure 2-13 to 2-15). These various resonance structures 

contribute to the magnetic properties of the ring-fused porphyrins depending on the stabilization energy of each 

resonance structure. In particular, the number of anti-aromatic resonance structures increases with the increasing 

number of the fused rings. This contributes to the up-field shifts of the 1H NMR signals upon increasing the number of 

the fusedrings. To elucidate the magnetic properties of the ring-fused porphyrins, DFT calculations have been 

performed on them to estimate nuclear-independent chemical shifts (NICS(1)23). The NICS(1) values were estimated at  

 

 
Figure 2-12. Possible resonance structures of 4a having different aromatic circuits. 
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Figure 2-13. Possible resonance structures of 3 having different aromatic circuits. 
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Figure 2-14. Possible resonance structures of 2-trans having different aromatic circuits. 
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Figure 2-15. Possible resonance structures of 2-cis having different aromatic circuits. 
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Figure 2-16. Possible resonance structures of 1 having different aromatic circuits. 

 

various positions of the ring-fused porphyrins as summarized in Table 2-4. Negative NICS(1) values indicate diatropic 

(aromatic) current effects working at the positions and the positive values indicate paratropic (antiaromatic) current 

effects. The NICS(1) values for the centers of the six-membered chelate rings of the porphyrin core (position D) and for 

the centers of the non-fused pyrrole rings (position E) are largely negative, which is common for all the fused 

porphyrins, indicating the existence of strong aromatic currents in the porphyrin cores. Moreover, the NICS(1) values 

increased with increasing the number of fused rings. On the other hand, the five-membered rings formed by the 

ring-fusion exhibit largely positive values at the centers (position A). The positive values at position A can be 

accounted for by two factors; (1) the five-membered rings are positioned at the outside of the strong aromatic currents 

of the porphyrin cores, and (2) simultaneously, are involved in the antiaromatic circuits formed by the ring fusion. In  
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Table 2-3. Summary for the numbers of possible resonance structures having different aromatic and antiaromatic circuits for the 
fused porphyrin derivatives 

Number of π-electrons 1 2-cis 2-trans 3 4a 

 Aromatic and antiaromatic circuits with the whole porphyrin structure 

18π 2 2 2 2 2 

20π 1 2 2 3 4 

22π — 1 1 2 4 

24π 1 2 2 3 4 

26π — 2 2 4 8 

30π — 1 1 2 4 

      

 Aromatic and antiaromatic circuits with the partial structure 

6π 4 4 4 4 4 

8π 1 2 2 3 4 

12π 1 2 2 3 4 

 
Table 2-4. NICS(1) values of ZnTPP and the zinc(II) complexes of the fused porphyrins 

 

 A B C D E F G 

ZnTPP – – – -15.00 -8.56 – +1.81 

1 +12.72 – –1.24 –12.09 a -9.55 a -2.81 +1.03 

2-cis +9.66 – -1.81 -9.60 a -8.55 a -4.01 +0.17 

2-trans +11.66 – -1.16 -10.75 a -9.01 -3.19 +0.05 

3 +12.37 a +6.29 -1.60 -8.59 a -7.44 a -2.47 a -0.53 

4a +10.85 +6.21 – -7.19 -7.33 -3.31 — 

a Mean values of those for corresponding positions. 

 

comparison with the NICS(1) values at the outside of the porphyrin aromatic circuits (position G), those at position A 

are quite larger and thus the positive values are mainly derived from the anti-aromatic contributions. Additionally, the 

NICS(1) values at the centers of the fused pyrroles (position B and C) gradually increase with increase in the number of 

the fused rings, from a negative value for 1 to a positive value for 4a. The tendencies are well matched with the 1H 

NMR observations (see above) and well explained with the contribution of the anti-aromatic resonance structures. 
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2-5. Optical spectroscopic characterization of a series of fused porphyrins 

 The fused porphyrins show more bathochromically shifted absorption bands by increasing the number of fused 

rings, indicating the expansion of π-conjugation circuits of the porphyrins. The narrowing of the HOMO-LUMO gaps 

with increasing the number of fused rings was also reflected on the redox potentials of the fused porphyrins and the 

values obtained by DFT calculations (Table 2-5); the HOMO-LUMO gaps obtained from the three methods linearly 

correlated with each other. In addition, the molar coefficients of the absorption bands and the total oscillator strengths 

decreased with increasing the number of fused rings. This tendency can be also explained by the contribution of the 

aforementioned anti-aromatic circuits; i.e. the anti-aromatic molecules exhibit smaller molar extinction coefficients,  

 
Table 2-5. Summary of HOMO-LUMO gaps obtained the UV-Vis spectroscopy, electrochemical studies and DFT calculations for 
the ring-fused porphyrins 

 Oscillator Strength Δ(HOMO-LUMO), eV 

 Soret Q total CVa UV-Vis-NIRb DFT 

ZnTPP 
1.497 

(389 – 444 nm)c 

0.123 

(497 – 647 nm)c 
1.620 2.19 2.07 2.86 

1 
1.110 

(430 – 538 nm)c 

0.103 

(540 – 821 nm)c 
1.213 1.81 1.60 2.41 

2-cis 
0.884 

(374 – 475 nm)c 

0.077 

(621 – 851 nm)c 
0.961 1.73 1.56 2.37 

2-trans 
1.149 

(445 – 614 nm)c 

0.128 

(615 – 967 nm)c 
1.277 1.45 1.39 2.07 

3 
0.568 

(495 – 676 nm)c 

0.059 

(690 – 1130 nm)c 
0.627 1.42 1.30 2.04 

4a 
0.499 

(513 – 693 nm)c 

0.039 

(720 – 1155 nm)c 
0.538 1.32 1.21 1.94 

a Obtained from the difference between the first oxidation and first reduction potentials. b Obtained from the wavelength of the 
lowest absorption band. c The oscillator strength was calculated with the wavelength range indicated in the parenthesis. 
 

because the paratropic character makes the electronic transition spin-forbidden.24 To rationalize the observed spectral 

properties, the electronic absorption spectra were calculated using the TD-DFT method at the B3LYP/6-31G(d) level 

using the corresponding DFT-optimized structures of the fused porphyrins. The calculated electronic transition 

wavelengths and intensities are summarized in Table 2-6 and are schematically depicted in Figure 2-18. The calculated 

stick spectra in Figure 2-18 reproduce the excitation wavelengths and intensities of the experimental spectra. The lowest 

absorption bands of the fused porphyrins commonly derive from the HOMO-to-LUMO π-π* transitions (Figure 2-19 

and 2-20).25   

To gain in-depth insight into the electronic structures of the ring-fused porphyrins based on spectroscopic 

techniques, their magnetic circular dichroism (MCD) spectra were measured in DMF (Figure 2-17).26-28 Due to the 

molecular symmetries being lower than C3, the MCD signals consist of Faraday B terms. Despite the less intense and  

more complicated MCD signal patterns compared to those of regular porphyrins, which can also be accounted for in  
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Table 2-6. TD-DFT results for low-energy π-π* states of the ring-fused porphyrin derivatives a 

compound wavelength, nm oscillator strength contribution (weight %)b 

1 652.91 0.0347 H→L (85), H–1→L+1 (10) 

 476.70 0.0982 H–1→L+1 (43), H–2→L (39), H→L+1 (6) 

 425.07 0.8041 H–1→L (33), H→L+1 (28), H–2→L+1 (18) 

2-cis 674.00 0.0032 H–1→L (55), H→L+1 (44) 

 671.24 0.0169 H→L (82), H–1→L+1 (16) 

 567.23 0.0760 H–1→L+1 (73), H–2→L (10), H→L (10) 

 484.07 0.6550 H→L+1 (43), H–1→L (33), H–3→L (18) 

2-trans 766.49 0.0471 H→L (90), H–1→L+1 (6) 

 480.73 0.2510 H–1→L+1 (41), H–3→L (29), H–1→L (16) 

 443.79 0.5036 H–4→L (39), H–4→L+1 (18), H→L+1 (14) 

 429.24 0. 7010 H–4→L (51), H–1→L (15) 

3 812.01 0.0162 H→L (92), H–1→L+1 (5) 

 590.67 0.0310 H–1→L+1 (66), H–2→L (10), H–3→L (9) 

 518.38 0.6563 H→L+1 (33), H–2→L+2 (26), H–1→L (21) 

 407.17 0.4693 H–5→L+1 (33), H–4→L (32), H–1→L+2 (13) 

4a 884.12 0.0061 H→L (94) 

 818.53 0.0056 H–1→L (70), H→L+1 (29) 

 534.38 0.9019 H→L+1 (64), H–1→L (26) 

 461.65 0.3157 H–4→L (79), H–1→L+1 (8), H–2→L+2 (8) 

 402.97 0.5580 H–6→L (67), H–3→L+2 (22) 
a At the B3LYP/6-31G(d) level of theory. b H = HOMO, L = LUMO. 

 

terms of contributions from other resonance structures to the electronic structures of these compounds, changes in the 

MCD sign sequence can be observed upon increasing the number of fused rings. In the Q-band region, 1 and 2-cis show 

a negative to positive sign sequence (–, +) in ascending energy, which becomes less intense and unclear for 2-trans,and 

finally the reverse sign sequence (+, –) was observed for 3 and 4a. According to the Michl’s perimeter model for 

predicting MCD signs,26,29 which was successfully applied by Djerassi et al. to explain the sign sequence of reduced 

porphyrins such as chlorin and bacteriochlorin, (–, +) and (+, –) sequences in ascending energy related to the cases of 

ΔHOMO > ΔLUMO and ΔHOMO < ΔLUMO, respectively (ΔHOMO and ΔLUMO stand for the energy gap between 

HOMO and HOMO–1 and that between LUMO and LUMO+1, respectively).29,30 It was also demonstrated that in the 

case of ΔHOMO ≈ ΔLUMO, the MCD signal in the Q band region becomes (–, –) and basically very weak.30 By 

applying this structure-spectrum correlation to the fused porphyrin systems presented here, it can be proposed that the 

degeneracy of the LUMO and LUMO+1 of the D4h-type porphyrin macrocycle is loosened with the increasing number 

of fused rings, i.e. ΔHOMO > ΔLUMO for 1 and 2-cis, ΔHOMO ≈ ΔLUMO for 2-trans, and ΔHOMO < ΔLUMO for 3 

and 4a (Figure 2-20). In addition, DFT calculations on the fused porphyrins supported well the relative energy changes  
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Figure 2-17. MCD (top) and experimental absorption (middle) spectra, recorded in DMF at room temperature, and calculated 
transition energies and oscillator strengths (f) obtained with TD-DFT calculations at the B3LYP/6-31G(d) level of theory (bottom) of 
1 (a), 2-cis (b), 2-trans (c), 3 (d) and 4a (e). The dashed lines in the calculated stick spectra at the bottom indicate the experimental 
absorption spectra of the corresponding porphyrins in DMF. 
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Figure 2-18. The frontier orbitals related to the lowest-energy absorption bands with the transition energies and oscillator strengths 
(f) for 1 (a), 2-cis (b), 2-trans (c), 3 (d) and 4a (e), obtained from TD-DFT calculations at the B3LYP/6-31G(d) level of theory. 

 
Figure 2-19. The frontier four orbitals of 1 (a), 2-cis (b), 2-trans (c), 3 (d) and 4a (d), obtained from DFT calculations at the 
B3LYP/6-31G(d) level of theory. 
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of the four frontier orbitals and implied that the increase of ΔLUMO is caused by stabilization of the LUMO by the ring 

fusion (Figure 2-20). 

 

2-6. Oxidation and reduction of ring-fused porphyrins 

 To confirm the electronic effects of the ring-fusion on the porphyrin π-conjugation, the author has measured the 

electronic absorption spectra and cyclic and differential-pulse voltammograms (CV and DPV) of the fused porphyrins  

 

 

Figure 2-20. Illustrations of the MCD band sign patterns predicted by the Michl’s perimeter model for the separations of the energy 
levels of the frontier orbitals obtained for 1 – 4a. Energy levels given in the figure were obtained by DFT calculations at the 
B3LYP/6-31G(d) level of theory.  

 

(Figure 2-17). Due to the low solubility of 3 and 4a into CH2Cl2 and CHCl3that are typical good solvents for porphyrins, 

dimethylformamide (DMF) was employed as the solvent for absorption spectroscopy and electrochemical 

measurements. All the fused porphyrins exhibited reversible first-oxidation and first-reduction waves in DMF, and 

reversible or pseudo-reversible second-oxidation and second-reduction waves (Figure 2-21). HOMO-LUMO gaps 

obtained from the first oxidation and the first reduction potentials become narrower with increasing the number of fused 

rings. It should be noted that the lowering of the LUMO level by ring-fusion was more remarkable than the rise of the 

HOMO level; for instance, the difference of the first reduction potentials between 4a (–0.67 V) and ZnTPP (–1.36 V) 

was 0.69 V, whereas that of the first oxidation potentials of 4a (+0.65 V) and ZnTPP (+0.83 V) was 0.18 V (Table 2-7). 

 To confirm the large effect of the ring-fusion on the LUMO level, the author conducted DFT calculations on 4a. 

As a result, it was indicated that the HOMO was delocalized mainly on the porphyrin core, whereas the LUMO was 

expanded to the ring-fused moieties (Figure 2-19). Therefore, the energy level of LUMO is strongly affected by the 

degree of ring-fusion, compared to that of HOMO. To elucidate the electronic structures of ZnQFP in detail,  
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Figure 2-21. Cyclic (above) and differential-pulse (below) voltammograms of the fused porphyrins in DMF containing 0.1 M 
TBAPF6 as an electrolyte at room temperature: (a) 1, (b) 2-cis, (c) 2-trans, (d) 3, and (e) 4a. 

 

Table 2-7. Summary for optical and electrochemical data for the fused porphyrins. 

 λmax (B)a λmax (Q)b Red2c Red1c,d Ox1c,d Ox2c Ox1 – Red1 

1 471 773 –1.53 –1.08 +0.73 +0.97 1.81 

2-cis 532 889 –1.40 –1.01 +0.72 +1.08 1.73 

2-trans 489 895 –1.23 –0.83 +0.62 +0.86 1.45 

3 580 955 –1.11 –0.77 +0.65 +0.96 1.42 

4a 592 1021 –0.94 –0.67 +0.65 +0.96 1.32 

ZnTPP 425 599 –1.77 –1.36 +0.83 +1.03 2.19 
a Wavelengths (nm) of the largest Soret-like bands in DMF. b Wavelengths (nm) of the longest Q-like bands in DMF. c Redox 
potentials (V vs SCE) were determined with the peak potentials in DPV. d Half-wave potentials. 

 

electron-spin resonance (ESR) spectra of the 1e–-oxidized and 1e–-reduced species of ZnQFP were measured in THF 

(Figure 2-22). As a ZnQFP derivative, mesityl-substituted 4b, was employed for the ESR studies to ensure the 

solubility in THF and to preclude the association among the radical species. The cyclic and differential-pulse 

voltammograms (CV and DPV) of 4b measured in THF indicated the rest potential to be +0.13 V vs SCE and exhibited 

four reversible redox couples at –0.98, –0.60, +0.86, and +1.23 V vs SCE (Figure 2-23), and all of the four redox waves 

were considered to be 1e– processes. Thus, the first oxidation and reduction potentials of 4b are +0.86 and –0.60 V vs 
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SCE, respectively. The 1e–-oxidized species of 4b (4b•+) was formed by the addition of 1 equiv of 

tris(4-bromophenyl)aminium hexachloroantimonate (TBPAH; Ered = +1.31 V vs SCE)31 as an oxidant to the solution of 

4b in THF in an ESR tube. The ESR spectrum of 4b•+ at 298 K exhibited no hyperfine structure due to the nitrogen 

nuclei. This result is in stark contrast to that of ZnTPP;32 the ESR signal of 1e–-oxidized ZnTPP in CH2Cl2 at 298 K was 

split into nine lines due to the hyperfine coupling of the four nitrogen nuclei (AN = 1.55 G). The ESR spectrum of 4b•+ 

was simulated and the signal broadening can be elucidated by the hyperfine couplings of the peripheral hydrogen nuclei 

(AH = 0.98 G). On the other hand, the ESR signal of 1e–-reduced species of 4b (4b•–), which was formed using 1 equiv 

of decamethyl-cobaltocene (Co(Cp*)2; Eox = –1.30 V vs SCE)33 as a reductant in THF at 222 K, exhibited a five-peaked 

hyperfine splitting pattern due to the coupling of two of the nitrogen nuclei (Figure 2-22). The simulation of the ESR 

signal was performed to indicate that the hyperfine coupling constants, AN and AH, are 1.43 and 0.77 G, respectively. 

The hyperfine splitting patterns are quite different between the reduced species of ZnQFP and ZnTPP. In the ESR 

spectrum of 1e–-reduced ZnTPP (ZnTPP•–) in THF at room temperature, a relatively broadened and isotropic signal was 

observed without any hyperfine splitting due to the nitrogen nuclei.33 The difference in the hyperfine splitting patterns 

between ZnQFP and ZnTPP can be accounted for on the basis of the distribution of the SOMOs obtained by DFT 

calculations. The SOMO of ZnTPP•+ shows a2u symmetry and has a large spin density on the inner four nitrogen  

 

 
Figure 2-22. Experimental (top) and simulated (bottom) ESR spectra of the π-radical cation (a) and anion (b) obtained from the 
chemical oxidation and reduction of 4b in THF. The former was formed with TBPAH as the oxidant and the latter with Co(Cp*)2 as 
the reductant. 

 

atoms,35 whereas that of ZnQFP•+ has a1u symmetry, expanding to the fused phenyl rings, and shows no spin density on 

the four nitrogen atoms (Figure 2-24). Therefore, the ESR signal of ZnQFP•+ does not exhibit hyperfine splitting due to 

the nitrogen nuclei. On the other hand, calculations on ZnTPP•– afforded the b1g symmetric SOMO without electron 

density on the four nitrogen atoms.36 In contrast, the SOMO of ZnQFP in the b1g symmetry possesses electron density 

a) b)
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on the two nitrogen atoms of the non-fused pyrroles (Figure 2-24b). Thus, the ESR signal of ZnQFP shows hyperfine 

splitting due to the two nitrogen nuclei. 

 

 

Figure 2-23. Cyclic (above) and differential-pulse (below) voltammograms of 4b in THF at room temperature in the presence of 
[(n-Bu)4N](PF6) (0.1 M) as an electrolyte. 

 

Figure 2-24. SOMOs of 1e–-oxidized (a) and 1e–-reduced species (b) of 4a calculated at the B3LYP/6-31G(d) level of theory. 

 

2-7. Summary 

 The author has synthesized a novel quadruply-fused porphyrin with a facilely prepared precursor in a high yield. 

In addition, partly-ring-fused porphyrin derivatives have been isolated and fully characterized by spectroscopic and 

X-ray diffraction analysis. The crystal structures revealed the expansion of the π-conjugation circuits to the fused 

meso-phenyl groups as evidenced by the bond lengths between the ipso-carbon and the ortho-carbon bonded to the 

β-pyrrole carbon. In the crystal packing, the fused porphyrins exhibited strong intermolecular π-π stacking, reflecting 

the highly planar structures. The author has clarified the significant effects of the ring fusion on the electronic structures 

of the porphyrin derivatives due to the expansion of the π-conjugated aromatic circuits to the fused meso-aryl groups. 
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The expansion of the π-conjugated circuits also results in the unique aromatic and magnetic properties of the porphyrin 

derivatives, and causes not only the remarkable red shifts of the absorption bands derived from the narrowed 

HOMO-LUMO gaps, but also the contribution of antiaromatic resonance forms to the magnetic properties as observed 

in the 1H NMR spectra. 

 

2-8. Experimental section 

General. 

 Chemicals and solvents were used as received from commercial sources unless otherwise mentioned. 

1,4-dioxane for the synthesis was distilled over Na/benzophenone. DMF for the electrochemical measurements was 

distilled before use. Tetarabuthylammmonium Acetate (TBAOAc) was recrystallized from CH2Cl2/hexane. Zinc(II) 

2,3,12,13,-tetrabromo-5,10,15,20-tetraphenyl- porpyrinate (5a) was synthesized in accordance with the reported 

procedure.15 1H NMR measurements were performed on a Bruker AVANCE400 spectrometer. UV-vis absorption 

spectra were measured at room temperature in DMF on a Shimadzu UV-3600 spectrophotometer. MALDI-TOF- MS 

spectrometry was performed on an AB SCIEX TOF/TOF 5800 spectrometer by using dithranol as a matrix. 

Electrochemical measurements were performed on ALS/CH instruments electrochemical analyzer model 710D. 

 

Synthesis. 

Procedure of Pd-catalyzed fused reactions using Pd-nanoclusters with [Pd(η3-C3H5)Cl]2. A solution of TBAOAc 

(627 mg, 2.08 mmol), [Pd(η3-C3H5)Cl]2 (3.53 mg, 9.65 µmol), molecular sieves 4A (70 mg), and potassium carbonate 

(279 mg, 2.03 mmol) in 1,4-dioxane (1.0 mL) was heated at 110 ºC for 3 min. After the color of the solution changed to 

black, 5a (49.8 mg, 50 µmol) was quickly added to the solution. After stirring for 11 h, the reaction mixture was cooled 

to ambient temperature. The volatiles were removed under vacuum and the residual solid was washed with water. The 

solid was dissolved in pyridine and the precipitate including the palladium catalyst was filtered off. The filtrate was 

dried under vacuum to give black powder. The black powder was recrystallized from the THF solution in the presence 

of one drop of pyridine by depositing EtOH vapor as a poor solvent. The crystals obtained was filtered and washed with 

THF to give a red-purple filtrate. The remaining dark red solid mainly involved 4a and the further recrystallization by 

vapor deposition of EtOH to the THF solution in the presence of one drop of pyridine to give pure 4a (29.9 mg, 40 

µmol, 79%). In addition, the major component of the red-purple filtrate in THF was 3 and further purification by 

preparative thin-layer chromatography on silica gel (PLC Silica gel 60 F254, 1 mm) using THF/toluene (1:10, v/v) as an 

eluent. The recrystallization from THF/hexane gave dark violet powder of 3 (3.86 mg, 5.7 µmol, 11%). 

Procedure of Pd-catalyzed fused reactions using Pd-nanoclusters with Pd(OAc)2. A solution of TBAOAc (627 mg, 

2.08 mmol), palladium acetate (4.81 mg, 21 µmol), triphenylphosphine (10.5 mg, 40 µmol), molecular sieves 4A (70 

mg), potassium carbonate (280 mg, 2.03 mmol), and 5a (50.2 mg, 51 µmol) in 1,4-dioxane (1.0 mL) was stirred at 110 

ºC for 16 h. The reaction mixture was cooled to ambient temperature, and filtered, then washed with water. The 

red-brown powder was chromatographed on a silica gel column by using CH2Cl2/hexane (1:1, v/v) as an eluent to give 
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ZnTPP (3.3 mg, 18 µmol, 10%), 1 (8.7 mg, 13 µmol, 25%), 2 and the isomers (13 mg, 20 µmol, 40%), and 3 (5.0 mg, 

7.4 µmol, 15%). 

Zinc(II) singly-fused porphyrinate (1).14a 1H NMR (DMSO-d6): δ 9.31 (d, J = 4.8 Hz, 1H, 3-β-H), 8.47 (d, J = 4.8 Hz, 

1H, 2-β-H) , 8.35 (d, J = 4.4 Hz, 1H, β-H), 8.31 – 8.30 (m, 2H, β-H), 8.23 (d, J = 4.4 Hz, 1H, β-H), 8.20 (d, J = 7.7 Hz, 

1H, 26-phenyl-H), 8.07 – 8.00 (m, 6H, o-Ph-H), 7.83 (s, 1H, 8-β-H), 7.81 – 7.67 (m, 9H, m, p-Ph-H), 7.42 (d, J = 7.7 

Hz, 1H, 23-Ph-H), 7.04 (t, J = 7.7 Hz, 1H, 25-Ph-H), 6.91 (t, J = 7.7 Hz, 1H, 24-Ph-H). UV-vis (DMF): λmax [nm] (log 

(ε, M–1 cm–1)) = 408 (4.67), 451 (4.82), 471 (5.15), 514 (4.43), 562 (3.48), 602 (3.89), 654 (3.56), 704 (3.59), 773 (3.43). 

MS (MALDI, dithranol matrix): m/z = 676.2 (calcd. for [M]+: 676.1). 

Zinc(II) cis-Doubly-fused porphyrinate (2-cis).14c 1H NMR (DMSO-d6): δ 9.16 (s, 2H, 

2,3-β-H), 8.18 (d, J = 7.4 Hz, 2H, 26,44-Ph-H), 7.92 – 7.89 (m, 4H, o-Ph-H), 7.78 (s, 2H, 

12,13-β-H), 7.74 – 7.65 (m, 6H, m, p-Ph-H), 7.52 (s, 2H, 8,17-β-H), 7.41 (d, 2H, J = 7.4 Hz, 

23,41-Ph-H), 7.07 (t, J = 7.4 Hz, 2H, 25,43-Ph-H), 6.94 (t, J = 7.4 Hz, 2H, 24,42-Ph-H). 

UV-vis (DMF): λmax [nm] (log (ε, M–1 cm–1)) = 360 (4.43), 408 (4.67), 454 (4.51), 500 (4.70), 

532 (5.04), 580 (4.18), 667 (3.85), 795 (3.32), 889 (2.46). MS (MALDI, dithranol matrix): 

m/z = 674.1 (calcd. for [M]+: 674.1). 

Zinc(II) trans-doubly-fused porphyrinate (2-trans).14c 1H NMR (DMSO-d6): δ 8.99 (d, J = 4.2 Hz, 2H, 12-β-H), 8.17 

(d, J = 4.2 Hz, 2H, 13-β-H), 8.11 (d, J = 7.7 Hz, 2H, 29,41-Ph-H), 8.00 – 7.90 (m, 4H, o-Ph-H), 7.75 – 7.66 (m, 6H, m, 

p-Ph-H), 7.56 (s, 2H, 7,17-β-H), 7.36 (d, 2H, J = 7.7 Hz, 32,44-Ph-H), 7.02 (t, J = 7.7 Hz, 2H, 30,42-Ph-H), 6.91 (t, J = 

7.7 Hz, 2H, 31,43-Ph-H). UV-vis (DMF): λmax [nm] (log (ε, M–1 cm–1)) = 432 (4.58), 489 (5.08), 522 (4.69), 643 (3.97), 

799 (3.71), 895 (3.75). MS (MALDI-TOF, dithranol matrix): m/z = 674.1 (calcd. for [M]+: 674.1). 

Zinc(II) triply-fused porphyrinate (3). 1H NMR (DMSO-d6): δ 8.81 (d, J = 4.8 Hz, 1H, 3-β-H), 8.67 (d, J = 4.8 Hz, 

1H, 2-β-H), 8.38 (d, J = 4.6 Hz, 1H, 12-β-H), 8.06 (d, J = 7.4 Hz, 1H, 44-Ph-H), 7.82 (dd, J = 9.4, 3.7 Hz, 2H, o-Ph-H), 

7.76 (d, J = 7.1 Hz, 1H, 32-Ph-H), 7.69 – 7.66 (m, 3H, m, p-Ph-H), 7.65 – 7.64 (m, 2H, 13- β-H, 26-Ph-H), 7.35 (d, J = 

7.4 Hz, 1H, 41-Ph-H), 7.28 (s, 1H, 17-β-H), 7.15 (d, J = 7.1 Hz, 1H, 29-Ph-H), 7.10 (d, J = 6.4 Hz, 1H, 23-Ph-H), 7.04 

(t, J = 7.4 Hz, 1H, 43-Ph-H), 6.95 – 6.75 (m, 5H, 24,25,30,31,42-Ph-H). UV-vis (DMF): λmax [nm] (log (ε, M–1 cm–1)) = 

320 (4.43), 374 (4.32), 447 (4.45), 580 (4.62), 721 (3.68), 846 (3.41), 955 (3.20). MS (MALDI, dithranol matrix): m/z = 

672.1 (calcd. for [M]+: 672.1). Anal. calcd. for C44H22N4Zn·0.5H2O·1.5THF·1.5DMSO: C 70.23, H 4.89, N 6.18; 

found: C 69.96, H 4.68, N 5.98. 

Zinc(II) quadruply-fused porphyrinate (4a). 1H NMR (DMSO-d6): δ 8.34 (s, 4H, 2, 3,12,13-β-H), 7.70 (d, J = 7.4 Hz, 

4H, 26,32,38,44-Ph-H), 7.14 (d, J = 7.4 Hz, 4H, 23,29,35,41-Ph-H), 6.89 (t, J = 7.4 Hz, 4H, 25,31,37,43-Ph-H), 6.82 (t, 

J = 7.4 Hz, 4H, 24,30,36,42-Ph-H). UV-vis (DMF): λmax [nm] (log (ε, M–1 cm–1)) = 323 (4.34), 406 (4.38), 489 (4.20), 

592 (4.65), 770 (3.51), 867 (3.26), 1021 (3.00). MS (MALDI, dithranol matrix): m/z = 670.0 (calcd. for [M]+: 670.0). 

Anal. calcd. for C44H20N4Zn·3H2O· 0.25pyridine·0.5DMF: C 71.95, H 3.97, N 8.53; found: C 71.92, H 3.71, N 8.32. 

Zinc(II) 24,30,36,42-tetramesityl-quadruply-fused porphyrin (4b). A ring-fusion reaction according to the general 

procedure mentioned above was performed utilizing 5b (73 mg, 50 µmol) as a starting material to obtain 4b. After 
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filtration, the precipitate obtained was chromatographed on a bio-beads S-X1 gel using THF as an eluent. The second 

moving fraction was collected and the solvent was removed under vacuum. The residual solid was recrystallized from  

 

 
Scheme 2-2. Synthesis of quadruplly fused porphyrin derivative, 4b. 

THF/ethanol (1:3, v/v) and dried under vacuum to give pure 4b (42 mg, 37 µmol, 74%). m.p.: >300 ºC. 1H NMR 

(DMSO-d6): δ 8.35 (s, 4H, 2, 3,12,13-β-H), 7.71 (d, J = 7.6 Hz, 4H, 26,32,38,44-Ph-H), 6.95 (s, 4H, 23,29,35,41-Ph-H), 

6.90 (s, 8H, m-mesityl-H), 6.54 (d, J = 7.6 Hz, 4H, 25,31,37,43-Ph-H), 2.23 (s, 12H, mesityl-p-CH3), 2.11 (s, 24H, 

mesityl-o-CH3). UV-vis (THF): λmax [nm] (log (ε, M–1 cm–1)) = 320 (4.61), 412 (4.65), 437 (4.62), 598 (4.98), 616 

(4.97), 775 (3.80), 918 (3.38), 1046 (3.15). MS (MALDI-TOF, dithranol matrix): m/z = 1140.4 (calcd. for [M]+: 

1140.8). Anal. calcd. for C80H60N4Zn·5H2O·CH2Cl2: C 73.83, H 5.51, N 4.25; found: C 73.64, H 5.70, N, 3.98. 

 

 

Scheme 2-3. Synthesis of a precursor of the porphyrin derivative, 5b. 

 

5,10,15,20-Tetrakis(4-mesitylphenyl)porphyrin (6b).37 To the solution of 9 (3.15 g, 15 mmol) in CH2Cl2 (1.5 L) was 

added pyrrole (1.04 mL, 15 mmol), and subsequently, trifluoroacetic acid (2.24 mL, 30 mmol), and the reaction mixture 

was stirred at room temperature for 3 h. To the resultant solution was added DDQ (= 

2,3-dichloro-5,6-dicyanobenzoquinone; 1.71 g, 7.5 mmol) and the reaction mixture was further stirred at room 

temperature for 1 h. The reaction mixture was poured onto an alumina pad and eluted with CH2Cl2 until the eluting 

solution became pale brown. The solvent was removed under vacuum to give a purple solid. The resulting purple 
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powder was chromatographed on a silica gel column using CH2Cl2/hexane (3:4, v/v) as an eluent. The red purple 

fraction was collected and the solvent was removed under vacuum. The residual solid was recrystallized from 

CH2Cl2/CH3OH (1:3, v/v) and dried under vacuum to yield 6b (843 mg, 0.77 mmol, 21%). 1H NMR (CDCl3): δ 8.99 (s, 

8H, β-H), 8.30 (dd, J = 6.3, 1.9 Hz, 4H, ο-phenyl-H), 7.54 (dd, J = 6.3, 1.9 Hz, 8H, m, p-phenyl-H), 7.12 (s, 8H, 

m-mesityl-H), 2.44 (s, 12H, mesityl-p-CH3), 2.36 (s, 24H, mesityl-o-CH3), –2.65 (br s, 2H, inner NH). UV-vis (CHCl3): 

λmax [nm] = 648, 593, 553, 518, 421. MS (MALDI-TOF, dithranol matrix): m/z = 1150.85 (calcd. for [M]+: 1150.84). 

2,3,12,13-Tetrabromo-5,10,15,20-tetrakis(4-mesitylphenyl)porphyrin (7b). To a solution of 6b (799 mg, 0.74 

mmol) in ClCH2CH2Cl (160 mL) was added recrystallized N-bromosuccinimide (NBS) (768 mg, 4.4 mmol) and the 

reaction mixture was refluxed for 4 h. After cooling to room temperature, the reaction mixture was washed with water 

to remove any soluble succinimide impurities. The brown-colored solid was chromatographed on a silica gel column 

using toluene/hexane (3:2, v/v) as an eluent. The second moving fraction was collected and the solvent was removed 

under vacuum. The residual solid was recrystallized from CH2Cl2/CH3OH (1:3, v/v) and dried under vacuum to yield 7b 

(567 mg, 0.40 mmol, 54%). 1H NMR (CDCl3): δ 8.87 (s, 4H, β-H), 8.26 (d, J = 8.0 Hz, 4H, ο-phenyl-H), 7.57 (d, J = 

8.0 Hz, 8H, m-phenyl-H), 7.11 (s, 8H, m-mesityl-H), 2.43 (s, 12H, mesityl-p-CH3), 2.33 (s, 24H, mesityl-o-CH3), –2.70 

(br s, 2H, inner NH). UV-vis (CHCl3): λmax [nm]= 690, 539, 442. MS (MALDI-TOF, dithranol matrix): m/z = 1403.2 

(calcd. for [M + H]+: 1403.2). 

Zinc(II) 2,3,12,13-tetrabromo-5,10,15,20-tetrakis(4-mesitylphenyl)porphyrinate (5b). To a solution of 7b (301 mg, 

0.21 mmol) in CHCl3 (50 mL), was added a suspension of Zn(OAc)2·2H2O (230 mg, 1.1 mmol) in CH3OH (20 mL) and 

the reaction mixture was refluxed for 3 h. The reaction mixture was poured into water and the organic phase was 

separated and then dried over Na2SO4. After removing the solvent, the resulting red-purple powder was 

chromatographed on a silica gel column by using CHCl3/ hexane (3:1, v/v) as an eluent. The second moving fraction 

was collected and the solvent was removed under vacuum. The residual solid was recrystall 5b (297 mg, 0.20 mmol, 

95%). 1H NMR (CDCl3): δ 8.95 (s, 4H, β-H), 8.13 (d, J = 7.8 Hz, 4H, ο-phenyl-H), 7.51 (d, J = 7.8 Hz, 8H, 

m-phenyl-H), 7.11 (s, 8H, m-mesityl-H), 2.43 (s, 12H, mesityl-p-CH3), 2.35 (s, 24H, mesityl-o-CH3). UV-vis (CHCl3): 

λmax [nm] = 610, 568, 437. MS (MALDI-TOF, dithranol matrix): m/z = 1466.6 (calcd. for [M + 2H]+: 1466.2). 

2,4,6-Trimethylphenylboronic Acid (8). This compound was synthesized according to the literature procedure.38 1H 

NMR (DMSO-d6): δ 8.05 (s, 2H, OH-H), 6.73 (s, 2H, m-mesityl-H), 2.22 (s, 6H, mesityl-o-CH3), 2.19 (s, 3H, 

mesityl-p-CH3). 

Mesityl-benzaldehyde (9). This compound was synthesized according to the literature procedure of a similar 

compound.39 Into a 500 mL three-necked flask equipped with a teflon magnetic stirring bar were charged 8 (10.1 g, 

61.6 mmol), 4-bromobanzaldehyde (6.75 g, 36.5 mmol), Na3PO4 (25 g, 153 mmol) and Pd(PPh3)4 (624 mg, 0.546 

mmol). Then, THF (100 mL), toluene (100 mL) and H2O (32 mL) were added and the reaction mixture was refluxed for 

8 d. The solvent was removed to give a white solid and the residual solid was dissolved in EtOAc. The reaction mixture 

was washed with water and dried over Na2SO4, and the solvent was evaporated. The white solid obtained was 

chromatographed on a silica gel column using EtOAc/hexane (1:6, v/v) as an eluent. The second moving fraction was 



 45 

collected and the solvent was removed under vacuum to yield 9 (8.04 g, 35.8 mmol, 98%). 1H NMR (CDCl3): δ 10.07 

(s, 1H, CHO), 7.95 (d, J = 6.6 Hz, 2H, o-phenyl-H), 7.33 (d, J = 6.6 Hz, 2H, m-phenyl-H), 6.96 (s, 2H, mesityl-m-H), 

2.34 (s, 3H, mesityl-p-CH3), 1.99 (s, 6H, mesityl-o-CH3). 

 

X-ray diffraction analysis for 1 – 4a. 

 The single crystals were mounted on mounting loops. All diffraction data were collected by using a Bruker 

APEXII diffractometer at 120 K equipped with graphite-monochromated Mo Kα (λ = 0.71073 Å) by the ω-2θ scan.  
 
Table 2-8. Crystallographic data for the fused porphyrin derivatives. 

compound 1-THF 2-cis 3 4a-py 

crystal system triclinic monoclinic monoclinic monoclinic 

space group P1 P21/n P21/c P21/c 

T / K 120 120 120 120 

formula C44H26N4Zn·C4H8O C44H24N4Zn C44H22N4Zn C44H20N4Zn·C5H5N 

FW 748.16 674.04 672.03 749.11 

a / Å 10.995(3) 13.9576(14) 8.010(4) 13.6200(15) 

b / Å 13.281(4) 8.0178(8) 13.436(6) 16.3270(18) 

c / Å 13.404(4) 25.842(3) 26.359(11) 16.8358(19) 

α / ° 92.598(4) 90 90 90 

β / ° 108.215(4) 98.1530(10) 97.647(6) 94.124(2) 

γ / ° 99.610(4) 90 90 90 

V / Å3 1823.3(9) 2862.7(5) 2812(2) 3734.1(7) 

Z 2 4 4 4 

λ(MoKα) / Å 0.71073 

Dc / g cm–3 1.363 1.564 1.587 1.332 

reflns measured 9815 15619 14366 19936 

reflns unique 7626 6456 6011 8104 

R1 (I > 2σ(I)) 0.0825 0.0356 0.0814 0.0498 

wR2 (all) 0.2244 0.0986 0.1762 0.1228 

GOF 1.072 1.055 1.032 1.008 

 

The structures were solved by direct methods by using SIR97 and SHELX-97.40 Crystallographic data for these 

compounds are summarized in Table 2-8. In the structure refinements for 1-THF and 4a-py, the author could not 

determine the exact positions of the solvent molecules of crystallization because of their severe disorder. Their 

contribution was thus subtracted from the diffraction pattern by the “Squeeze” program.41 These data can be obtained 

free of charge from the Cambridge Crystallographic Data Center: CCDC-929175 (1-THF), -929176 (2), -929177 (3), 
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and -929178 (4a-py). 
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Chapter 3 
 

Substituent effects of ZnII complexes of quadruply fused-porphyrins 

 

 

3-1. Introduction 

 Porphyrin and its derivatives have been well studied as a representative compound having a large π-conjugated 

aromatic circuit with a planar structure.1 Porphyrin and its derivatives exhibit strong absorption bands so-called as Soret 

and Q bands in the visible region, and, utilizing the strong absorption, porphyrins exhibit light-harvesting properties in 

the natural photosynthesis2 and artificial photovoltaic cells.3 To enhance the characteristic optical properties of 

porphyrins, introduction of substituents to porphyrin derivatives have been intensively performed so far;4 as a result, 

substituents at the β- and meso-positions of porphyrins induced large shifts of redox potentials and absorption bands;5 

for instance, the differences between the mono β-nitro-substituted and non-substituted porphyrin derivatives in the 

redox potentials for the first reduction process have been reported to be 0.35 V.5c However, the substituents effect at the 

meso-aryl groups of tetraphenylporphyrin derivatives is not so significant, because of the cleavage of the π-conjugation 

between the porphyrin core and the meso-aryl groups.5b 

 In recent years, introduction of fused rings at the periphery of a porphyrin aromatic circuit has been intensively 

studied,6-19 because of the characteristic physical properties derived from the narrowed HOMO-LUMO gaps. Due to 

such unique properties, porphyrins having exocyclic fused rings are considered to be attractive candidates as 

components to construct optoelectronic devices such as dye-sensitized solar cells.15 However, synthesis of precursors to 

obtain the porphyrins bearing fused aromatic moieties at the periphery is generally difficult, since it requires 

complicated processes.16,17 For example, ring-fusing reactions by an oxidative process has been reported to require 

activation of the aryl moieties, to be fused with the porphyrin core, by introduction of electron-donating groups; 

otherwise, ring-fusion of non-activated aryl moieties with the porphyrin core did not proceed under similar 

conditions.16,18 Therefore, substituents possible to be introduced to the ring-fused porphyrins to finely control the 

physical properties are highly limited and the process is time-consuming.17 In consequence, substituent effects on the 

optical and electrochemical properties of ring-fused porphyrins have yet to be systematically investigated so far.18,19a 

 In Chapter 2 of this thesis, the author has described the synthesis of a novel ring-fused porphyrin, 

quadruply-fused porphyrin (QFP, 4a) with a facile and efficient procedure using direct C-H activation catalyzed by Pd 

clusters derived from [PdII(η3-C3H5)Cl]2.20 The precursor of 4a, zinc(II) 2,3,12,13-tetrabromo-tetraphenylporphyrinate 

(ZnTPPBr4, 5a), can be easily prepared with a two-step procedure starting from TPP.21 Therefore, QFP derivatives can 

be synthesized using tetraarylporphyrin precursors having various substituents, which can be easily obtained. In this 

chapter, significant substituent effects at the para-positions of the fused meso-aryl groups of the ZnQFP derivatives 

have been clarified on their optical and electrochemical properties and the crystal structures; the sensitiveness to the 
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electronic properties of the substituents is based on the expansion of the π-conjugated circuits to the fused meso-aryl 

groups. 

 

3-2. Synthesis 

 To elucidate the impact of substituents on the electronic characteristics of QFP, various functional groups has 

introduced at the para-positions of the four meso-phenyl groups of the ZnTPPBr4 precursor, ZnT(Ar)PBr4 (5x; x = a, c 

– f), as precursors of ZnIIQFP derivatives (4x; x = a, c – f) (Scheme 3-1). Syntheses of the derivatives, 5x, were done as 

follows: the tetra-meso-aryl porphyrins (6x; x = a, c – f) were brominated with N-bromosuccinimide (NBS) at the four 

β-carbons. As for the syntheses of 4x, the C-C bond formation was performed on 5x with Pd clusters derived from 

[Pd(η3-C3H5)Cl]2
22 as the catalyst in 1,4-dioxane. The yields of the derivatives are 72% for 4c with tert-butyl groups, 

65% for 4d with methoxy groups, 22% for 4e with methoxycarbonyl groups and 22% for 4f with trifluoromethyl groups. 

The low yields of 4e and 4f are not caused by the low reaction efficiency but by the low solubility of the products to 

cause difficulty in the isolation. The characterization of the derivatives was done by 1H NMR spectroscopy, 

MALDI-TOF-MS spectrometry, and elemental analysis. 

 

  
Scheme 3-1. Syntheses of quadruply-fused porphyrin derivatives having substituents at the fused meso-aryl groups. 

 

3-3. Substituents effects on crystal structures 

 In Chapter 2 of this thesis,20 the crystal structure of 4a-py has been described (the molecule mentioned after 

hyphen indicates the axial ligand on the central ZnII ion). In this section, the author clarifies crystal structures of QFP 

derivatives, 4c-py, 4c-dox (dox = 1,4-dioxane), 4d-py and 4f-py (Figure 3-1). The representative bond lengths and other 

structural parameters of the crystal structures are summarized in Table 3-1. One of the most important structural 

characteristics of QFP is elongation of the Cipso-Cortho bonds of the fused rings; the elongation derives from the 

expansion of the π-conjugation circuits to the fused benzene rings. As a result of the π-expansion, not only 18π, the 
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Figure 3-1. Top and side views of crystal structures of 4c-py (a), 4c-dox (b), 4d-py (c) and 4f-py (d). The thermal ellipsoids are 
drawn with 50% probability. Green-colored atoms in (c) indicate fluorine atoms. 
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mean-plane are 0.212, 0.501 and 0.390 Å for 4a-py, 4c-py and 4c-dox, respectively (Figure 3-2a, b, c). In contrast, 

4d-py and 4f-py are almost planar and the mean deviations are 0.151 Å and 0.056 Å for 4d-py and 4f-py, respectively 

(Figure 3-2d and e). On the other hand, the deviations of the zinc ions from the porphyrin mean-planes are 0.937, 1.452, 

1.181 0.879 and 0.586 Å for 4a-py, 4c-py, 4c-dox, 4d-py and 4f-py (mean value for the two independent zinc centers), 

respectively. In addition, the porphyrin plane of 4c-X forms a bowl-like shape including the central zinc ion and the 

resulting smooth curvature was observed, whereas the zinc center deviates from the flat porphyrin plane in 4d-py and 

4f-py (Figure 3-2). The bond lengths are very similar for 4a-py, 4c-X, 4d-py and 4f-py as mentioned above and  

 

Table 3-2. Selected bond lengths and other structural data for 4a-py, 4c-X, 4d-py and 4f-py 

 4a-py 4c-py 4c-dox 4d-py 4f-py 
Meso-substituent H t-Bu t-Bu OMe CF3 

Zn-N1 / Å 2.277(2) 2.1959(12) 2.280(4) 2.304(3) 2.313(7), 2.206(8) 
Zn-N2 / Å 1.900(2) 1.9301(12) 1.892(4) 1.884(3) 1.86(1), 1.883(9) 
Zn-N3 / Å 2.268(2) 2.4340(12) 2.276(3) 2.236(3) 2.23(1), 2.272(9) 
Zn-N4 / Å 1.894(2) 1.9284(12) 1.897(4) 1.887(3) 1.90(1), 1.840(9) 

Zn-X(axial) / Å 
2.079(2) 
(X = N) 

2.0999(12) 
(X = N) 

2.135(4) 
(X = O) 

2.095(4) 
(X = N) 

2.10(1), 2.078(7) 
(X = N) 

N-Cα (fused, av) / Å  1.356 1.359 1.358 1.350 1.36 
N-Cα (non-fused, av) / Å 1.371 1.376 1.377 1.369 1.38 
Cipso-Cortho (fused, av) / Å 1.436 1.431 1.431 1.439 1.43, 1.44 

C-C (por core, total) / Å 28.229 28.285 28.235 28.125 28.18, 28.26 
N1···N3 / Å 4.423(3) 4.460(2) 4.462(5) 4.411(5) 4.44(1), 4.41(1) 
N2···N4 / Å 3.361(3) 3.748(2) 3.714(5) 3.592(5) 3.59(1), 3.59(1) 

Mean deviation / Å 0.212 0.501 0.390 0.151 0.070, 0.061 
Zn from the plane / Å 0.937 1.452 1.181 0.879 0.594, 0.578 

 

 

Figure 3-2. Side views of porphyrin cores consisting of 48 atoms of 4c-py (a), 4c-dox (b), 4a-py (c), 4d-py (d) and 4f-py. The 
thermal ellipsoids are drawn with 50% probability. The axial ligands and the substituents at the para-positions are omitted for clarity. 
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the only difference found was in the atom distance between the nitrogen atoms of the fused pyrrole ring (N2···N4) 

(Table 3-2). Therefore, the substituents at the fused phenyl rings do not affect the size of the porphyrin core so 

significantly. These results indicate that the dome-like distortion do not depend on the electronic properties of 

substituents at the fused meso-aryl groups, and the clear reason of this substituents effect on the QFP structure has yet to 

be elucidated. 

 

3-4. Substituent effects on optical and electrochemical properties 

 The optical and electrochemical properties of ZnQFP are largely affected by the substituents at the para-position 

of the fused meso-aryl groups. The introduction of substituents at the para-positions of the fused aryl groups caused 

bathochromic shifts of the absorption bands for all the four derivatives, 4c – 4f, relative to those of 4a (Table 3-3 and 

Figure 3-3). Comparing the shift widths in an energy unit (cm–1) with those of ZnTPP and the derivatives, the 

absorption bands of ZnQFP derivatives are 10 times more affected by the substituents than those of ZnTPP; for instance, 

the methoxy-substituted ZnQFP, 4d, exhibits the longest Q-band at 1200 nm (8330 cm–1) in N,N-dimethylformamide 

(DMF) and the shift width relative to that of 4a is 1460 cm–1, whereas the shift width of the Q-band for ZnT(p-OMe)PP 

to that of ZnTPP is only 110 cm–1. As mentioned above, the absorption bands of the ZnQFP derivatives are highly 

affected by the meso-aryl substituents, whereas the direction and width of the shifts is not correlated with the electronic 

properties of the substituents. Both the electron-withdrawing and -donating groups cause red shifts of the absorption 

bands. To shed light on the substituent effects for the influence of the energy levels of the frontier orbitals that most 

 

 
Figure 3-3. UV-Vis spectra of the ZnQFP derivative in DMF at 298 K; (a) 4a, (b) 4c, (c) 4d, (d) 4e and (e) 4f. 

 

400 800

! 
/ 1

04
 M

–1
 c

m
–1

4

" 5

0

2

6

1200

b)

400
Wavelength / nm

800

! 
/ 1

04
 M

–1
 c

m
–1

4
" 5

0

8

1200

e)

400
Wavelength / nm

800

! 
/ 1

04
 M

–1
 c

m
–1

4

" 5

0

2

6

1200

c)

400
Wavelength / nm

800

! 
/ 1

04
 M

–1
 c

m
–1 4

" 5

0

2

1200

a)

400
Wavelength / nm

800

! 
/ 1

04
 M

–1
 c

m
–1

4

" 5

0

2

1200

d)

Wavelength / nm



 54 

directly relate to the π-π* transitions,25 electrochemical studies were performed on the ZnQFP derivatives to determine 

the redox potentials of the ZnQFP and ZnTPP derivatives (Figure 3-4). The redox potentials are also summarized in 

Table 3-3. Both the potentials for the first reduction and first oxidation processes, ERed1 and EOx1, of the ZnQFP 

derivatives were positively shifted upon introducing electron-withdrawing groups (Figure 3-4). EOx1 of the ZnQFP 

derivatives is more sensitive to the substituents than ERed1; the differences in the potentials between the most 

electron-donating methoxy derivative, 4d, and the most electron-withdrawing trifluoromethyl one, 4f, are 0.51 V for 

EOx1 (+0.37 V for 4d and +0.88 V vs SCE for 4f), whereas that for ERed1 is only 0.05 V (–0.71 V for 4d and –0.66 V vs 

SCE for 4f). On the other hand, the redox potentials of the ZnTPP derivatives are less sensitive to the substituents of the 

meso-aryl groups. To confirm this tendency in the substituent effects on the redox potentials, Hammett plots were 

provided (Figure 3-5). A Hammett parameter, σp
+,26 was the best fit for the present studies. Consequently, the plots of 

the redox potentials against σp
+ exhibited good linearity and the coefficients, ρ, were obtained to be +0.098 and +0.009 

for EOx1 and ERed1 of ZnQFPs, respectively, and +0.039 and +0.035 for EOx1 and ERed1 of ZnTPPs, respectively. As 

indicated by the ρ values, EOx1 of ZnQFP is sensitive to the substituents than the ERed1, and the redox potentials of 

ZnQFP are more significantly affected by the substituents than those of ZnTPP.27 This sensitiveness can be accounted 

for by the distribution of the electron densities in the frontier orbitals (Figure 3-6). The DFT-calculated HOMO and 

LUMO show large distribution on the meso-aryl groups due to the ring-fusion and resultant expansion of the  

 

 
Figure 3-4. Cyclic (above) and differential-pulse (below) voltammograms of the ZnQFP derivatives in DMF containing 0.1 M 
TBAPF6 as an electrolyte at room temperature; (a) 4a, (b) 4c, (c) 4d, (d) 4e and (e) 4f. 
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Figure 3-5. Hammett plots of ERed1 (a) and EOx1 (b) of the ZnQFP and ZnTPP derivatives ((1) 4d, (2) 4c, (3) 4a, (4) 4e, (5) 4f, (6) 
ZnT(p-OMe)PP, (7) ZnT(p-tBu)PP, (8) ZnTPP, (9) ZnT(p-CO2Me)PP, and (10) ZnT(p-CF3)PP) against 4σp

+. Solvent: DMF 
containing 0.1 M TBAPF6 (TBA = tetra(n-butyl)ammonium). Values of σp

+ are taken from ref. 26. 

 

Table 3-3. Absorption maxima and redox potentials of QFP and ZnTPP derivatives in DMF 

 λmax(B)a ν(B)b Δν(B)b λmax(Q)a ν(Q)b Δν(Q)b ERed1
c EOx1

c EOx1 – ERed1
d 

4a (R = H) 592 16900 — 1021 9790 — –0.67 +0.65 1.32 

4c (R = t-Bu) 616 16230 –670 1060 9430 –360 –0.70 +0.49 1.19 

4d (R = OMe) 637 15700 –1200 1200 8330 –1460 –0.71 +0.37 1.08 

4e (R = CO2Me) 616 16230 –670 1046 9560 –230 –0.67 +0.82 1.49 

4f (R = CF3) 598 16840 –60 1104 9060 –730 –0.66 +0.88 1.54 

ZnTPP 425 23530 0 599 16690 0 –1.36 +0.83 2.19 

ZnT(p-tBu)PP 427 23420 –110 601 16640 –50 –1.37 +0.79 2.16 

ZnT(p-OMe)PP 429 23310 –220 603 16580 –110 –1.36 +0.74 2.10 

ZnT(p-CO2Me)PP 429 23310 –220 600 16660 –30 –1.21 +0.91 2.12 

ZnT(p-CF3)PP 426 23 470 –60 597 16750 60 –1.19 +0.94 2.13 

a in nm, b in cm–1, c in vs SCE, d in V. 
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Figure 3-6. The frontier orbitals of 4a calculated at the B3LYP/6-31G(d) level of theory. 

 

π-conjugation. In particular, the para-position of the fused meso-aryl groups has large electron density in the HOMO, 

but no distribution of the LUMO, which causes high sensitivity of the HOMO-related EOx1 and low sensitivity of 

LUMO-related ERed1 to the substituents. 

 

3-5. Summary 

 Novel quadruply-fused porphyrin derivatives having substituents at the para-positions of fused meso-aryl 

groups have been synthesized and characterized by spectroscopic and electrochemical measurements and X-ray 

crystallography. The author has revealed the substituent effects at the fused meso-aryl groups of QFP on the crystal 

structures, absorption spectra and redox potentials. The introduction of substituents at the para-positions of the fused 

aryl groups caused large bathochromic shifts of the absorption bands for all the four derivatives. Direct introduction of 

substituents to the aromatic circuit of QFPs significantly affect the first oxidation potentials than that of meso-aryl 

substituted ZnIITPPs, although the first reduction potential is not so influenced by the substitution. Thus, the HOMO 

level is more strongly affected by the introduction of the substituents at the para-porisition of the fused meso-aryl 

groups than the LUMO level. 

 

3-6. Experimental section 

General. 

 Chemicals and solvents were used as received from commercial sources unless otherwise mentioned. 

1,4-Dioxane for the synthesis was distilled over Na/benzophenone before use. DMF for the electrochemical 

measurements was distilled before use. Synthesis of ZnII tetrabromo-porphyrinate derivatives, 5a, was performed with 
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the reported procedures.21 1H NMR measurements were performed on a Bruker AVANCE400 spectrometer operating at 

400 MHz for 1H nuclei. UV-Vis absorption spectra were measured at room temperature in DMF on a Shimadzu 

UV-3600 spectrophotometer. MALDI-TOF- MS spectrometry was performed on an AB SCIEX TOF/TOF 5800 

spectrometer by using dithranol as a matrix. Electrochemical experiments were done under an atmospheric pressure of 

Ar at 298 K with an ALS/CH electrochemical analyzer model 710D. 

 

Synthesis. 

A general procedure of Pd-catalyzed ring-fusing reactions using Pd-nanoclusters with [Pd(η3- C3H5)Cl]2.20, 22 A 

solution of TBA·OAc (TBA = tetra(n-butyl)ammonium, 627 mg, 2.08 mmol), allyl palladium(II) chloride dimer (3.53 

mg, 9.65 µmol), and potassium carbonate (279 mg, 2.03 mmol) in 1,4-dioxane (1.0 mL) was heated at 110 ºC for 3 min.  

 
Scheme 3-2. Synthetic route of quadruply-fused porphyrins. 

 

After the color of the solution changed to black, a tetrabromo-derivative of porphyrin 5x (50 µmol) was quickly added 

to the solution. After stirring for 11 h, the reaction mixture was cooled to ambient temperature. The volatiles were 

removed under vacuum and the residual solid was washed with water. The solid was dissolved in pyridine and the 

precipitate including the palladium catalyst was filtered off. The filtrate was dried under vacuum to give black powder 

and the black powder was recrystallized from the THF solution in the presence of one drop of pyridine by depositing 

ethanol vapor as a poor solvent. The crystals obtained was filtered and washed 

with THF to give a red-purple filtrate. The remaining dark red solid mainly 

involved the quadruply-fused derivative and the further recrystallization by vapor 

deposition of ethanol to the THF solution in the presence of one drop of pyridine 

to give pure QFP derivative. 

Zinc(II) 24,30,36,42-tetrakis(tert-butyl)-quadruply-fused porphyrinato (4c). A 
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material to obtain 4c, using the aforementioned general procedure. After filtration, the precipitate obtained was 

chromatographed on a bio-beads S-X1 gel using THF as an eluent. The second fraction was collected and the solvent 

was removed under vacuum. The residual solid was recrystallized from THF/ethanol (1:3, v/v) and dried under vacuum 

to give 4c (69.0 mg, 77.1 µmol, 72%). m.p.: > 300 ºC. 1H NMR (DMSO-d6): δ 7.89 (s, 4H, 2, 3,12,13-β-H), 7.20 (d, J = 

8.0 Hz, 4H, 26,32,38,44-Ph-H), 6.87 (s, 4H, 23,29,35,41-Ph-H), 6.74 (m, 4H, 25,31,37,43-Ph-H), 1.32 (s, 36H, 

tert-Bu-H). UV-vis (DMF): λmax [nm] (log (ε, M–1 cm–1)) = 334 (4.49), 408 (4.52), 489 (4.34), 616 (4.81), 778 (3.72), 

934 (3.38), 1060 (3.26). MS (MALDI-TOF, dithranol matrix): m/z = 892.4 (calcd. for [M]+: 892.4). Anal. calcd. for 

C60H52N4Zn· H2O·C5H5N: C 78.73, H 6.00, N 7.06; found: C 78.66, H 5.82, N 6.98. 

Zinc(II) 24,30,36,42-tetramethoxy-quadruply-fused porphyrinato (4d). A ring-fusion reaction using the 

above-mentioned general procedure was performed utilizing 5d (59.7 mg, 53.6 µmol) as a starting material to obtain 4d. 

After filtration, the precipitate obtained was chromatographed on a bio-beads S-X1 gel using THF as an eluent. The 

second fraction was collected and the solvent was removed under vacuum. The residual solid was recrystallized from 

THF/ethanol (1:3, v/v) and dried under vacuum to give 4d (27.8 mg, 35.3 µmol, 65%). m.p.: > 300 ºC. 1H NMR 

(DMSO-d6): δ 8.09 (s, 4H, 2, 3,12,13-β-H), 7.41 (d, J = 7.4 Hz, 4H, 26,32,38,44-Ph-H), 6.70 (s, 4H, 23,29,35,41-Ph-H), 

6.37 (m, 4H, 25,31,37,43- Ph-H), 3.81 (s, 12H, methoxy-H). UV-vis (DMF): λmax [nm] (log (ε, M–1 cm–1)) = 347 (4.52), 

399 (4.34), 467 (4.59), 637 (4.71), 803 (3.66), 913 (3.26), 1026 (3.11), 1200 (2.99). MS (MALDI-TOF, dithranol 

matrix): m/z = 788.5 (calcd. for [M]+: 788.1). Anal. calcd. for C48H28N4O4Zn·0.5H2O·0.25THF· 0.5CH2Cl2: C 69.16, H 

3.75, N 6.52; found: C 68.99, H 3.79, N 6.29. 

Zinc(II) 24,30,36,42-tetra(methoxycarbonyl)-quadruply-fused porphyrinato (4e). A ring-fusion reaction using the 

general procedure mentioned above was performed utilizing 5e (61.5 mg, 50.2 µmol) as a starting material to obtain 4e. 

After filtration, the collected solid was recrystallized from pyridine/ethanol (1:3, v/v) and dried under vacuum to give 

pure 4e (10.4 mg, 11.0 µmol, 22%). m.p.: > 300 ºC. 1H NMR (DMSO-d6): δ 8.28 (s, 4H, 2, 3,12,13-β-H), 7.74 (m, 4H, 

26,32,38,44-Ph-H), 7.52 – 7.42 (m, 8H, 23,25,29,31,35,37,41,43-Ph-H). UV-vis (DMF): λmax [nm] (log (ε, M–1 cm–1)) = 

420 (4.40), 491 (4.23), 604 (4.50), 721 (3.91), 815 (3.61), 1028 (3.13). MS (MALDI-TOF, dithranol matrix): m/z = 

1161.6 (calcd. for [M + dithranol – 2H + K]+: 1162.1). Anal. calcd. for C52H28N4O8Zn·3H2O: C 65.31, H 3.58, N 5.86; 

found: C 65.11, H 3.68, N 5.60. 

Zinc(II) 24,30,36,42-tetrakis(trifluoromethyl)-quadruply-fused porphyrinato (4f). A ring-fusion reaction using the 

aforementioned general procedure was performed utilizing 5f (62.6 mg, 49.3 µmol) as a starting material to obtain 4f. 

After filtration, the remaining dark red solid mainly including 4f was recrystallized by vapor deposition of ethanol as a 

poor solvent to the THF solution in the presence of one drop of pyridine to give pure 4f (10.2 mg, 10.8 µmol, 22%). 

m.p.: > 300 ºC. 1H NMR (DMSO-d6): δ 8.17 (s, 4H, 2,3,12,13-β-H), 7.68 (d, J = 7.4 Hz, 4H, 26,32,38,44-Ph-H), 7.25 – 

7.15 (m, 8H, 23,25,29,31,35, 37,41,43-Ph-H). UV-vis (DMF): λmax [nm] (log (ε, M–1 cm–1)) = 320 (4.64), 403 (4.66), 

497 (4.43), 598 (4.95), 793 (4.66), 929 (3.57), 1104 (3.18). MS (MALDI-TOF, dithranol matrix): m/z = 940.3 (calcd. 

for [M]+: 940.1). Anal. calcd. for C48H16N4F12Zn·H2O·C2H5OH: C 59.69, H 2.40, N 5.57; found: C 59.82, H 2.46, N 

5.55. 
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5,10,15,20-Tetraphenylporphyrin (6a). This compound was synthesized according to the literature procedure28 to 

yield a purple solid of 6a (787 mg, 1.3 mmol, 19%). 1H NMR (CDCl3): δ 8.84 (s, 8H, β-H), 8.22 (dd, J = 8.0, 1.6 Hz, 

4H, ο-phenyl-H), 7.72-7.78 (m, 12H, m, p-phenyl-H), –2.77 (br s, 2H, inner NH). UV-vis (CHCl3): λmax [nm] = 647, 

591, 550, 512, 418. Fluorescence (λex = 418 nm, CHCl3): λmax [nm] = 714, 649. MS (MALDI-TOF, dithranol matrix): 

m/z = 613.9 (calcd. for [M]+: 614.3). 

5,10,15,20-Tetrakis(4-tert-butylphenyl)porphyrin (6c).29 A condensation of pyrrole (2.79 mL, 40.2 mmol) and 

4-tert-butylbenzaldehyde (6.72 mL, 40.1 mmol) was performed with a similar procedure of 6a to obtain 6c (2.03 g, 2.4 

mmol, 24%). 1H NMR (CDCl3): δ 8.97 (s, 8H, β-H), 8.15 (d, J = 8.3 Hz, 4H, ο-phenyl-H), 7.76 (d, J = 8.3 Hz, 4H, 

m-phenyl-H), –2.77 (br s, 2H, inner NH). UV-vis (CHCl3): λmax [nm] = 648, 592, 554, 518, 421. MS (MALDI-TOF, 

dithranol matrix): m/z = 841.1 (calcd. for [M]+: 841.5). 

5,10,15,20-Tetrakis(4-methoxyphenyl)porphyrin (6d).30 A condensation of pyrrole (2.78 mL, 40.2 mmol) and 

4-methoxyphenylbenzaldehyde (4.88 mL, 40.2 mmol) was performed with a similar procedure of 6a to obtain 6d (1.38 

g, 1.9 mmol, 19%). 1H NMR (CDCl3): δ 8.86 (s, 8H, β-H), 8.12 (d, J = 8.6 Hz, 4H, ο-phenyl-H), 7.29 (d, J = 8.6 Hz, 

8H, m-phenyl-H), 4.10 (s, 12H, methoxy-H), –2.74 (br s, 2H, inner NH). UV-vis (CHCl3): λmax [nm] = 651, 594, 556, 

520, 422. MS (MALDI-TOF, dithranol matrix): m/z = 798.3 (calcd. for [M]+: 798.2). 

5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphyrin (6e).31 A condensation of pyrrole (2.79 g, 40.2 mmol) and 

4-methoxycarbonylbenzaldehyde (6.62 g, 40.2 mmol) was performed with a similar procedure of 6a to obtain 6e (2.35 

g, 2.8 mmol, 28%). 1H NMR (CDCl3): δ 8.82 (s, 8H, β-H), 8.45 (d, J = 6.5 Hz, 8H, ο-phenyl-H), 8.30 (d, J = 6.5 Hz, 

8H, m-phenyl-H), 4.12 (s, 12H, CO2CH3), –2.81 (br s, 2H, inner NH). UV-vis (CHCl3): λmax [nm] = 648, 589, 550, 517, 

421. MS (MALDI-TOF, dithranol matrix): m/z = 846.1 (calcd. for [M]+: 846.3). 

5,10,15,20-Tetrakis(4-trifluoromethylphenyl)porphyrin (6f).32 A condensation of pyrrole (2.09 mL, 30.2 mmol) and 

4-trifluoromethylbenzaldehyde (4.05 mL, 30.2 mmol) was performed with a similar procedure of 6a to obtain 6f (1.06 g, 

1.20 mmol, 16%). 1H NMR (CDCl3): δ 8.81 (s, 8H, β-H), 8.34 (d, J = 8.0 Hz, 4H, ο-phenyl-H), 8.05 (d, J = 8.0 Hz, 8H, 

m-phenyl-H), –2.84 (br s, 2H, inner NH). UV-vis (CHCl3): λmax [nm] = 645, 589, 548, 513, 418. MS (MALDI-TOF, 

dithranol matrix): m/z = 885.7 (calcd. for [M]+: 885.2). 

2,3,12,13-Tetrabromo-5,10,15,20-tetraphenylporphyrin (7a).21,33 To a solution of 6a (303.2 mg, 0.49 mmol) in 

CHCl3 (60 mL) was added recrystallized NBS (532 mg, 2.99 mmol) and the reaction mixture was refluxed for 4 h. 

After cooling to room temperature, the reaction mixture was washed with water to remove any soluble succinimide 

impurities. The brown-colored solid was chromatographed on a silica gel column using CHCl3/hexane (1:3, v/v) as an 

eluent. The first fraction was collected and the solvent was removed under vacuum. The residual solid was 

recrystallized from CH2Cl2/CH3OH (1:3, v/v) and dried under vacuum to yield 7a (280 mg, 0.30 mmol, 61%). 1H NMR 

(CDCl3): δ 8.70 (s, 4H, β-H), 8.17 (d, J = 8.0 Hz, 8H, o-phenyl-H), 7.75-7.81 (m, 12H, m, p-phenyl-H), –2.82 (br s, 2H, 

inner NH). UV-vis (CHCl3): λmax [nm] = 684, 536, 438. MS (MALDI-TOF, dithranol matrix): m/z = 927.1 (calcd. for 

[M + H]+: 926.9). 
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2,3,12,13-Tetrabromo-5,10,15,20-tetrakis(4-tert-butylphenyl)porphyrin (7c).34 A bromination reaction was 

performed utilizing 6c (1.00 g, 1.19 mmol) as a starting material and NBS (1.74 g, 9.76 mmol) to obtain 7c (758 mg, 

0.65 mmol, 55%) with a method as described in the synthesis of 7a. 1H NMR (CDCl3): δ 8.84 (s, 8H, β-H), 8.22 (dd, J 

= 8.0, 1.6 Hz, 4H, ο-phenyl-H), 7.72 – 7.78 (m, 12H, m, p-phenyl-H), –2.77 (br s, 2H, inner NH). UV-vis (CHCl3): λmax 

[nm] = 699, 543, 444. MS (MALDI-TOF, dithranol matrix): m/z = 1154.7 (calcd. for [M + 4H]+: 1154.2). 

2,3,12,13-Tetrabromo-5,10,15,20-tetrakis(4-methoxyphenyl)porphyrin (7d).34 A bromination reaction with a similar 

procedure of 7c was performed utilizing 6d (507 mg, 0.68 mmol) and NBS (564 mg, 3.26 µmol) as starting materials to 

obtain 7d (544 mg, 0.52 mmol, 76%). 1H NMR (CDCl3): δ 8.69 (s, 4H, β-H), 8.10 (d, J = 8.6 Hz, 4H, ο-phenyl-H), 732 

(d, J = 8.6 Hz, 8H, m-phenyl-H), 4.10 (s, 12H, methoxy-H), –2.71 (br s, 2H, inner NH). UV-vis (CHCl3): λmax [nm] = 

699, 590, 543, 446. MS (MALDI- TOF, dithranol matrix): m/z = 1051.2 (calcd. for [M + H]+: 1050.9). 

2,3,12,13-Tetrabromo-5,10,15,20-tetrakis(4-methoxycarbonylphenyl)porphyrin (7e).34 A bromination reaction with 

a similar procedure of 7c was performed utilizing 6e (600 mg, 0.71 mmol) and NBS (745 mg, 4.3 µmol) as a starting 

material in 1,2-dichloroethane (150 mL) to obtain 7e. After washing with H2O and removal of the solvent, the reaction 

mixture was chromatographed on a silica gel column by using CH2Cl2/CH3OH/Et3N (100:3:0.5, v/v/v) as an eluent. The 

second fraction was collected and the solvent was removed under vacuum. The residual solid was recrystallized from 

CH2Cl2/CH3OH (1:3, v/v) and the crystalline solid obtained was dried under vacuum to yield 7e (389 mg, 0.33 mmol, 

47%). 1H NMR (CDCl3): δ 8.65 (s, 4H, β-H), 8.46 (d, J = 8.0 Hz, 8H, o-phenyl-H), 8.25 (d, J = 8.0 Hz, 8H, 

m-phenyl-H), 4.11 (s, 12H, CO2CH3), –2.85 (br s, 2H, inner NH). UV-vis (CHCl3): λmax [nm] = 681, 615, 535, 439. MS 

(MALDI-TOF, dithranol matrix): m/z = 1162.9 (calcd. for [M]+: 1162.9). 

Zinc(II) 2,3,12,13-tetrabromo-5,10,15,20-tetraphenylporphyrinato (5a).34,35 To a solution of 7a (260 mg, 0.262 

mmol) in CHCl3 (50 mL) was added a suspension of Zn(OAc)2·2H2O (311 mg, 1.42 mmol) in CH3OH (20 mL) and the 

reaction mixture was refluxed for 5 h. The reaction mixture was poured into water and the organic phase was separated 

and then dried over Na2SO4. After removing the solvent, the resulting red-purple powder was chromatographed on a 

silica gel column using CHCl3/hexane (3:1, v/v) as an eluent. The second fraction was collected and the solvent was 

removed under vacuum. The residual solid was recrystallized from CH2Cl2/hexane (1:3, v/v) and the crystalline solid 

obtained was dried under vacuum to yield 5a (217 mg, 0.22 mmol, 83%). 1H NMR (CDCl3): δ 8.65 (s, 4H, β-H), 8.02 

(d, J = 8.0 Hz, 8H, o-phenyl-H), 7.66-7.77 (m, 12H, m, p-phenyl-H). UV-vis (CHCl3): λmax [nm] = 597, 557, 431. MS 

(MALDI-TOF, dithranol matrix): m/z = 988.3 (calcd. for [M + H]+: 988.8). 

Zinc(II) 2,3,12,13-tetrabromo-5,10,15,20-tetrakis(4-tert-butylphenyl)porphyrinato (5c).36 Metalation of 7c with a 

similar procedure of 5c was performed utilizing 7c (385 mg, 0.33 mmol) and Zn(OAc)2·2H2O (362 mg, 1.65 mmol) as 

starting materials to obtain 5c (310 mg, 0.25 mmol, 76%). 1H NMR (CDCl3): δ 8.65 (s, 4H, β-H), 8.02 (d, J = 8.0 Hz, 

8H, o-phenyl-H), 7.66 – 7.77 (m, 12H, m, p-phenyl-H). UV-vis (CHCl3): λmax [nm] = 611, 598, 437. MS (MALDI-TOF, 

dithranol matrix): m/z = 1221.7 (calcd. for [M + 3H]+: 1221.2). 

Zinc(II) 2,3,12,13-tetrabromo-5,10,15,20-tetrakis(4-methoxyphenyl)porphyrinato (5d). Metalation of 7d with a 

similar procedure of 5a was performed utilizing 7d (396 mg, 0.38 mmol) and Zn(OAc)2·2H2O (417 mg, 1.9 mmol) as 
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starting materials to obtain 5d (378 mg, 0.34 mmol, 89%). 1H NMR (CDCl3): δ 8.57 (s, 4H, β-H), 7.92 (d, J = 8.2 Hz, 

8H, o-phenyl-H), 7.23 (d, J = 8.2 Hz, 8H, m-phenyl-H), 4.07 (s, 12H, OCH3). UV-vis (CHCl3): λmax [nm] = 613, 568, 

439. MS (MALDI-TOF, dithranol matrix): m/z = 1114.9 (calcd. for [M + H]+: 1114.8). 

Zinc(II) 2,3,12,13-tetrabromo-5,10,15,20-tetrakis(4-methoxycarbonylphenyl)porphyrinato (5e).36 Metalation of 7e 

with a similar procedure of 5a was performed utilizing 7e (352 mg, 0.30 mmol) and Zn(OAc)2·2H2O (329 mg, 1.5 

mmol) as starting materials to obtain 5e (217 mg, 0.18 mmol, 68%). 1H NMR (CDCl3): δ 8.57 (s, 4H, β-H), 8.36 (d, J = 

7.9 Hz, 8H, o-phenyl-H), 8.11 (d, J = 7.9 Hz, 8H, m-phenyl-H), 4.08 (s, 12H, CO2CH3). UV-vis (CHCl3): λmax [nm] = 

681, 567, 436. MS (MALDI-TOF, dithranol matrix): m/z = 1227.6 (calcd. for [M + H]+: 1226.8). 

Zinc(II) 2,3,12,13-tetrabromo-5,10,15,20-tetrakis(4-trifluoromethylphenyl)porphyrinato (5f). To a solution of 6f 

(203 mg, 0.23 mmol) in 1,2-dichloroethane (50 mL) was added recrystallized NBS (234 mg, 1.35 mmol) and the 

reaction mixture was refluxed for 24 h. The solvent was removed under vacuum, and the residual solid was washed 

with H2O and dried under vacuum to obtain crude 7f. To the solution of the crude 7f (273 mg, 0.23 mmol) in CHCl3 (45 

mL) was added a suspension of Zn(OAc)2·2H2O (359 mg, 1.1 mmol) in CH3OH (16 mL) and the reaction mixture was 

refluxed for 3 h. The reaction mixture was poured into water and the organic phase was separated and then dried over 

Na2SO4. After removing the solvent, the resulting red-purple powder was chromatographed on a silica gel column by 

using CHCl3/hexane (2:1, v/v) as an eluent. The second fraction was collected and the solvent was removed under 

vacuum. The residual solid was recrystallized from CH2Cl2/hexane (1:3, v/v) and dried under vacuum to yield 5f (85 

mg, 67 µmol, 30% (2 step)). 1H NMR (CDCl3): δ 8.65 (s, 4H, β-H), 8.02 (d, J = 8.0 Hz, 8H, o-phenyl-H), 7.66-7.77 (m, 

12H, m, p-phenyl-H). UV-vis (CHCl3): λmax [nm] = 605, 565, 434. MS (MALDI-TOF, dithranol matrix, negative 

mode): m/z = 1226.8 (calcd. for [M + H]–: 1226.7). 

 

X-ray diffraction analysis. 

 The single crystals were mounted on mounting loops. All diffraction data were collected using a Bruker APEXII 

diffractometer at –153 °C (120 K) equipped with graphite- monochromated Mo Kα (λ = 0.71073 Å) by the ω-2θ scan. 

The structures were solved by direct methods by using SIR97 and SHELX97.37 Crystallographic data are summarized 

in Table 3-4. Recrystallization of the t-Bu derivative 4c from the solution in chlorobenzene in the presence of one drop 

of pyridine by slow concentration afforded single crystals of 4c-py. On the other hand, recrystallization of 4c from the 

1,4-dioxane solution by deposition of 2-propanol vapor as a poor solvent gave single crystals of 4c-dox. One molecule 

of 4c-py and two co-crystallized chlorobenzene molecules were involved in the asymmetric unit, whereas the 

asymmetric unit of the crystal of 4c-dox contained one molecule of 4c-dox and two co-crystallized dox molecules and 

one 2-propanol molecule. One of the two co-crystallized dox molecules in the crystal of 4c-dox was severely disordered 

and deleted using the SQUEEZE program.38 Recrystallization of the methoxy derivative 4d from the solution in 

pyridine by deposition of 1,2-dichlorobenzene vapor as a poor solvent gave single crystals of 4d-py. One molecule of 

4d-py and one co-crystallized 1,2-dichlorobenzene molecules were involved in the asymmetric unit. A single crystal of  
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Table 3-4. Crystallographic data for QFP Derivatives. 

compound 4c-py 4c-dox 4d-py 4f-py 

crystal system monoclinic monoclinic monoclinic triclinic 

space group P21/a P21/a P21/c P1 

T / K 120 

Formula C60H52N4Zn·C5H5N·2

C6H5Cl 

C60H52N4Zn· 

C4H8O2 

C48H28N4O4Zn· 

C5H5N 

C48H16N4F12Zn· 

C5H5N 

FW 1198.62 1130.72 1016.20 1021.12 

a / Å 17.737(2) 19.126(2) 16.247(6) 16.724(13) 

b / Å 18.295(3) 17.2247(18) 14.572(5) 16.971(14) 

c / Å 19.069(3) 19.215 (2) 18.789(7) 20.045(16) 

a / ° 90 90 90 107.054(11) 

b / ° 92.168(2) 93.303(2) 91.671(5) 107.580(10) 

g / ° 90 90 90 105.011(12) 

V / Å3 6183.5(15) 6319.6(11) 4446(3) 4793(7) 

Z 4 4 4 4 

λ / Å 0.71073 (Mo Kα) 

Dc / g cm–3 1.288 1.188 1.518 1.415 

reflns measured 34682 33306 23940 18428 

reflns unique 13927 13857 10244 12549 

R1 (I > 2s(I)) 0.0331 0.1176 0.0644 0.0835 

wR2 (all) 0.0916 0.3252 0.2089 0.2096 

GOF 1.038 1.137 1.024 0.838 

 

4f-py was obtained by recrystallization from the pyridine solution with a vapor deposition method using MeCN as a 

poor solvent.Two independent molecules of 4f-py and one MeCN molecule as a co-crystallized solvent molecule were 

found in the asymmetric unit. The co-crystallized MeCN molecule was highly disordered and treated with the 

SQUEEZE program to be deleted.38 

 

Computational method. 

 The structures of porphyrin derivatives were optimized by using the B3LYP functional.39 The 6-31G(d) basis 

set40,41 was used for all atoms. The program used was Gaussian 09.42 Time-dependent density functional theory 

(TD-DFT)43 has been applied to calculate the excited-state energies. 

 

Reference and notes 

1 (a) The Porphyrin Handbook, Vol. 1–10 (Eds.: K. M. Kadish, K. M. Smith, R. Guilard), Academic Press, New 

York, 2000. (b) The Porphyrin Handbook, Vol. 11-20 (Eds.: K. M. Kadish, K. M. Smith, R. Guilard), Academic 

Press, San Diego, 2003. (c) The Porphyrins (Eds.: D. Dolphin), Academic Press, New York, 1979. 

2 (a) J. J. Warren, J. R. Winkler, H. B. Gray, Coord. Chem. Rev. 2013, 257, 165. (b) H. Michel, J. Deisenhofer, 

Biochemistry 1988, 27, 1. (c) J. P. Allen, G. Feher, T. O. Yeates, H. Komiya, D. C. Rees, Proc. Natl. Acad. Sci. 



 63 

USA 1987, 84, 5730. (d) S. G. Boxer, Biochim. Biophys. Acta 1983, 726, 265. 

3 (a) H. Imahori, S. Fukuzumi, Adv. Funct. Mater. 2004, 14, 525. (b) M. V. Martínez-Díaz, G. de la Torre, T. Torres, 

Chem. Commun. 2010, 46, 7090. 

4 M. O. Senge, M. Fazekas, E. G. A. Notaras, W. J. Blau, M. Zawadzka, O. B. Locos, E. M. N. Mhuircheartaigh, 

Adv. Mater. 2007, 19, 2737. 

5 A. Giraudeau, H. J. Callot, M. Gross, Inorg. Chem. 1979, 18, 201. (b) K. M. Kadish, M. M. Morrison, J. Am. 

Chem. Soc. 1976, 98, 3326. (c) A. Giraudeau, H. J. Callot J. Jordan, I. Ezhar, M. Gross, J. Am. Chem. Soc. 1979, 

101, 3857. 

6 Reviews on this topic: (a) S. Fox, R. W. Boyle, Tetrahedron 2006, 62, 10039. (b) J. P. Lewtak, D. T. Gryko, Chem. 

Commun. 2012, 48, 10069. (c) H. Mori, T. Tanaka, A. Osuka, J. Mater. Chem. C 2013, 1, 2500. (d) M. Stępień, E. 

Gońka, M. Żyła, N. Sprutta, Chem. Rev. 2017, ASAP (DOI: 10.1021/acs.chemrev.6b00076). 

7 (a) L. Edwards, M. Gouterman, C. B. Rose, J. Am. Chem. Soc. 1976, 98, 7638. (b) T. D. Lash, B. H. Novak, 

Angew. Chem., Int. Ed. Engl. 1995, 34, 683. (c) S. Ito, T. Murashima, H. Uno, N. Ono, Chem. Commun. 1998, 

1661. 

8 (a) R. Deshpande, L. Jiang, G. Schmidt, J. Rakovan, X. Wang, K. Wheeler, H. Wang, Org. Lett. 2009, 11, 4251. 

(b) L. Jinag, J. T. Engle, L. Sirk, C. S. Hartley, C. J. Ziegler, H. Wang, Org. Lett. 2011, 13, 3020. (c) S. Banala, T. 

Rühl, K. Wurst, B. Kräutler, Angew. Chem. Int. Ed. 2009, 48, 599. 

9 (a) H. Aihara, L. Jaquinod, D. J. Nurco, K. M. Smith, Angew. Chem. Int. Ed. 2001, 40, 3439. (b) M. Nath, J. C. 

Huffman, J. M. Zaleski, J. Am. Chem. Soc. 2003, 125, 11484. (c) M. Nath, M. Pink, J. M. Zaleski, J. Am. Chem. 

Soc. 2005, 127, 478. 

10 (a) A. N. Cammidge, P. J. Scaife, G. Berber, D. L. Hughes, Org. Lett. 2005, 7, 3413. (b) M. Tanaka, S. Hayashi, S. 

Eu, T. Umeyama, Y. Matano, H. Imahori, Chem. Commun. 2007, 2069. (c) C. Jiao, K.-W. Huang, Z. Guan, Q.-H. 

Xu, J. Wu, Org. Lett. 2010, 12, 4046. 

11 (a) H. S. Gill, M. Harmjanz, J. Santamaría, I. Finger, M. J. Scott, Angew. Chem. Int. Ed. 2004, 43, 485. (b) K. 

Kurotobi, K. S. Kim, S. B. Noh, D. Kim, A. Osuka, Angew. Chem. Int. Ed., 2006, 45, 3944. 

12 C. Jiao, L. Zhu, J. Wu, Chem. Eur. J. 2011, 17, 6610. 

13 (a) K. Sendt, L. A. Johnston, W. A. Hough, M. J. Crossley, N. S. Hush, J. R. Reimers, J. Am. Chem. Soc. 2002, 

124, 9299. (b) R. Paolesse, L. Jaquinod, F. S. Della, D. J. Nurco, L. Prodi, M. Montalti, C. D. Natale, A. D’Amico, 

A. D. Carlo, P. Lugli, K. M. Smith, J. Am. Chem. Soc. 2000, 122, 11295. (c) H. Uno, A. Masumoto, N. Ono, J. Am. 

Chem. Soc. 2003, 125, 12082. (d) M. Akita, S. Hiroto, H. Shinokubo, Angew. Chem. Int. Ed. 2012, 51, 2894. 

14 (a) A. Tsuda, A. Nakano, H. Furuta, H. Yamochi, A. Osuka, Angew. Chem. Int. Ed. 2000, 39, 558. (b) A. Tsuda, H. 

Furuta, A. Osuka, Angew. Chem. Int. Ed. 2000, 39, 2549. (c) A. Tsuda, H. Furuta, A. Osuka, J. Am. Chem. Soc. 

2001, 123, 10304. (d) A. Tsuda, A. Osuka, Science 2001, 293, 79. (e) Y. Nakamura, N. Aratani, H. Shinokubo, A. 

Takagi, T. Kawai, T. Matsumoto, Z. S. Yoon, D. Y. Kim, T. K. Ahn, D. Kim, A. Muranaka, N. Kobayashi, A. 

Osuka, J. Am. Chem. Soc. 2006, 128, 4119. 



 64 

15 (a) S. Hayashi, Y. Matsubara, S. Eu, H. Hayashi, T. Umeyama, Y. Matano, H, Imahori, Chem. Lett. 2008, 37, 846. 

(b) S. Hayashi, M. Tanaka, H. Hayashi, S. Eu, T. Umeyama, Y. Matano, Y. Araki, H. Imahori, J. Phys. Chem. C 

2008, 112, 15576. (c) J. M. Ball, N. K. S. Davis, J. D. Wilkinson, J. Kirkpatrick, J. Teuscher, R. Gunning, H. L. 

Anderson, H. J. Snaith, RSC Adv. 2012, 2, 6846. 

16 N. Fukui, W.-Y. Cha, S. Lee, S. Tokuji, D. Kim, H. Yorimitsu, A. Osuka, Angew. Chem. Int. Ed. 2013, 52, 9728. 

17 (a) N. K. S. Davis, M. Pawlicki, H. L. Anderson, Org. Lett., 2008, 10, 3945. (b) N. K. S. Davis, A. L. Thompson, 

H. L. Anderson, Org. Lett. 2010, 12, 2124. (c) N. K. S. Davis, A. L. Thompson, H. L. Anderson, J. Am. Chem. Soc. 

2011, 133, 30. 

18 C.-M. Feng, Y.-Z. Zhu, S.-C. Zhang, J.-Y. Zheng, Org. Biomol. Chem. 2015, 13, 2566. 

19 (a) Y. Mitsushige, S. Yamaguchi, B. S. Lee, Y. M. Sung, S. Kuhri, C. A. Schierl, D. M. Guldi, D. Kim, Y. Matsuo, 

J. Am. Chem. Soc. 2012, 134, 16540. (b) H. Fliegl, N. Özcan, R. Mera-Adasme, F. Pichierri, J. Jusélius, D. 

Sundholm, Mol. Phys. 2013, 111, 1364. 

20 (a) T. Ishizuka, Y. Saegusa, Y. Shiota, K. Ohtake, K. Yoshizawa, T. Kojima, Chem. Commun. 2013, 49, 5939. (b) 

Y. Saegusa, T. Ishizuka, K. Komamura, S. Shimizu, H. Kotani, N. Kobayashi, T. Kojima, Phys. Chem. Chem. 

Phys. 2015, 17, 15001. (c) Y. Saegusa, T. Ishizuka, T. Kojima, S. Mori, M. Kawano, T. Kojima, Chem. Eur. J. 

2015, 21, 5302. 

21 P. K. Kumar, P. Bhyrappa, B. Varghese, Tetrahedron Lett. 2003, 44, 4849. 

22 S. Higashibayashi, H. Sakurai, Chem. Lett. 2007, 36, 18. 

23 Typical C-C bond lengths of phenyl rings are ca. 1.38 Å	 for porphyrin derivatives: (a) C. K. Schauer, O. P. 

Anderson, S. S. Eaton, G. R. Eaton, Inorg. Chem. 1985, 24, 4082. (b) M. P. Byrn, C. J. Curtis, I. Goldberg, Y. 

Hsiou, S. I. Khan, P. A. Sawin, S. K. Tendick, C. E. Strouse, J. Am. Chem. Soc. 1991, 113, 6549. (c) E. B. 

Fleischer, C. K. Miller, L. E. Webb, J. Am. Chem. Soc. 1964, 86, 2342. (d) W. R. Scheidt, J. U.Mondal, C. W. 

Eigenbrot, A. Adler, L. J. Radonovich, J. L. Hoard, Inorg. Chem. 1986, 25, 795. 

24 (a) D. J. Nurco, C. J. Medforth, T. P. Forsyth, M. M. Olmstead, K. M. Smith, J. Am. Chem. Soc. 1996, 118, 10918. 

(b) C. J. Medforth, M. O. Senge, K. M. Smith, L. D. Sparks, J. A. Shelnutt, J. Am. Chem. Soc. 1992, 114, 9859. 

25 (a) A. D. Bond, N. Feeder, J. E. Redman, S. J. Teat, J. K. M. Sanders, Cryst. Growth Des. 2002, 2, 27. (b) Y. 

Inokuma, Z. S. Yoon, D. Kim, A. Osuka, J. Am. Chem. Soc. 2007, 129, 4747. 

26 C. Hansch, A. Leo, R. W. Taft, Chem. Rev. 1991, 91, 165. 

27 Similar sensitiveness to the substituents has been also reported to the redox potentials of TPP derivatives with the 

β-substituents. (a) A. Giraudeau, H. J. Callot, M. Gross, Inorg. Chem. 1979, 18, 201. (b) K. M. Kadish, M. M. 

Morrison, J. Am. Chem. Soc. 1976, 98, 3326. 

28 A. D. Adler, F. R. Longo, J. D. Finarelli, J. Goldmacher, J. Assour, L. Korsakoff, J. Org. Chem. 1967, 32, 476. 

29 J. Arnold, D. Y. Dawson, C. C. Hoffman, J. Am. Chem. Soc. 1993, 115, 2707. 

30 M. O’Rourke, C. Curran, J. Am. Chem. Soc. 1970, 92, 1501. 

31 K. M. Kadish, M. M. Morrison, J. Am. Chem. Soc. 1976, 98, 3326. 



 65 

32 S. S. Eaton, G. R. Eaton, J. Am. Chem. Soc. 1975, 97, 3660. 

33 M. J. Crossley, P. L. Burn, S. S. Chew, F. B. Cuttance, I. A. Newsom, J. Chem. Soc., Chem. Commun. 1991, 1564. 

34 P. Bhyrappa, V. Velkannan, K. Karunanithi, B. Varghese, Harikrishna, Bull. Chem. Soc. Jpn. 2008, 81, 995. 

35 Y. Terazono, B. O. Patrick, D. H. Dolphin, Inorg. Chem. 2002, 41, 6703. 

36 P. Bhyrappa, V. Velkannan, J. Porphyrin Phthalocyanine 2011, 15, 883. 

37 G. M. Sheldrick, SIR97 and SHELX97, Programs for Crystal Structure Refinement, University of Göttingen, 

Göttingen (Germany), 1997. 

38 P. V. D. Sluis, A. L. Spek, Acta Crystallogr. 1990, A46, 194. 

39 (a) A. D. Becke, Phys. Rev. A 1988, 38, 3098. (b) C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785; (c) A. 

D. Becke, J. Chem. Phys. 1993, 98, 5648. 

40 M. M. Francl, W. J. Petro, W. J. Hehre, J. S. Binkley, M. S. Gordon, D. J. DeFrees, J. A. Pople, J. Chem. Phys. 

1982, 77, 3654. 

41 V. Rassolov, J. A. Pople, M. Ratner, T. L. Windus, J. Chem. Phys. 1998, 109, 1223. 

42 Gaussian 09 (Revision D.01), M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. 

Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. 

Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. 

Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, 

F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. obayashi, J. Normand, K. 

Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, M. J. Millam, M. Klene, J. E. 

Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. 

Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. 

Dannenberg, S. Dapprich, A. D. Daniels, Ö. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski,  D. J. Fox, 

Gaussian, Inc., Wallingford CT, 2009. 

43 (a) Density Functional Theory (Ed.: R. F. Nalewajski), Springer: Heidelberg, 1996. (b) Recent Advances in 

Density Functional Methods Vol. 1 (Ed.: D. P. Chong), World Scientific: Singapore, 1995, pp 155-193. 



 66 

Chapter 4 
 

Functionalization of QFP at the β-positions of the non-fused pyrroles 
 

 

4-1. Introduction 

 Porphyrin and its derivatives have attracted much interest of scientists in various fields because of the strong 

absorption bands in the visible region and multi-redox processes.1 Based on the π-conjugated nature of the porphyrin 

ring system, electron-donating or -withdrawing substituents at the periphery of porphyrins can affect the basicity of the 

porphyrin nitrogen atoms,1b and also can control the absorption bands and redox potentials.2 In addition, porphyrin 

derivatives can form metal complexes with various metal ions, and the electronic properties of the metal center can be 

finely tuned by introduction of substituents to the porphyrin ligands.3 

 The characteristics of porphyrins such as optical properties including strong absorption in the visible region can 

be controlled not only by introduction of substituents, as mentioned above, but also by formation of ring-fused 

structures at the periphery.4 The unique physical properties of the ring-fused derivatives of porphyrins are derived from 

expansion of the π-conjugation due to coplanarity of the porphyrin plane and the peripheral fused aromatic moieties.4 

Recently, modification methods of porphyrins by direct introduction of fused rings on the aromatic circuit have been 

intensively developed.5 The author also has reported a facile and efficient procedure of a quadruply ring-fused 

porphyrins (QFP, 4a) with a easily accessible precursor (Chapters 2 and 3):6 The four meso-aryl groups of QFP are 

covalently bonded to the β-carbons of the pyrrole rings at the ortho-positions. In this chapter, direct functionalization of 

QFPs with bromination at the non-fused pyrroles is described and further modification of the Br groups with 

Pd-catalyzed coupling reactions is also presented. 

 

4-2. Synthesis 

 To elucidate substituent effects of functional groups at the β-positions of QFP on the electronic properties, 

bromination at the β-positions of the non-fused pyrrole has been performed with N-bromosuccinimide (NBS); 5 equiv 

of NBS was reacted with 4c at 60 °C in CHCl3 and chromato- graphed on a bio-beads S-X1 gel column using THF as 

an eluent. The collected fraction was dried under vacuum and recrystallized from THF/EtOH to give dark-green powder 

of the tetrabromo-derivative, 10c, in 37% yield. Formation of 10c was confirmed by disappearance of the β-proton 

signal, observed for 4c, in the 1H NMR spectrum of 10c in DMSO-d6 (Figure 4-1). In the MALDI-TOF-MS spectrum of 

10c, a peak cluster was observed at m/z = 1211.6, which matches to the simulated pattern of the target 

tetrabromo-derivative, 10c. A peak cluster was also observed at m/z = 2418.2, which matches to the simulated pattern of 

the dimeric species of 10c (see below). 
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Scheme 4-1. Synthesis of β-substituted QFP derivatives.  

 

 
Figure 4-1. 1H NMR spectrum of 10c in DMSO-d6. 

 

 
Figure 4-2. 1H NMR spectrum of 11c in DMSO-d6. Asterisks (*) denote the free pyridine from recrystallization solvent. 
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 Phenyl groups were subsequently introduced at the β-positions of ZnQFP using 10c as a precursor under 

Pd-catalyzed cross-coupling conditions (Scheme 4-1). To confirm the formation of 11c, the 1H NMR spectrum of 11c 

was measured in DMSO-d6 (Figure 4-2); signals of the fused aryl moieties of 11c were highly upfield shifted in 

comparison to those of 4c, due to strong ring current effects caused by the phenyl groups introduced. Supporting this, 

the distance from the center of the introduced phenyl groups to the nearest ortho-carbon at the fused aryl groups, which 

are represented by a blue square in Figure 4-2, is calculated to be 3.43 Å in the DFT-optimized structure of 11c (Figure 

4-3). The distance is close enough to form edge-to-face π-π interaction between them and to exert the ring-current 

effect on the o-H of the fused phenyl groups, causing the upfield shift mentioned above. According to the 

DFT-optimized structure of 11c, the non-fused pyrroles are tilted against the porphyrin plane by 14° (the mean value of 

the two pyrrole moieties), due to steric congestion between phenyl groups and the fused aromatic rings. 

 

 

Figure 4-3. Top and side views of DFT-optimized structure of 11c at the B3LYP/6-31G* level of theory. The t-Bu groups are 
replaced with hydrogen atoms for computational costs. 

 

4-3. Substituent effects at the β-positions on crystal structures 

 The tetra-brominated 10c was recrystallized from the solution in chloroform by vapor deposition of ethanol as a 

poor solvent and the crystal structure was determined by single-crystal X-ray diffraction analysis. Contrary to the 

expectation from the 1H NMR spectrum of 10c in DMSO-d6 (Figure 4-1), the compound obtained was revealed to be in 

an unexpected dimeric structure as shown in Figure 4-4. The representative bond distances and interatomic distances 

are summarized in Table 4-1. In the structure, an ethanol molecule, which is axially coordinated to the zinc center, 

exhibited a crystallographic disorder. In the crystal, the non-fused pyrroles of 10c are tilted relative to the porphyrin 

plane by 26° (the mean value of the independent four pyrrole moieties), due to steric repulsion between the Br groups 

and the fused aromatic rings. As a result, the lone pair of a pyrrolic nitrogen (N1) did not direct to the Zn center, and 

instead, the nitrogen atom of the non-fused pyrrole coordinates to the Zn center of the other molecule of 10c to form a 
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dimeric structure, (10c)2-EtOH. In addition, one of the non-fused pyrrolic nitrogen (N5) of the other molecule forming 

the dimeric structure dissociates from the Zn center (Zn2) and forms a hydrogen bond with the hydroxyl group of a 

cocrystallized EtOH molecule (Figure 4-4). The atom separations of Zn1···N1 and Zn2···N5 in the crystal structure of 

(10c)2-EtOH are found to be 2.786(4) Å and 2.730(4) Å, respectively, which are too long to recognize coordination  

 

 

Figure 4-4. Top and side views of crystal structure of (10c)2-EtOH. The thermal ellipsoids are drawn at the 50% probability level. 
One of the two disordered conformers of ethanol as the axial ligand is not shown for clarity. 

 

Table 4-1. Selected bond length and other structural data of (10c)2-EtOH 

Zn1···N1 / Å 2.786(4) Zn2···N5 / Å 2.730(4) N5···O2 / Å 2.83(1) 

Zn1-N2 / Å 1.882(4) Zn2-N6 / Å 1.924(4) N1···N3 / Å 4.673(5) 

Zn1-N3 / Å 2.034(4) Zn2-N7 / Å 2.103(4) N2···N4 / Å 3.516(5) 

Zn1-N4 / Å 1.893(4) Zn2-N8 / Å 1.926(4) N5···N7 / Å 4.636(5) 

Zn1-O1(axial) / Å 2.049(5) Zn2-N1(axial) / Å 2.090(5) N6···N8 / Å 3.482(5) 

N-Ca (fused, av) / Å 1.906 Cipso-Cortho (fused, av) / Å 1.43 Mean deviation / Å 
0.225 a 
0.295 b 

N-Ca (non-fused, av) / Å 2.069   Zn from the plane / Å 
0.406 a 
1.058 b 

a determined to the porphyrin plane containing N1, N2, N3, N4 atoms. b determined to the porphyrin plane containing N5, N6, N7, 
N8 atoms. 
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bonds between them. The bond distance of Zn2-N1 and the atom separation of N5···O2 are 2.090(5) Å and 2.83(1) Å, 

respectively, the former of which is in the typical range of Zn-N bonds7 and the latter is short enough to form the 

hydrogen bond.8 The Zn1-O1 bond distance was 2.049(5) Å, which was shorter than those observed for ZnTPP-alcohol 

complexes.9 The short distance of the Zn1-O1 bond indicates the strong Lewis acidity of the Zn center in (10c)2-EtOH, 

since the Zn1 center was tetra-coordinated by three QFP nitrogen atoms and O1 of the coordinated EtOH, whereas the 

Zn centers of the ZnTPP complexes were penta-coordinated by the four nitrogen atoms of TPP and one oxygen atom of 

the coordinated alcohols. Supporting this, ZnII complexes having a tridentate N-confused porphyrin and monodentate 

isopropanol as ligands of the Zn center, showed a comparable Zn-O distance, 2.047(7) Å, to that of (10c)2-EtOH.10 

Together with the distortion causes by the steric repulsion between the Br group and the fused phenyl protons, the 

introduction of the electron-withdrawing Br groups reduces the basicity of the pyrrole nitrogen atoms to weaken the 

Zn-N bond; the less donating character can cause the dissociation in the course of the crystallization using EtOH, which 

can also stabilize the dissociated structure by the hydrogen-bond formation. 

 The crystal structure of (10c)2-EtOH is not consistent with the structure assumed on the basis of the 1H NMR 

spectrum in DMSO-d6 (Figure 4-1). To reexamine the solution structure of (10c)2-EtOH, the 1H NMR spectrum of 

(10c)2-EtOH was measured in non-coordinating CD2Cl2 instead of strongly coordinating DMSO-d6 and a relatively 

complicated spectral pattern was observed due to low symmetric structures (Figure 4-5). For instance, the 1H NMR 

signals of the t-Bu groups were observed as two singlet signals at 1.32 and 1.34 ppm, whereas that in DMSO-d6 was 

observed as a singlet at 1.30 ppm. In addition, the 1H NMR signals of the aromatic protons in CD2Cl2 also exhibited 

complicated splitting, compared to those in DMSO-d6. This difference between the 1H NMR spectrum in DMSO-d6 

(Figure 4-1) and that in CD2Cl2 indicates that the dimeric structure of (10c)2-X, similar to that observed in the crystal 

structure (Figure 4-4), is maintained in non-coordinating CD2Cl2, whereas the dimeric structure is collapsed into the 

monomeric one (10c) in DMSO-d6 due to its strong coordinating ability. Unfortunately, the 1H NMR signals of the axial 

ligand were not observed in CD2Cl2 probably due to the ligand substitution by water molecules contained in the solvent 

CD2Cl2. 

 

 

Figure 4-5. 1H NMR spectrum of (10c)2-X in CD2Cl2. X denotes the axial ligand at one of the ZnII centers. 

 

, 8H , 16H

, 72H

,

N
Zn

Br
Br

N N

N
tBu

tBu

tBu

tBu

Br
Br

N

NN

N tBu

tBu

tBu

tBu

Br

Zn

Br

Br
Br

X

(10c)2-X



 71 

4-4. Substituent effects at the β-positions of QFP on the optical and electrochemical properties 

 The optical and electrochemical properties of ZnQFP are largely affected by the substituents at the β-position of 

the pyrrole moieties. Both of the introduction of phenyl and bromo groups at the β-positions of the pyrrole moieties of 

QFP caused red shifts of the Soret-like bands relative to those of 4c; the absorption maximum of the Soret-like band 

appears at 616 nm for 4c, 656 nm for 10c, and 637 nm for 11c in DMF, in which the dimeric (10c)2-X should exist as a 

monomer, such as 10c-DMF, due to the strong coordination ability. The bromo-substituted ZnQFP, 10c, exhibited the  

 

 

Figure 4-6. UV-vis spectra of β-substituted ZnQFPs, 4c (black), 10c (blue), and 11c (red) in DMF. 

 

 
Figure 4-7. Cyclic (above) and differential-pulse (below) voltammograms of the ZnQFP derivatives in DMF containing 0.1 M 
TBAPF6 as an electrolyte at room temperature; (a) 4c, (b) 10c and (c) 11c. 
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longest Q-band at 1109 nm in DMF and the shift width relative to that of 4c is 49 nm (Figure 4-6). It should be noted 

that the Q bands of 10c showed intense two peaks at 919 and 826 nm (ε ~ 12000), whereas compounds 4c and 11c did 

not show such intense peaks but exhibited Q-like bands with weak three peaks around 790, 950, and 1080 nm (ε ~ 5200, 

2400, and 1800, respectively). 

 The voltammograms of 4c, 10c, and 11c measured in DMF are shown in Figure 4-7 and the redox potentials are 

summarized in Table 4-2. Both of the redox potentials for the first reduction and first oxidation processes, ERed1 and 

EOx1, of the ZnQFP derivatives were positively shifted upon introducing electron-withdrawing groups such as Br and Ph  

 

Table 4-2. Absorption maxima and redox potentials of QFP derivatives in DMF 

 
lmax(B)a n(B)b Dn(B)b lmax(Q)a n(Q)b Dn(Q)b ERed1

c EOx1
c EOx1 – ERed1

d 

4c 616 16230 — 1060 9430 — –0.70 +0.49 1.19 

10c 656 15240 –990 1109 9020 –410 –0.55 +0.70 1.25 

11c 637 15670 –560 1092 9160 –270 –0.65 +0.60 1.25 

a in nm, b in cm–1, c in V vs SCE. d in V. 

 

 
Figure 4-8. Hammett plots of ERed1 and EOx1 of the β-substituted ZnQFP derivatives, 4c (1), 11c (2) and 10c (3), against 4σp

+. 
Solvent: DMF containing 0.1 M TBAPF6 (TBA = tetra(n-butyl)ammonium). Values of σp

+ are taken from ref. 11. 

 

groups (Figure 4-7). To confirm the substituent effects on the redox potentials, the Hammett plots were provided as 

depicted in Figure 4-8, where a Hammett parameter, σp
+,11 was the best fit for the present studies. The plots of the redox 

potentials against σp
+ exhibited good linearity and the coefficients, ρ, for EOx1 and ERed1 of the β-substituted ZnQFPs 

were determined to be +0.11 and + 0.09, respectively. On the other hand, the ρ values for EOx1 and ERed1 of ZnQFPs 

having substituents at the para-positions of the fused aryl group were reported to be +0.098 and +0.009 (See Chapter 

3).6b As indicated by the ρ values, the redox potentials of ZnQFP are more affected by the substituents at the β-positions 

of the non-fused pyrrole moiety than those at the para-positions of the fused aryl groups. In addition, the ρ values 
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indicate that the substituents at the para-positions affect the first oxidation potentials more than the first reduction 

potential (See Chapter 3);6b however, the substituents at the β-positions affect both of the first oxidation and the first 

reduction potentials to the same extent. 

 

4-5. Determination of the Lewis acidity of the central ZnII ion in QFP 

 One of the structural features of ZnQFP complexes is the rhombic distortion around the ZnII centers;6 that is, the 

Zn-N distances for the nitrogen atoms of the pyrroles (Zn-N2 and Zn-N4) are shorter by ca. 0.27 Å than those of the 

non-fused pyrroles (Zn-N1 and Zn-N3) and the mean Zn-N distance of the ZnQFP complexes (ca. 2.11 Å) is longer 

than that of ZnTPP (ca. 2.04 Å).7,12 This remarkable elongation suggests weak overall σ-donation from the nitrogen 

atoms of the QFP ligand to the central ZnII ion, which enhances the Lewis acidity of the central ZnII ion.6b The Lewis 

acidity of the Zn center of QFPs can be further improved by introduction of substituents at the β-positions of the 

non-fused pyrroles in light of the aforementioned strong impact on the electron-donating ability of the pyrrole nitrogen 

atoms. To elucidate substituent effects on the Lewis acidity, the association constants (Kassoc) of the ZnQFP derivatives, 

4c, 10c or 11c, with pyridine in CH2Cl2 have been determined by UV-vis titration experiments (Scheme 4-2). The 

solution of pyridine in CH2Cl2 was added dropwise to that of a ZnQFP derivative, 4c, in CH2Cl2 and the UV-Vis 

spectral change was observed at 298 K (Figure 4-9). The absorbance changes of 4c at 618 nm upon the titration 

e x p e r i m e n t s  w e r e  a n a l y z e d  u s i n g  e q  ( 1 )  t o  o b t a i n  t h e  K a s s o c  v a l u e s ,  a n d  t h e  K a s s o c  

 
Abs = εp[P]0L + (εPyP / (2 × K)) × (1 + K × [py] + K × [P]0) – ((1+K × [py] + K × [P]0)2 – 4 × K2 × [py] × [P]0)1/2  

 (1) 
 

values obtained are summarized in Table 4-3. Here, εp, [P], [py], εPyP, and K, refer to the absorption coefficient of the 

porphyrin derivative at a certain wavelength, the concentration of the porphyrin derivative, the concentration of 

pyridine, the absorption coefficient of the associated complex between the porphyrin derivative and pyridine at the 

corresponding wavelength, and the association constant, respectively. In comparison with the Kassoc values of ZnII 

complexes of other porphyrin derivatives,6c compound 4c exhibits larger Kassoc values than that of ZnTPP and ZnOPP 

(OPP = 2,3,5,10,12,13, 15,20-octaphenyl- porphyrin);13 the Kassoc of 4c for py ((3.5 ± 0.1) × 104 M–1) is ca. 3 times 

larger than that of ZnTPP ((1.1 ± 0.1) × 104 M–1)13c and as large as even that of the ZnII complex of 

dodecaphenylporphyrin (DPP), which has been known to exhibit relatively higher Lewis acidity due to the 

conformational distortion to a saddle form and the resultant weak σ-donation from the nitrogen atoms to the central 

metal ions.13c Therefore, the structural expansion of the core of the QFP ligand can exert a remarkable impact on the 

enhancement of the Lewis acidity of the central metal ions due to the deformation of the core structure.14 The 

mesityl-substituted ZnIIQFP derivative, 4b,6b exhibited a larger Kassoc value than that of 4c, which is probably attributed 

to the electron-withdrawing character of the mesityl groups in 4b relative to that of the t-Bu group in 4c.15 
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Scheme 4-2. Coordination of pyridine on the Zn center of a QFP derivative. 

 

 

Figure 4-9. UV-Vis spectral changes of 4c upon titration with pyridine (a) in CH2Cl2 at 298 K; (b) the absorbance changes at 618 nm 
fitted with eq 1. The concentration of 4c was 1.25 × 10–5 M. 

 

Table 4-3. Association constants of ZnII complexes of porphyrin derivatives with pyridine in CH2Cl2 

 4c (10c)2-X 11c 4b ZnTPP ZnOPP ZnDPP 

Kassoc / 104 M–1 3.5 ± 0.1 2.2 ± 0.1 — 76 ± 5a 1.1 ± 0.1b 1.4 ± 0.1b 4.6 ± 0.1b 
a Ref. 6b. b Ref. 13c. 

 

 
Figure 4-10. UV-Vis spectral changes of (10c)2-X upon titration with pyridine (a) in CH2Cl2 at 298 K; (b) the absorbance changes at 
517 nm fitted with eq 1. The concentration of (10c)2-X was 1.16 × 10–5 M. 
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Figure 4-11. A Job’s plot for (10c)2-X and pyridine in CH2Cl2 at 298 K. The plot was made by setting the total concentration of 10c, 
which was calculated to be two-fold of the concentration of (10c)2-X, and the pyridine as 1.32 × 10–4 M. [10c] and [py] refer to the 
concentrations of 10c and pyridine, where [10c] = 1/2[(10c)2-X]. 

 

 

Scheme 4-3. Coordination process of pyridine on the Zn center of (10c)2-X. 

 

 The Kassoc value  of β-substituted ZnQFPs, 10c, were also determined by UV-vis titration experiments (Figure 

4-10); addition of pyridine up to 3.5 × 10–3 M caused strengthening of the Soret-like band, accompanying an isosbestic 

point at 620 nm, and the Kassoc value is determined to be (2.2 ± 0.1) × 104 M–1. It is expected that introduction of 

electron-withdrawing groups such as Br groups of 10c causes suppression of the electron donation from the porphyrin 

ligand to the ZnII center, and thus, the Lewis acidity of the ZnII center would increase. The Kassoc value of 10c 

experimentally determined, however, was comparable to that of 4c. This lower Kassoc value than expected can be 

explained by the fact that the dimeric structure of 10c observed in the crystal structure (Figure 4-4) is maintained even 

in CH2Cl2 as supported by the 1H NMR spectrum of 10c in CD2Cl2 showing relatively complicated pattern due to the 

dimeric structure (Figure 4-5). In the dimeric structure, one of the non-fused pyrrole nitrogen atoms of 10c coordinates 

to the ZnII center of the other molecule of 10c with X; the tridentate QFP ligand should enhances the Lewis acidity of 

the Zn center to thermodynamically stabilize the dimeric structure involving strong coordination of a solvent molecule 
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such as EtOH and the pyrrole nitrogen of the other molecule as in Figure 4-4. The considerable stability of the dimer 

can be competitive with that of the five-coordinated pyridine complex, 10c-py, affording a smaller ΔG value of the 

equilibrium. Therefore, the Kassoc value of (10c)2-X was smaller than that expected for simple ligand binding to vacant  

 

 
Figure 4-12. (a) UV-Vis spectral changes of 11c upon titration with pyridine in CH2Cl2 at 298 K; (b) UV-Vis spectra of 11c with 
pyridine (1.09 × 10–2 M; red) and 11c with AcOH (1.75 M; blue) in CH2Cl2 at 298 K. The concentration of 11c was set to be 1.47 × 
10–5 M both for (a) and (b). 

 

site of square square-planer and four-coordinate 4c. To examine the molecular ratio between (10c)2-X and pyridine in 

the associated complex, a Job’s plot for the association of (10c)2-X with pyridine was made under relatively 

concentrated conditions at 298 K (total concentration of 10c, which was calculated to be two-fold of the concentration 

of (10c)2-X, and pyridine: 1.32 × 10–4 M) (Figure 4-11). The Job’s plot exhibited the peak at 0.52, indicating that the 

monomer 10c associates with one pyridine molecule. Combining the fact that the spectral change showed isosbestic 

points (Figure 4-10), the dimer (10c)2-X dissociates into the monomer 10c upon addition of strongly coordinating 

pyridine to form a 1:1 complex of 10c and pyridine in a one-step process (Scheme 4-3). 

 On the other hand, addition of pyridine to the solution of 11c in CH2Cl2 brought a blue shift of the Soret-like 

band with showing a peak top at 613 nm (Figure 4-12a). To confirm the cause of this blue shift, acetic acid, which is 

acidic enough to demetalate ZnQFP but not enough to protonate H2QFP (See Chapter 5), was added to the solution of 

11c in CH2Cl2 (Figure 4-12b); as a result, the spectrum of 11c upon addition of acetic acid showed a similar spectral 

change to that upon addition of pyridine: The absorption maximum of the Soret-like band was observed at 611 nm upon 

addition of acetic acid, which was comparable to that observed upon addition of pyridine. In addition, in the 

MALDI-TOF-MS spectrum of the solution of 11c after addition of pyridine, a peak cluster was observed at m/z = 

1135.7, which was consistent with the simulated pattern to the demetalated 11c. Thus, the spectral change observed 

upon addition of pyridine is probably derived from the demetalation process of 11c. 

 

4-6. Summary 

 The author has performed the functionalization at the β-positions of ZnQFP and has revealed the substituent 

effects at the β-positions of QFP on the absorption spectra and redox potentials. The substituents at the β-positions 
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more intensively affect the redox potentials of ZnQFP than those at the fused meso-aryl groups. The introduction of 

bromo and phenyl groups at the β-positions of the non-fused pyrroles of ZnQFP induced the tilting of the non-fused 

pyrroles against the porphyrin core plane, together with weakening of the coordination bond between the pyrrolic 

nitrogen atoms of the non-fused pyrroles and the Zn center. In fact, dissociation of a non-fused pyrrole from the Zn 

center was observed in the crystal structure of the tetrabromo-derivative, 10c, and the dissociated pyrrolic nitrogen 

atoms coordinated to the Zn center of the other ZnQFP complex to form the dimeric structure, (10c)2-EtOH, which was 

stable even in a CH2Cl2 solution as evidenced by the 1H NMR spectrum. 

 

4-7. Experimental section 

General. 

 Chemicals and solvents were used as received from commercial sources unless otherwise mentioned. CH2Cl2 

used for the UV-vis spectral measurements was distilled over CaH2 before use. DMF for electrochemical studies and 

N,N-dimethylacetamide (DMA) for the synthesis were distilled before use. 

 1H NMR measurements were performed on a Bruker AVANCE 400, 500 and 600 MHz spectrometers. UV-vis 

absorption spectra were measured in CH2Cl2 on a Shimadzu UV-3600 spectro- photometer. MALDI-TOF-MS 

spectrometry was performed on an AB SCIEX TOF/TOF 5800 spectrometer using dithranol as a matrix. 

Electrochemical experiments were done in DMF under an atmospheric pressure of Ar at 298 K on ALS/CH 

electrochemical analyzer model 710D. 

 

Synthesis. 

Zinc(II) 2,3,12,13-tetrabromo-24,30,36,42-tetrakis(tert-butyl)-quadruply-fused porphyrinato (10c). To a solution 

of 4c (24 mg, 28 µmol) in CHCl3 (50 mL) was added recrystallized NBS (24 mg, 140 µmol) and the reaction mixture 

was refluxed for 4 h. After cooling to room temperature, the reaction mixture was washed with water to remove any 

soluble succinimide-derived impurities. The brown-colored solid was chromatographed on a bio-beads S-X1 gel 

column using THF as an eluent. The second fraction was collected and the solvent was removed under vacuum. The 

residual solid was recrystallized from THF/EtOH (1:3, v/v) and dried under vacuum to yield (10c)2-EtOH (12 mg, 10 

µmol, 37%). 1H NMR (DMSO-d6, where 10c is in the monomeric form): δ 8.02 (d, J = 8.0 Hz, 4H, 26,32,38,44-Ph-H), 

7.06 – 6.86 (m, 8H, 23,25,29,31,35,37,41, 43-Ph-H), 1.30 (s, 36H, t-Bu-H). 1H NMR (CD2Cl2, where 10c is in the 

dimeric form, (10c)2-X): δ 8.20 – 8.19 (m, 2H, o-Ph(fus)-H), 7.99 (d, J = 8.0 Hz, 4H, o-Ph(fus)-H) 7.88 – 7.86 (m, 2H, 

o-Ph(fus)-H), 6.99 – 6.60 (m, 16H, m-Ph(fus)-H), 1.34 (s, 18H, t-Bu-H), 1,32 (s, 54H, t-Bu-H). UV-vis (DMF): λmax 

[nm] = 1109, 921, 827, 708, 657, 496, 428. MS (MALDI-TOF, dithranol matrix): m/z = 1211.6 (calcd. for [M + H]+: 

1211.0), 2418.2 (calcd. for [(M)2 + H]+: 2418.0). 

Zinc(II) 2,3,12,13-tetrakisphenyl-24,30,36,42-tetrakis(tert-butyl)-quadruply-fused porphyrinato (11c). To a 

solution of the crude mixture of tetrabrominated (10c)2-EtOH (10 mg, 4.2 µmol) in DMA (1 mL) was added 

phenylboronic acid (43 mg, 330 µmol), K2CO3 (150 mg, 660 µmol), and Pd(PPh3)4 (12 mg, 10 µmol).16 The reaction 
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mixture was stirred at 130 °C for 10 h and the solvent was removed under vacuum. The residual solid was dissolved in 

CHCl3 (30 mL) and filtered. To the filtrate was added TFA (3 mL) and the reaction mixture was stirred for 1 h at room 

temperature. The mixture was washed with Na2CO3 aq and water, and dried over Na2SO4. The solvent was removed 

under vacuum and the black solid obtained was chromatographed on a silica gel column using CH2Cl2/hexane (1:1, v/v) 

as an eluent. The second fraction was collected and the solvent was removed under vacuum. To a solution of black 

powder in CHCl3 (10 mL) was added a suspension of Zn(OAc)2·2H2O (7.4 mg, 34 µmol) in CH3OH (2 mL) and the 

reaction mixture was refluxed for 2 h. The reaction mixture was poured into water and the organic phase was separated 

and then dried over Na2SO4. The residual solid was recrystallized from THF/hexane (1:3, v/v) and the crystalline solid 

obtained was dried under vacuum to yield 11c (5.8 mg, 4.8 µmol, 58% (2 steps)). 1H NMR (DMSO-d6): δ 7.46 (m, 8H, 

β-o-Ph-H), 7.39 (m, 12H, β-m,p-Ph-H), 6.78 (s, 4H, 23,29,35,41-Ph-H), 6.07 (d, J = 7.9 Hz, 4H, 25,31,37,43-Ph-H), 

5.01 (d, J = 7.9 Hz, 4H, 26,32,38,44-Ph-H), 1.15 (s, 36H, t-Bu-H). UV-vis (DMF): λmax [nm] = 418, 500, 637, 802, 977, 

1092. MS (MALDI-TOF, dithranol matrix): m/z = 1198.6 (calcd. for [M]+: 1198.9). 

 

X-ray diffraction analysis. 

 A single crystal of (10c)2-EtOH was obtained by recrystallization from the THF solution with vapor deposition 

method using EtOH as a poor solvent. The single crystal was mounted on a mounting loop. All diffraction data were 

collected at 120 K by using a Bruker APEXII diffractometer equipped with graphite-monochromated Mo Kα (λ = 

0.71073 Å) by the ω-2θ scan. The structure was solved by direct methods using SIR97 and SHELX97.17  

 

Table 4-4. Crystallographic data for (10c)2-EtOH. 

crystal system triclinic 

space group P1 

T / K 120 

formula C132H124N8O4Br8Zn2 

FW 2656.40 

a / Å 11.751(5) 

b /Å 20.751(5) 

c /Å 82.420(5) 

a / ° 82.470(5) 

b / ° 89.413(5) 

g / ° 74.957(5) 

V / Å3 6277(3) 

Z 2 

l / Å 0.71073 (Mo Ka) 

Dc / g cm–3 1.405 

reflns measured 34492 

reflns unique 14312 

R1 (I > 2s(I)) 0.0564 

wR2 (all) 0.1603 

GOF 0.976 
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Crystallographic data for (10c)2-EtOH are summarized in Table 4-4. The co-crystallized four EtOH molecules and a 

THF molecule in the crystal of (10c)2-EtOH were severely disordered and thus deleted by using the SQUEEZE 

program.18 

 

Computational method. 

 DFT calculations were performed with optimized local minima using the B3LYP method19,20 combined with the 

6-31G(d) basis set.21,22 The Gaussian 09 program package23 was used for all DFT calculations. 
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Chapter 5 
 

Acid-Base properties of a freebase form of ring-fused porphyrins 

 

 

5-1. Introduction 

 Freebase porphyrins have attracted much attention not only for versatile utility as ligands for various metal 

ions,1 but also due to the interest in the unique electrochemical properties.2 For instance, inspired by the fact that 

pheophytin, the freebase form of chlorophyll, is utilized as the first electron acceptor from the photo-excited special pair 

in the reaction center of photosystem II,3 freebase porphyrins have been used as an electron acceptor in photoinduced 

electron-transfer systems with use of zinc(II)-porphyrinato complexes as electron donors.4 Freebase porphyrins also can 

function as weak bases (pKa = ~4),5 whereas they can inversely behave as weak acids to release one proton.6 Porphyrins 

are known to selectively undergo diprotonation and thus the intermediate monoprotonated state is difficult to be 

detected.5, 7-9 Protonation of a freebase porphyrin has been known to exert strong impacts on shape and  

 

 
Scheme 5-1. Acid-base properties of tetraphenylporphyrin and quadruply-fsed porphyrin. 

 

electronic structure of the π-conjugated system, as represented by conformational deformation of the ring structure,5c,10 

red shifts of the absorption bands,11,12 and elevation of the redox potentials.2c,13 Diprotonated porphyrins also have 

attracted interest due to their self-aggregation induced by protonation.14,15 In addition, the elevated reduction potentials 

of diprotonated porphyrins enable them to act as efficient electron acceptors in photoinduced electron transfer.16 

 Recently, a lot of efforts have been dedicated to synthesis and characterization of novel π-expanded porphyrins 

having ring-fused structures at the periphery.17-32 Among them, the derivatives having fused five-membered rings have 

attracted attention due to the interest in their unique aromaticity.30 However, effects of the ring fusion on properties of 
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the freebase derivatives of ring-fused porphyrins, such as acid-base properties, have yet to be explored. The synthesis of 

a zinc(II) complex of a quadruply-fused porphyrin (ZnIIQFP), and the characteristics and supramolecular interaction 

with fullerenes have been reported.33 The QFP ligand in ZnIIQFP shows a rhombically distorted structure; that is, the 

interatomic distance between the two inner nitrogen atoms of the fused pyrroles is shortened, whereas that between the 

two inner nitrogen atoms of the non-fused pyrroles is elongated, relative to those of ZnIITPP (TPP = 

tetraphenylporphyrin).33a Consequently, the mean bond distance between the nitrogen atoms and the central ZnII ion is 

elongated in comparison with that of ZnIITPP; as a result of the elongation, the Lewis acidity of the central ZnII ion is 

enhanced.33b,c Additionally, the π-conjugation circuit of QFP expands to the fused meso-aryl groups and the properties 

of QFP such as redox potentials are highly sensitive to the substituents at the fused aryl groups.33b The expansion of the 

π-conjugation circuit causes contribution of antiaromatic circuits to the magnetic properties of QFP.33b Concerning the 

protonation of freebase ring-fused porphyrins, however, no detailed investigation has been made to elucidate impacts of 

the protonation on the characteristics including electronic structures and redox potentials. Herein, the author describes 

synthesis and characterization of a novel freebase QFP derivative, together with the stepwise protonation behavior 

(Scheme 5-1). Furthermore, the unsymmetrical structure of the monoprotonated QFP derivative has been elucidated by 

an ESR spectrum of its electrochemically 1e–-reduced species. 

 

5-2. Synthesis and spectroscopic characterization of the freebase form of a quadruply fused porphyrin 

 Syntheses of freebase QFP derivatives can be performed by treatment of the ZnII complex (4c)33 with TFA (= 

trifluoroacetic acid) in CHCl3 (Scheme 5-2). Herein, the author chose the tert-butyl (t-Bu) derivative of QFP, which has 

four t-Bu groups at the para-position of the fused meso-aryl groups, because the freebase form of the t-Bu-QFP, 12c, is 

exceptionally soluble in CHCl3 among the QFP derivatives synthesized so far. Characterization of 12c was performed 

by 1H NMR and UV-Vis spectroscopies, MALDI-TOF-MS spectrometry, elemental analysis, and single-crystal X-ray 

crystallography (See below). 

 In the 1H NMR spectrum of 12c in CDCl3, only six signals were observed, reflecting the D2h symmetry (Figure 

5-1a). Four signals observed in the range of δ 6.7 – 7.6 ppm were derived from the pyrrole β-Hs and the hydrogen 

atoms of the fused aryl groups. A broad signal observed at 4.98 ppm was assigned to the inner NH protons. To confirm 

the exchangeability of the NH protons, an aliquot of D2O was added to the solution. Then the 1H NMR signal at 4.98 

ppm gradually diminished, and simultaneously, the doublet signal at 7.53 ppm (J = 1.6 Hz; Figure 5-1a, Inset) became a 

singlet (Figure 5-1b). This indicates that the signal at 7.55 ppm is ascribable to the pyrrole-β protons, coupled with the 

inner NH protons observed at 4.98 ppm. Therefore, the inner NH protons were revealed to localize at the non-fused 

pyrroles (see below).34 Even at low temperature, the 1H NMR signal of the inner NH protons did not show splitting due 

to formation of the other NH tautomer having the NH protons at the fused pyrroles (Figure 5-2). Additionally, the inner 

NH signal was highly downfield shifted in comparison to that of the corresponding TPP derivative, 

tetrakis(p-t-Bu-phenyl)-porphyrin (6c; Chart 5-1):35 δNH –2.77 ppm. The downfield shift observed for the 
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Scheme 5-2. Synthesis of a freebase QFP derivative, 12c. 

 

 

Figure 5-1. 1H NMR spectra of 12c in CDCl3 at 298 K before (a) and after addition of an aliquot of D2O (b). Insets: Magnified 
spectra in the range of 7.52 – 7.58 ppm. Asterisks (*) denote the satellite signal of chloroform. 

 

NH signal of 12c can be accounted for by the weak aromatic currents of 12c and strong hydrogen bonding of the inner 

NH protons with the vicinal imine nitrogen atoms in 12c. As described previously,30a, 33b the shielding effect on the 

inside of QFP is weak due to contribution of the antiaromatic ring currents. In fact, the NICS(1) value36 of 12c (–5.9) is 

more positive than that of 6c (NICS(1): –13). On the other hand, the interatomic distances between adjacent nitrogen 

atoms of 12c are shorter than those of 6c (See below). As a result of the short distances, strong hydrogen bonding 

should be formed between inner NH protons and imine nitrogen atoms in 12c. Supporting this assumption, the 

stretching band of the inner N-H bonds (νNH) for 12c was observed at 3134 cm–1 in the IR spectrum, which was 

low-energy shifted relative to that for 6c (νNH = 3315 cm–1).37 The low-energy shift of the stretching band derives from  
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Chart 5-1. Molecular structures of compounds 6c, 13c and 14c. 

 

 
Figure 5-2. 1H NMR spectra of 12c (ca. 0.16 mM) in CDCl3 at 298 K (a), 278 K (b) and 258 K (c). The signals indicated by arrows 
can be assigned to those of the inner NH protons. 

 

the strong hydrogen bonding of the inner NH protons with the imine-nitrogen atoms in 12c.38 As mentioned above, the 

strong hydrogen bonding of 12c also contributes to the downfield shift of the 1H NMR signal of the inner NH protons. 

 

5-3. Crystal structure of a freebase QFP 

 A single crystal of 12c suitable for X-ray diffraction analysis was obtained with recrystallization from the 

solution in CHCl3 with vapor diffusion of CH3CN as a poor solvent. The crystal system is monoclinic with the space 

group of P21/n and the asymmetric unit includes three and a half molecules of 12c and four molecules of CHCl3 as 

co-crystallized solvent molecules, which are highly disordered and thus deleted with the SQUEEZE program.39 The 
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ORTEP drawings of one of the independent molecules of 12c are shown in Figure 5-3. Compound 12c is almost planar 

and the mean deviation from the least-square plane consisting of 48 atoms including the fused meso-aryl groups is 

0.089 Å. Reflecting the planarity, the molecules of 12c formed a π-π stacking pentamer (Figure 5-4) and the pentamer 

was surrounded by another molecule of 12c due to the CH/π interaction between the t-Bu groups and the porphyrin 

π-plane. The porphyrin core of 12c was rhombically distorted due to the ring-fusion, similarly to ZnIIQFP derivatives.33 

 

 

Figure 5-3. ORTEP drawings of the crystal structure of 12c: (a) top and (b) side views with the thermal ellipsoids of 40% 
probability. 

 

 
Figure 5-4. Crystal packing diagrams of 12c. 

 

The interatomic distances between two nitrogen atoms diagonally positioned are 4.615(9) Å for N1···N3 and 3.374(7) 

Å for N2···N4; that is, contracted between the fused pyrroles, whereas expanded between the non-fused pyrroles. 

Additionally, the bond angles of Cα-N-Cα of pyrroles showed characteristic difference between the fused and 

non-fused pyrroles; that is, those of non-fused pyrroles (∠C1-N1-C4 = 111.9(7)° and ∠C11-N3-C14 = 112.3(7)°) were 

wider than those of fused ones (∠C6-N2-C9 = 100.3(6)° and ∠C16-N4-C19 = 100.8(7)°). The wider bond angle of 

Cα-N-Cα over 109° in porphyrin pyrrole rings generally indicates that the inner NH proton localizes on the pyrrole,  
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Figure 5-5. DFT-optimized structures of the two tautomers A (left) and B (right) at the B3LYP/6-31G** level of theory.  

 

 

Figure 5-6. Possible resonance structures of tautomer A for 12c. 
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whereas the narrower one below 105° does that the pyrrole is in the imino form.40,41 Therefore, consistent with the 

results of the 1H NMR spectroscopy (see above), the two inner NH protons localize at the non-fused pyrroles in the 

solid state as well as in solution. 

 

5-4. DFT calculations on H2QFP 

 To elucidate the difference in stability between two NH tautomers of 12c, DFT calculations on them (Figure 

5-5) was performed at the B3LYP/6-31G** level of theory. As a result, the tautomer A, which has the two inner NH 

protons on the non-fused pyrroles, is more stable by 12.5 kcal mol–1 than the tautomer B, in which the two inner NH 

protons are located on the fused pyrroles. The large difference in stability is probably derived from the two factors: the 

steric repulsion between the two closely located inner NH protons in tautomer B and the resonance stabilization in 

tautomer A. The N2···N4 distance (3.374(7) Å), observed in the crystal structure, is significantly shorter than the sum 

of two N-H bond lengths (ca. 1.0 Å)42 and van der Waals radii of two hydrogen atoms (ca. 1.2 Å);43 that is, 2 × 1.0 + 2 

× 1.2 = 4.4 Å. Actually, the DFT-optimized structure of tautomer B exhibits deviation of the two inner NH protons 

from the QFP mean plane to avoid steric repulsion. In addition, for tautomer B, only 18π aromatic circuits can be drawn, 

whereas tautomer A has 25 kinds of resonance structures of 18π – 30π circuits including 20π and 24π antiaromatic 

circuits (Figure 5-6). The possible contribution of various resonance structures also assists the stability of the tautomer 

A. 

 

5-5. Basicities of ring-fused porphyrins 

 The basicity of the imino-nitrogen atoms of the fused pyrroles in 12c was explored by UV-Vis titration with 

TFA as an acid in CH2Cl2 at 298 K (Figure 5-7). The absorption spectrum of 12c (1.5 × 10–5 M) in CH2Cl2 exhibited a 

Soret-like band at 604 nm and Q-like bands at 865, 817, and 744 nm; addition of TFA up to 1.5 × 10–4 M caused 

weakening and broadening of the Soret-like band, accompanying an isosbestic point at 428 nm (Figure 5-7a). Further 

addition of TFA brought rise and red-shift of the Soret-like band with showing an isosbestic point at 415 nm (Figure 

5-7b). Therefore, it is clarified that 12c undergoes two-step protonation (Scheme 5-3). Analysis of the absorbance 

change at 601 nm for the first step and that at 631 nm for the second step allowed us to determine the equilibrium 

constant of each step (insets of Figure 5-7): K1 = (1.3 ± 0.1) × 105 M–1 and K2 = 7.3 ± 0.3 M–1. 

 

Table 5-1. Equilibrium Constants for Protonation of 12c, 6c, 13c and 14c with TFA in CH2Cl2 at 298 K 

Compound 12c 6c 13c 14c 

K1, 105 M–1 1.3 ± 0.1 — 1.1 ± 0.3 2.1 ± 0.2 

K2, M–1 7.3 ± 0.3 — (1.9 ± 0.3) × 102 (1.4 ± 0.2) × 102 

β,a M–2 (9.5 ± 1.1) × 105 (1.0 ± 0.3) × 1010 (2.1 ± 1.0) × 106 (2.9 ± 0.7) × 107 
a β = K1 × K2. 
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Figure 5-7. UV-Vis spectral changes of 12c (1.5 × 10–5 M) in CH2Cl2 upon addition of TFA at 298 K. The concentration ranges of 
TFA are 0 – 1.5 × 10–4 M (a) and 5.0 × 10–3 – 0.15 M (b). The red traces in both (a) and (b) indicate the spectrum of the 
monoprotonated form. Insets: the absorbance changes at 601 nm for (a) and 631 nm for (b) and the fitting curves to obtain the 
equilibrium constants. 

 

 

Scheme 5-3. Stepwise protonation equilibrium of porphyrin. H2P, H3P+ and H4P2+ denote neutral, monoprotonated and diprotonatd 
porphyrins, respectively. 

 

 As the equilibrium constants indicate, the second protonation is very difficult relative to the first protonation. As 

a piece of evidence to support that the first equilibrium process observed in the UV-Vis titration was monoprotonation 

of 12c, a Job’s plot was made with changing the concentration of 12c and TFA (Figure 5-8). The Job’s plot clearly 
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indicates that the binding process between 12c and TFA is a 1:1 process, i.e. monoprotonation. To compare the 

equilibrium constants of the protonation, UV-Vis titrations of the TPP derivative, 6c, and cis- and trans-doubly fused 

porphyrins (13c and 14c; Chart 5-1) with TFA in CH2Cl2 were also performed (Figure 5-9 to 5-11). The equilibrium 

constants obtained are summarized in Table 5-1. Compound 6c exhibited one-step diprotonation, as previously 

reported,5 and the overall formation constant, β (= K1 × K2), was determined to be (1.0 ± 0.3) × 1010 M–2. Doubly-fused  

 

 
Figure 5-8. A Job’s plot for 12c with TFA in CH2Cl2 at 298 K. The total concentration of 12c and TFA was set to be 2.9 × 10–5 M. 

 

 
Figure 5-9. UV-Vis spectral change of 6c (1.5 × 10–5 M) in CH2Cl2 upon addition of TFA. The concentration range of TFA is 0 – 4.6 
× 10–5 M. Inset: the absorbance changes at 614 nm and the fitting curve to obtain the equilibrium constant. 
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Figure 5-10. UV-Vis spectral changes of 13c (1.5 × 10–5 M) in CH2Cl2 upon addition of TFA. The concentration ranges of TFA are 
0 – 3.0 × 10–5 M for (a) and 1.2 – 6.1 × 10–3 M for (b). Inset: the absorbance changes at 575 nm for (a) and 607 nm for (b) and the 
fitting curves to obtain the equilibrium constants. 

 

13c and 14c exhibited two-step protonation, similarly to 12c, and the Job’s plots suggested that the first equilibrium 

processes were also based on the mono-protonation (Figure 5-12). The first protonation constants, K1, of 12c, 13c and 

14c are in the same order of 105 M–1, which corresponds to the square root of β for 6c (1 × 105). Therefore, the first 

p r o t o n a t i o n  i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  b y  r i n g - f u s i o n .  I n  s h a r p  c o n t r a s t ,  t h e  
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Figure 5-11. UV-Vis spectral changes of 14c (1.5 × 10–5 M) in CH2Cl2 upon addition of TFA. The concentration ranges of TFA are 
0 – 8.5 × 10–5 M for (a) and 3.5 × 10–3 – 3.0 × 10–2 M for (b). Inset: the absorbance changes at 443 nm for (a) and 465 nm for (b) and 
the fitting curves to obtain the equilibrium constants. 

 

 
Figure 5-12. Job’s plots for 13c (a) and 14c (b) with TFA in CH2Cl2 at 298 K. The total concentration of a doubly-fused porphyrin 
and TFA was set to be 2.9 × 10–5 M. 

(A
bs

@
53

3 
nm

)
–(
! (
13
c)

 "
 [1
3c

])

0 0.2 0.4 0.6 0.8 1.0
0

0.01

0.02

0.03

(A
bs

@
51

0 
nm

)
–(
! (
14
c)

 "
 [1
4c

])

[14c]/([14c] + [TFA])

0.56

b)

0 0.2 0.4 0.6 0.8 1.0
0

0.01

0.02

[13c]/([13c] + [TFA])

0.58

a)

0.03



 92 

second protonation constants, K2, of 12c, 13c and 14c decrease with increase in the number of fused rings. Stepwise 

protonation behavior is relatively rare for porphyrins,7-9 because the first protonation of a porphyrin causes loss of 

planarity of the skeletal conformation, making the second protonation more feasible. On the other hand, the difficulty in 

the second protonation of the fused porphyrins can be explained by the rigidity of the porphyrin skeleton caused by the 

r ing- fus ion ,  wh ich  makes  i t  ha rde r  to  avo id  the  s te r ic  repu ls ion  among  the  inner  p ro tons . 

 

 
Figure 5-13. DFT-optimized structures of the diprotonatedand (a) and monoprotonated forms (b) of 12c, 6c, 13c, and 14c at the 
B3LYP/6-31G** level of theory. The t-Bu groups were replaced with hydrogen atoms for computational costs. In the side views, the 
fused-phenyl moieties and phenyl groups at the meso-positions are omitted for clarity. 

 

 As noted above, when normal porphyrins including 6c are diprotonated, the steric repulsion among the inner 

four protons results in saddle-type distortion of the porphyrin core using the structural flexibility.5c, 10c On the other hand, 

the ring-fused porphyrins cannot strain enough to evade the steric repulsion among the inner protons, due to the 

structural rigidity gained by the ring-fusion. In fact, the DFT-optimized structures of the diprotonated forms for 12c, 

13c and 14c do not exhibit severe distortion of the porphyrin skeletons, compared to the structure of the diprotonated 6c 

(Figure 5-13a). Instead of distortion of the porphyrin core, the N-H bonds are warped to opposite directions to avoid the 

steric repulsion among the inner protons as observed in the optimized structures, which causes the instability of the 

diprotonated forms. For the monoprotonated forms of 12c, 13c and 14c, the three inner protons are placed in the inner 

space of the porphyrin core without distortion of the porphyrin core and severe warp of the N-H bonds to suppress the 
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steric repulsion (Figure 5-13b). Therefore, the first protonation constants for 12c, 13c, and 14c do not become 

significantly small due to the ring fusion.44 

 

5-6. Redox properties of protonated QFPs 

 To elucidate impacts of the protonation on redox potentials of freebase QFP, electrochemical studies of 12c 

were performed in the presence of TFA (Figure 5-14 and Table 5-2). The solubility of monoprotonated 12c (12c-H+) is 

low in CH2Cl2 containing 0.1 M tetrabutylammonium hexafluoro- phosphate as an electrolyte for electrochemical 

measurements, and thus, 0.1 M tetrabutylammonium tetraphenylborate (TBABPh4) was used as an electrolyte. Due to 

utilization of TBABPh4, the potential window of electrochemical measurements was narrowed on the anodic side. Thus, 

only reduction waves of the QFP derivatives are discussed in this study. A cyclic voltammogram of 12c in CH2Cl2 in 

the absence of acids exhibited quasi-reversible waves at –1.24 and –1.50 V vs Fc/Fc+ (Figure 5-14a and d), which were 

assigned to the first and second reduction processes of 12c, respectively. 

 

 
Figure 5-14. Cyclic (a, b and c) and differential-pulse voltammograms (d, e and f) of 12c (a and d), 12c-H+ (b and e), and 12c-2H+ (c 
and f) in CH2Cl2 in the presence of TBABPh4 (0.1 M) at 298 K. The detailed procedures to form protonated species of 12c are 
described in the experimental section. 
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Table 5-2. Redox potentials of 12c in its various protonated states in CH2Cl2 in the presence of 0.1 M 
TBABPh4 at 298 K. 

 E / V vs Fc/Fc+ 

 P/P•– P•–/P2– 

12c –1.24 –1.50 

12c-H+ –0.89 –1.15 

12c-2H+ –0.41 — 

  

When the concentration of TFA was adjusted to be 1.3 mM in the solution of 12c (0.61 mM) in CH2Cl2, 99% of 

12c in the solution was monoprotonated on the basis of the equilibrium constant described above and resultantly a 

positive shift of the reduction potentials was observed; the first and second quasi-reversible waves of 12c-H+ were 

observed at –0.89 and –1.15 V vs Fc/Fc+ (Figure 5-14b and e). The potential shifts of the first and second redox 

processes were both +0.35 V, relative to those of 12c. Upon further addition of TFA to reach the concentration of 1 M, 

87% of 12c in the solution was diprotonated; the first reduction potential was more positively shifted to –0.41 V vs 

Fc/Fc+ (Figure 5-13c and f). The second reduction wave was not observed due to the fact that the potential window of 

the solution was narrowed by addition of excess TFA. 

 To elucidate the electronic structure of 1e–-reduced species of 12c-H+, an ESR spectrum of electrochemically 

1e–-reduced 12c-H+ was measured in CH2Cl2 at 223 K (Figure 5-15). Controlled- potential bulk electrolysis of the 

CH2Cl2 solution of 12c-H+ in the presence of TBABPh4 (0.1 M) was performed at –1.0 V vs Ag/AgCl at 223 K. As a 

result, a clear ESR signal was observed at g = 2.003 with  

 

 

Figure 5-15. ESR spectrum (black line) of electrochemically 1e–-reduced 12c-H+ in CH2Cl2 at 223 K in the presence of TBABPh4 
(0.1 M) and the simulated one (red line) with the hyperfine coupling constants. 

5 G g = 2.003

AN1 = 1.21 G (1 nucleus)
AN2 = 0.77 G (2 nuclei)
AH1 = 0.67 G (2 nuclei)
AH2 = 0.64 G (6 nuclei)
AH3 = 0.54 G (4 nuclei)
AH4 = 0.45 G (4 nuclei)
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Figure 5-16. Spin density distribution (a) and schematic description of its spin densities (b) of the 1e–-reduced species of 12c-H+ 
obtained by DFT calculations at the UB3LYP/6-31+G** level of theory. The t-Bu groups of 12c-H+ at the positions noted by 
asterisks (*) are replaced with hydrogen atoms for computational costs. 

well-resolved hyperfine splitting in the ESR spectrum (black trace in Figure 5-15). To investigate the spin distributions 

of the 1e–-reduced species of 12c-H+, DFT calculations were performed at the UB3LYP/6-31+G** level of theory. The 

spin-density distribution indicates that the unpaired electron localizes on three inner nitrogen atoms except the 

protonated fused pyrrole nitrogen atom (Figure 5-16). ESR simulation was performed (red trace in Figure 5-15) by 

considering contribution from hyperfine coupling with the three inner nitrogen nuclei and 16 protons attached to the 

two inner nitrogen, four pyrrole-β, and ten fused meso-aryl positions (Figure 5-16b). The simulated spectrum well 

reproduces the experimental result (Figure 5-15), and thus, the unsymmetrical electronic structure induced by the 

monoprotonation has been confirmed by the ESR measurement. 

 

5-7. Summary 

 The author has synthesized and characterized a freebase derivative of QFP, 12c. Particularly, the basicity of the 

inner imine nitrogen atoms in 12c was investigated by UV-Vis titration in CH2Cl2 with TFA as an acid. As a result, the 

first protonation of 12c proceeds similarly to TPP derivatives, whereas the second protonation is hard to occur unless a 

large excess amount of TFA is added. This difference stems from the fact that the monoprotonated form of 12c 

maintains a stable planar structure; on the contrary, the diprotonated structure is unstable due to the severe repulsion 

among the four inner protons in the rigid planar framework of H2QFP. The stepwise protonation also causes stepwise 

positive shifts of the reduction potentials of the H2QFP derivatives. In addition, unsymmetrical electronic structure of 

the monoprotonated QFP has been revealed by the ESR spectrum of its 1e–-reduced species, which was formed by 

electrochemical reduction. 
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5-8. Experimental section 

General. 

 Chemicals and solvents were used as received from commercial sources unless otherwise mentioned. CH2Cl2 

used for the UV-vis spectral measurements was distilled over CaH2 before use. Compounds 4c,33b 6c45 and 

2,3,12,13-tetrabromo-tetrakis(p-t-Bu-phenyl)-porphyrin (5c)33b were synthesized according to the literature procedure. 
 1H NMR measurements were performed on a Bruker AVANCE 400, 500 and 600 MHz spectrometers. UV-vis 

absorption spectra were measured in CH2Cl2 on a Shimadzu UV-3600 spectrophotometer. MALDI-TOF-MS 

spectrometry was performed on an AB SCIEX TOF/TOF 5800 spectrometer using dithranol as a matrix. ESR 

spectroscopy was performed on a Bruker EMXPlus9.5/2.7 spectrometer. Electrochemical experiments were done under 

an atmospheric pressure of Ar on an ALS/CH instruments electrochemical analyzer model 710D at 298 K with a 

CH2Cl2 solution of 12c (0.61 mM), with that of 12c (0.61 mM) including TFA (1.3 mM), in which 99% of 12c were 

monoprotonated, and with that of 12c (0.61 mM) including TFA (1 M), in which 87% of 12c were diprotonated. The 

aforementioned three solutions of 12c used for the electrochemical measurements contained TBABPh4 (0.1 M) as an 

electrolyte. A small three-electrode cell (2.0 mL) was used with a gold-disk working electrode and a platinum wire as 

the counter electrode for the electrochemical measurements. The potentials were measured with respect to the Ag/AgCl 

reference electrode. Before the measurements, CV of ferrocene was measured to convert all of the potentials to values 

vs that of the ferrocene/ferrocenium redox couple. X-band ESR spectra were obtained on a spectrometer equipped with 

a temperature controller. To measure ESR spectra of the 1e–-reduced species of 12c-H+, electrochemical reduction of 

12c-H+ was performed in an ESR cell containing a CH2Cl2 solution of 12c (0.53 mM), TFA (1.0 mM) as an acid and 

TBABPh4 (0.1 M) as an electrolyte. The ESR cell was equipped with helix gold working electrode, gold wire as a 

counter electrode, and an Ag wire covered with AgCl as a reference electrode. The applied voltage was –1.0 V vs 

Ag/AgCl. The simulation of the ESR spectrum was carried out with use of the WinSIM software.46 

 

Synthesis. 

24,30,36,42-Tetrakis(tert-butyl)-quadruply-fused porphyrin (12c). To a solution of 4c (32.6 mg, 36.4 µmol) in 

CHCl3 (50 mL), was added TFA (6.0 mL, 78 mmol) and the reaction mixture was stirred for 1 h at room temperature. 

The reaction mixture was washed with Na2CO3 aq and water, and dried over Na2SO4. The solvent was removed under 

vacuum and the residual solid was recrystallized from CH2Cl2/EtOH (1:3, v/v) to give dark blue crystals of 12c (25.2 

mg, 30.4 mmol, 83%). 1H NMR (CDCl3): δ 7.51 (d, J = 1.6 Hz, 4H, 2,3,12,13-β-H), 6.88 (d, J = 7.4 Hz, 4H, 

26,32,38,44-Ph-H), 6.68 – 6.65 (m, 8H, 23,29,35,41- Ph-H), 4.91 (br s, 2H, inner NH), 1.37 (s, 36H, t-Bu-CH3). UV-vis 

(CH2Cl2): λmax [nm] (log ε) = 817 (3.62), 742 (4.03), 663 (4.21), 604 (4.88), 478 (4.49), 416 (4.77), 331 (4.76). MS 

(MALDI-TOF, dithranol matrix): m/z = 831.9 (calcd. for [M]+: 831.4). Anal. calcd. for C60H54N4·0.5H2O: C 85.78, H 

6.60, N 6.67; found: C 85.83, H 6.71, N 6.47. m.p. > 300 °C. 

24,30,36,42-Tetrakis(tert-butyl)-doubly-fused porphyrins (13c and 14c). A solution of tetra(n-butyl)- ammonium 

acetate (TBA·OAc, 500 mg, 1.65 mmol), palladium acetate (10.5 mg, 46.6 µmol), triphenylphosphine (20.8 mg, 79.1 
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µmol), molecular sieves 4A (70 mg), potassium carbonate (552 mg, 3.99 mmol), and 5c (112 mg, 92 µmol) in 

1,4-dioxane (2 mL) was stirred at 110 °C for 16 h.47 The reaction mixture was cooled to ambient temperature, filtered, 

and washed with water. The residual solid was dissolved in CHCl3 (30 mL) and then filtered. To the filtrate was added 

TFA (3 mL, 39 mmol) and the reaction mixture was stirred for 3 h at room temperature. The reaction mixture was 

washed with Na2CO3 aq and water, and dried over Na2SO4. The solvent was removed under vacuum and the red-brown 

powder obtained was chromatographed on a silica gel column by using toluene/hexane (1:2, v/v) as an eluent and three 

fractions were obtained. Recrystallization of solids obtained from the second fraction from CH2Cl2/MeOH gave 

light-red powder of 13c (5.3 mg, 6.4 µmol, 7%). Solids obtained from the first and the third fractions were 

recrystallized from the same solvent to give red powder of 14c (8.7 mg, 10.4 mmol, 11%) and red powder of 

triply-fused 15c (36.7 mg, 44.1 µmol, 48%), respectively. 

24,30,36,42-Tetrakis(tert-butyl)-cis-doubly-fused porphyrin (13c). 1H NMR (CDCl3, 298 K): δ 8.61 (d, J = 1.6 Hz, 

2H, 12,13-β-H), 7.78 (d, J = 8.3 Hz, 4H, 26,44-Ph-H), 7.66 (d, J = 1.9 Hz, 2H, 23,41-Ph-H), 7.63 – 7.59 (m, 6H, 

2,3-β-H, m-Ph-H), 7.20 (s, 2H, 8,17-β-H), 7.04 (dd, J = 7.9, 1.9 Hz, 2H, 25,43-Ph-H), 5.30 (s, 1H, inner NH), 2.86 (s, 

1H, inner NH), 1.52 (s, 18H, t-Bu-CH3), 1.35 (s, 18H, 24,42-t-Bu-CH3). UV-vis (CH2Cl2): λmax [nm] (log ε) = 309 

(4.64), 417 (4.71), 496 (4.66), 534 (4.97), 577 (4.39), 693 (3.89), 771 (3.25). MS (MALDI-TOF, dithranol matrix): m/z 

= 835.1 (calcd. for [M + H]+: 835.5). Anal. calcd. for C60H58N4·1.5H2O·0.5CH2Cl2: C 80.33, H 6.91, N 6.19; found: C 

80.36, H 6.99, N 5.93. m.p. > 300 °C. 

24,30,36,42-Tetrakis(tert-Butyl)-trans-doubly-fused porphyrin (14c). 1H NMR (CDCl3, 298 K): δ 8.69 (dd, J = 4.8, 

2.0 Hz, 2H, 3,13-β-H), 8.26 (dd, J = 4.8, 2.0 Hz, 4H, 2,12-β-H), 7.87 (d, J = 8.2 Hz, 4H, o-Ph-H), 7.77 (d, J = 8.0 Hz, 

2H, 32,44-Ph-H), 7.68 (d, J = 8.2 Hz, 4H, m-Ph-H), 7.38 (s, 2H, 7,17-β-H), 7.20 (d, J = 1.7 Hz, 2H, 29,41-Ph-H), 6.99 

(dd, J = 8.0, 1.7 Hz, 2H, 31,43-Ph-H), 2.64 (s, 1H, inner NH), 1.34 (s, 36H, t-Bu-CH3). UV-vis (CH2Cl2): λmax [nm] 

(log ε) = 316 (4.69), 381 (4.43), 429 (4.74), 454 (4.69), 487 (5.10), 513 (3.71), 668 (4.91), 733 (3.97), 798 (3.64), 898 

(3.60). MS (MALDI-TOF, dithranol matrix): m/z = 835.0 (calcd. for [M + H]+: 835.5). Anal. calcd. for 

C60H58N4·1.5H2O·CH2Cl2: C 77.36, H 6.70, N 5.92; found: C 77.19, H 6.61, N 5.74. m.p. > 300 ºC. 

 

X-ray diffraction analysis. 

 Recrystallization of 12c from the solution in chloroform with vapor deposition of acetonitrile as a poor solvent 

gave single crystals of 12c. A single crystal of 12c was mounted on a mounting loop. All diffraction data were collected 

at 120 K equipped with graphite-monochromated Mo Kα (λ = 0.71073 Å) by the ω-2θ scan. The structures were solved 

by direct methods using SIR97 and SHELX97.48 Crystallographic data for 12c are summarized in Table 5-3. 

CCDC-1434621 contains the supplementary crystallographic data. The co-crystallized chloroform molecules in the 

crystal of 12c was severely disordered and thus deleted by using the SQUEEZE program.39 The disorder of 

co-crystallized solvent molecules caused weak diffraction in the high angle region, which resulted in the low value of 

sin2θ/λ (0.4674) relative to the IUCr criteria. 
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Table 5-3. Crystallographic data for 12c 

compound 12c 

crystal system monoclinic 

space group P21/n 
T / K 120 

formula C60H54N4 
FW 831.07 

a / Å 20.774(5) 
b / Å 29.800(8) 
c / Å 30.233(8) 

a / ° 90 
b / ° 108.120(4) 

g / ° 90 
V / Å3 17788(8) 

Z 14 

λ / Å 0.71073 (Mo Kα) 
Dc / g cm–3 1.086 

reflns measured 97443 
reflns unique 15178 

R1 (I > 2s(I)) 0.0911 
wR2 (all) 0.2331 

GOF 1.081 

 

Determination of equilibrium constants of protonation of the fused porphyrin derivatives. 

 A solution of a freebase porphyrin derivative was titrated with that of TFA in CH2Cl2 at 298 K and the 

absorbance change at an appropriate wavelength was fitted on the basis of eq 1 (Figure 5-7, 9, 10, and 11). 

 
Abs = εP[P]0 + {(εHP – εP) / (2 × K)} × [(1 + K × [TFA] + K × [P]0) – {(1+K × [TFA] + K × [P]0)2 – 4 × K2 × [TFA] × 
[P]0}1/2]       (1) 
 

Here, εP, [P]0, [TFA], εHP, and K refer to the absorption coefficient of the porphyrin derivative at a certain wavelength, 

the concentration of the porphyrin derivative, the concentration of TFA added, the absorption coefficient of the 

associated complex between the porphyrin derivative and TFA at the corresponding wavelength, and the binding 

constant, respectively. 
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Chapter 6 
 

NH tautomerism of a freebase form of QFP 

  

 

6-1. Introduction 

 Intramolecular hydrogen-bonding plays important roles to regulate molecular structures and to control physical 

properties of organic compounds.1-3 For example, an oligo-peptide, called as a foldamer, forms a folding structure by 

virtue of intramolecular hydrogen bonding among amino-acid residues.4 Intramolecular hydrogen bonding also 

contributes to structural planarization of an oligoarene having hydrogen-bonding substituents to induce bathochromic 

shifts of the absorption bands by extension of the π-conjugation.5 In addition, NH tautomerism induced by proton 

transfer between the intramolecular hydrogen-bonded pair has attracted much attention because of interests in 

amino-acid functions6 and in controlling the electronic structure in the excited state.7 

 Intramolecular hydrogen bonding is also found between the inner pyrrolic NH protons and imino nitrogen atoms 

of freebase porphyrins8 and the analogues,9 and the hydrogen bonding contributes to stabilization of the planar 

structures of porphyrins and their analogues and controls their physical properties.10 

 Related to the aforementioned intramolecular hydrogen bonding found in freebase porphyrins, NH tautomerism 

of freebase porphyrins, in which two inner pyrrolic NH protons move very fast among the four nitrogen atoms, has been 

 

 

Scheme 6-1. NH tautomerism of tetraarylporphyrin (above) and quadruply-fused porphyrin (below). 
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intensively studied due to the interest for proton-transfer reactions of strongly hydrogen-bonded protons locating inside 

of an aromatic current.11-23 Structural anisotropy caused by the positions of the inner NH protons in freebase porphyrins 

and the dynamics of the NH tautomerism significantly affect physical and chemical properties of porphyrins.19f 

Furthermore, thermally and vibrationally induced proton transfer in the inner cavity of a porphyrin analogue has been 

utilized for applications to a single-molecule switch, which is an essential component in single-molecule-based 

devices.20 Therefore, the NH tautomerism of porphyrins has been well investigated experimentally11-20 and theoretically 

and has been regarded as an important issue in porphyrin chemistry toward development of porphyrin-based molecular 

devices.21-23 

 In recent years, remarkable efforts have been dedicated to synthesis and characterization of novel π-expanded 

porphyrins having ring-fused structures at the periphery.24-34 Among them, the derivatives having fused five-membered 

rings have attracted considerable attention due to the interest in their unique aromaticity.35-39 However, the effects of the 

ring fusion on the properties of the freebase derivatives of the ring-fused porphyrins, such as NH tautomerism, have yet 

to be well explored. As mentioned in Chapter 2, the author has developed the synthesis of a zinc(II) complex of a 

quadruply-fused porphyrin (ZnIIQFP).40 A freebase derivative of the quadruply-fused porphyrin has been also 

synthesized from ZnIIQFP and characterized (See Chapter 5 of this thesis);40d the imino-nitrogen atoms of the fused 

pyrroles in H2QFP exhibit high proton acceptability.40d Thus, the NH tautomerism of H2QFP, which involves 

intermediates having a proton on the imino nitrogen atoms of the fused pyrroles, can be expected to be observed. In this 

chapter, the author describes the NH tautomerism of a freebase QFP derivative (Scheme 6-1). 

 

6-2. Introduction of a mesityl group at the β-position 

For exploration of the NH tautomerism of a freebase QFP, a substituent was introduced at the β-position of a 

non-fused pyrrole to break the structural symmetry; since compound 12a has a symmetric structure to make the two 

inner NH atoms identical in the 1H NMR spectrum, the NH tautomerism cannot be clarified. To introduce the 

substituent, bromination of one of the β-positions of the non-fused pyrrole was performed with N-bromosuccinimide 

(NBS) in CHCl3 (Scheme 6-2). When 1.9 equiv of NBS was used to brominate 4c, a mixture of mono-brominated (Br)  

 

 

Scheme 6-2. Synthesis of mesityl-QFP, 16c. 
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and di-brominated (Br2) derivatives was obtained, together with unreacted 4c. The ratio of the three species obtained 

from the GPC (gel permeation chromatography)-HPLC analysis was determined to be Br : Br2 : 4c = 7 : 1 : 2. Without 

isolation of the mono-brominated species, a Suzuki-cross-coupling reaction was performed with use of mesitylboronic 

acid in the presence of Pd(PPh3)4 as a catalyst and K2CO3 as a base in dimethylacetamide (DMA).41 The reaction 

mixture was separated with column chromatography on silica gel and subsequent demetallation with TFA in CHCl3 

gave the target mono-mesityl derivative, 16c. The 1H NMR spectrum of 16c in CDCl3 exhibited a larger number of 

independent signals in comparison to that of 12c,40d due to the lower symmetry of 16c (Figure 6-1). The 1H NMR 

signals of the methyl protons of the mesityl group appeared at 2.10 and 2.47 ppm for the o- and p-methyl groups, 

respectively, and that of the m-protons of the mesityl group was observed at 7.11 ppm. For another feature of the 1H 

NMR spectrum of 16c, the fused meso-aryl groups nearest to the mesityl group showed the signals in a relatively 

high-field region due to the ring-current effect of the mesityl group; i.e. the signal for the o-C-H remaining after the ring 

fusion appeared at 5.20 ppm as a doublet and that for the m-C-H adjacent to the o-carbon was observed at 6.19 ppm as a 

double-doublet. The 1H NMR signal of the inner NHs was observed at 6.02 ppm as a broad singlet at 298 K. 

 

 

Figure 6-1. 1H NMR spectrum of 16c (1.1 × 10–4 M) in CDCl3 at 298 K. 

 

6-3. Crystal structure of mono-substituted H2QFP. 

 Introduction of the mesityl group at one of the β-positions of the non-fused pyrroles in 16c was explicitly 

confirmed by the X-ray diffraction analysis. In the triclinic lattice with the space group of P1 , two independent 

molecules of 16c were included in the unit cell. ORTEP drawings of one of the molecules are shown in Figure 6-2a and 

b. The mesityl group was almost perpendicular to the porphyrin plane; the dihedral angle between the mean plane of the 

porphyrin core consisting of 48 atoms and the benzene ring of the mesityl group was 82°. One of the fused meso-aryl 

groups, nearest to the mesityl group, formed edge-to-face π-π interaction with the mesityl group and the distance of one 

of the o-carbon (C56) from the benzene ring of the mesityl group was 3.19 Å. Due to the overlap, the o-C-H proton 

exhibited a large upfield shift in the 1H NMR spectrum (See above).  
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Figure 6-2. Top (a) and side views (b) for ORTEP drawings for the crystal structure of 16c and top (c) and side (d) views for the π-π 
stacked dimer of 16c. Thermal ellipsoids are depicted with the 40% probability in (a) and (b). The carbon atoms of the first layer 
were colored with green, those in the second layer were with red, and nitrogen atoms were with blue in (c) and (d). 

 

 

Figure 6-3. 1H NMR spectra of 16c at various concentrations in CDCl3 at 298 K. The concentrations of 16c are 4.89 × 10–4 (a), 5.71 
× 10–4 (b), 6.85 × 10–4 (c), 8.56 × 10–4 (d), 1.14 × 10–3 (e), and 1.71 × 10–3 M (f), respectively. 
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Figure 6-4. 1H NMR spectral changes of 16c (1.14 mM) in CDCl3 at various temperatures. The temperatures were 298 K (a), 293 K 
(b), 288 K (c), 283 K (d), and 273 K (e), respectively. 

 

 
Figure 6-5. Concentration-dependent change of the chemical shift of the β-Η signal for 16c in CDCl3 at 298 K and the fitting curve 
based on eq 1. 

 

molecules of 16c formed a π-π stacking dimer in a head-to-tail manner to avoid steric repulsion caused by the mesityl 

group (Figure 6-2c and d) with the interplane distance of 3.43 Å in the dimer. This π-stacked dimer can be observed 

even in the solution. Upon increasing the concentration of 16c in CDCl3 from 4.89 × 10–4 to 1.71 × 10–3 M at 298 K, the 
1H NMR signals of the inner NH protons and the β-protons of N3-pyrrole showed upfield shifts from 6.1 to 6.0 ppm 

and from 7.8 to 7.7 ppm, respectively (Figure 6-3).42 In addition, with lowering the temperature, 
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Figure 6-6. Experimental (left, black) and simulated 1H NMR spectra (right, red) of 16c in CDCl3. 

 

 

the 1H NMR signals of the inner NH protons and the β-protons of N3-pyrrole also exhibited upfield shifts (Figure 6-4). 

The upfield shifts by increasing concentration and lowering temperature are probably due to ring-current effects 

induced by the formation of the π-π stacking dimer. Actually, the signals showing significant shifts are assigned to the 

proton covered by the other molecule in the dimer as observed in the crystal packing. Based on the shifts of the signals 

for the β-protons by increasing the concentration, the equilibrium constant of the dimerization of 16c (K) was obtained 

to be 46 ± 6 M–1 in CDCl3 at 298 K (Figure 6-5). 
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Table 6-1. Activation parameters of the NH tautomerism of 16c in various solvents. 

solvent CDCl3 50%C6D6
 d 10%CD3CN d 10%(CD3)2CO d 25%(CD3)2CO d 

ε a 4.9 3.7 8.0 6.5 9.0 

ΔG‡
298

 b 68 ± 3 79 ± 1 70 ± 2 73 ± 4 75 ± 2 

ΔH‡ b 95 ± 2 121 ± 1 52 ± 1 108 ± 3 50 ± 1 

ΔS‡ c 89 ± 2 144 ± 1 –64 ± 1 120 ± 3 –83 ± 2 
a Static permittivity (ε) was calculated with the following equation: ε = x1ε1 + x2ε2; xn: mole fraction of solvent n, εn: permittivity of 
solvent n. b In kJ mol–1. c In J mol–1 K–1. d The symbol indicates the percentage of the solvent in a mixed solvent with CDCl3. 
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6-4. Kinetics of the NH tautomerism of mono-substituted H2QFP in CDCl3 

 The 1H NMR signal of the inner NH protons for 16c was observed as a broad singlet in CDCl3 at 298 K (Figure 

6-1), indicating that the exchange process of the two inner NH protons (i.e. NH tautomerism) is too fast for the two 

protons to be distinguished in the NMR timescale. Thus, to observe the NH tautomeric behavior of 16c, the 1H NMR 

spectra of 16c were measured at lower temperatures (Figure 6-6). At 293 K, the signal of the inner NH protons was 

observed as a slightly split signal, which indicates that the exchange process of the two inner NH protons (i.e. NH 

tautomerism) is slow enough to be distinguished in the NMR timescale; the two inner NH protons show different 

signals, reflecting the different magnetic circumstances. Upon cooling the sample below 293 K, the split of the signal 

became evident. Line-shape analysis43 of the 1H NMR signals was adopted to obtain rate constants of the inner-NH 

exchange at various temperatures (Figure 6-6). Based on the rate constants, Eyring plot for the NH tautomerism of 16c 

w a s  m a d e  ( F i g u r e  6 - 6 )  a n d  t h e  a c t i v a t i o n  p a r a m e t e r s  w e r e  o b t a i n e d  ( T a b l e  6 - 1 ) .  

 

 
Figure 6-7. An Eyring plot for the NH tautomerism of 16c in CDCl3. 

 

On the basis of the Eyring plot, the activation enthalpy, ΔH‡, and activation entropy, ΔS‡, were determined to be 95 kJ 

mol–1 and 89 J mol–1 K–1, respectively. In comparison with the activation parameters for the NH tautomerism of TPP in 

CDCl3 (ΔH‡ = 38.6 kJ mol–1 and ΔS‡ = –42 J mol–1 K–1),12b the ΔH‡ value for 16c was 2.5 times larger, indicating that 

the proton transfer reaction in 16c is energetically hard to occur relative to TPP, despite the fact that the inter-nitrogen 

distances are shorter in 16c than those in TPP (see below). The large ΔH‡ for 16c is probably derived from the steric 

repulsion between the two protons in an intermediate for the NH tautomerism, which has an inner NH proton at a 

non-fused pyrrole and the other at a fused pyrrole. DFT calculations suggested that the steric repulsion of the two inner 

NH protons in the cis-intermediate resulted in distortion of the core structure of 16c from the original rhombic structure 

into a parallelogram-shaped structure (see below). It should be noted that the ΔS‡ value was positively large for 16c, 
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whereas that for TPP was negative. The positively large ΔS‡ value for the NH tautomerism of 16c in CDCl3 should 

derive from dissociation of the π-stacked dimer structure observed even in the solution (see above). The π-stacked  

 

 
Figure 6-8. Experimental (left, black) and simulated 1H NMR spectra (right, red) of 16c in 50% C6D6/CDCl3 (a), 10% 
CD3CN/CDCl3 (b), 10% (CD3)2CO/CDCl3 (c), 25% (CD3)2CO/CDCl3 (d).  
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dimer structure observed in the ground state is assumed to be broken in the transition state to afford the positively large 

ΔS‡ value. 

 

6-5. Solvent Effects on the NH tautomerism of mono-substituted H2QFP in CDCl3 

 Solvent effects of the NH tautomerism of 16c were investigated using four kinds of mixture of deuterated 

solvents, 50%C6D6/CDCl3, 10%CD3CN/CDCl3, 10%(CD3)2CO/CDCl3, and 25%(CD3)2CO/CDCl3, by 1H NMR 

spectroscopy. Selection of the solvents is highly limited, because the 1H NMR signals of the inner NH protons need to 

coalesce between the melting and boiling points of the solvent. The four kinds of the mixed solvents used satisfied the 

criteria. The rate constants of the NH tautomerism were determined at various temperatures in each of the four mixed 

solvents (Figure 6-8). Based on the temperature dependence of the rate constants, an Eyring plot for 16c in each solvent 

was provided (Figure 6-9); the activation parameters and the activation free-energies at 298 K, ΔH‡, ΔS‡, and ΔG‡
298, 

were obtained for the NH tautomerism as listed in Table 6-1. To elucidate the solvent effects in the NH tautomersim, 

the author focused on static permittivity, ε, as a solvent parameter; the permittivity values of the four solvents employed  

 

 
Figure 6-9. Overlaid Eyring plots for the NH tautomerism of 16c in various solvents. 

 

 

Figure 6-10. Plots of ΔG‡
298 (a), ΔH‡ (b) and ΔS‡ (c) against ε. 
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in this study are not so different (chloroform = 4.9, benzene = 2.4, acetonitrile = 36, acetone = 21). Here, the additivity 

of the permittivity of each solvent was assumed in the mixed solvents.44 Then, the activation parameters, ΔG‡
298, ΔH‡ 

and ΔS‡, were plotted against the calculated ε of the mixed solvent (Figure 6-10). As a result, ΔH‡ and ΔS‡ exhibited 

linearity in the plots against ε (Figure 6-10b and c), and upon increasing the solvent polarity, both ΔH‡ and ΔS‡ 

decreased. In contrast, ΔG‡
298 seems independent of the solvent polarity (Figure 6-10a). The negative proportion of ΔH‡ 

to ε indicates that the transition state of the NH tautomerism of 16c is stabilized in a polar solvent, and thus, is relatively 

more polar than the ground state. On the other hand, the ΔS‡ was also negatively proportional to ε; that is, the polar 

transition state induces stronger solvation in a polar solvent, which results in the stabilization in the aspect of ΔH‡ and 

simultaneously in destabilization in the aspect of ΔS‡. Therefore, the solvation mechanism can explain the 

independency of ΔG‡ on the solvent polarity with reversed effects of solvation onΔH‡ and ΔS‡;45 the ΔH‡ value becomes 

more negative (stabilized) and the ΔS‡ value also becomes more negative (destabilized) with increasing the solvent 

polarity. 

 

6-6. DFT calculations on the transition state of the NH tautomerism 

 Two kinds of reaction mechanisms have been proposed for the NH tautomerism of porphyrins: Stepwise 

mechanism,12a,13a,22b which involves an asynchronous transfer of the two N-H atoms through a cis-type tautomer, and 

concerted one, in which the two N-H atoms transfer synchronously.12b Long-term debates have been given to answer the 

question; which is the mechanism plausible in the NH tautomerism on the basis of experiments and theoretical studies? 

The stepwise mechanism is now generally accepted to be the true mechanism for the NH tautomersim of porphyrins.15b, 

18d 

 Structures and stabilities of intermediates and the transition states of the NH tautomerism of non-substituted 12c 

were calculated with DFT methods at the B3LYP/6-31G** level of theory (Figure 6-11). As mentioned above, 

 

 
Figure 6-11. Energy diagram of the NH tautomerism of 12c obtained by DFT calculations. The peripheral tBu groups are omitted for 
clarity. 
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one of the intermediates (tautomer B), having the two inner NHs at the two fused pyrroles, is less stable by 12.5 kcal 

mol–1 than the structurally characterized tautomer A (see also Figure 5-5). The other intermediate (cis-form; Figure 

6-11), having one inner NH proton at one of the non-fused pyrrole and the other NH proton at one of the fused pyrrole, 

is less stable by 11.3 kcal mol–1 than the tautomer A. The reason why the tautomer B is less stable than the cis-form is 

probably severe steric repulsion between the two inner NH protons in the tautomer B. Transition states obtained from 

DFT calculations have a transferring inner NH proton at the midpoint between the two adjacent nitrogen atoms; one is 

the nitrogen atom at which the proton is originally located, and another is the nitrogen atom, by which the NH proton is 

accepted. One of the transition states (TS1), intervened between the ground state and the cis-form, is less stable by 20.1 

kcal mol–1 than the tautomer A. The other transition state (TS2), intervened between the cis-form and the tautomer B, is 

less stable by 25.2 kcal mol–1 than the tautomer A. Additionally, the calculated dipole moments in debye were 0.0748 

for tautomer A, 0.0186 for tautomer B, 1.2451 for the cis-form, 0.6282 for TS1, and 0.6216 for TS2, respectively 

(Figure 6-12). Therefore, the TS states bear more polar characters than the tautomer A, which is consistent with the 

smaller ΔH‡ in polar solvents. In addition, the more negative ΔS‡ values in more polar solvents reflect the dissociation 

of the π-stacked dimer that should be more stabilized due to unfavorable solvation of 16c in polar solvents. 

 

 
Figure 6-12. Dipole moments, noted below the structures, of NH tautomers of 12c and the transition states of the NH tautomerism 
obtained from DFT calculations. 

 

6-7. Conclusion 

 A freebase derivative of a symmetry-broken QFP having a mesityl group, 16c, has been synthesized and 
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to reveal solvent effects on the activation parameters. Based on the kinetic analysis, the author concludes that the NH 

tautomerism of 16c proceeds through dissociation of a π-stacked dimer of 16c and subsequent polar transition states 

bearing larger dipole moments than that of 16c. Additionally, the ΔG‡
298 value for the NH tautomerism of 16c was 

larger than that of tetraphenylporphyrin due to severer steric congestion of the NH protons in the deformed QFP core. 

The activation parameters obtained indicate that the NH tautomerism for H2QFP is deactivated by the rigid ring-fused 

structure in comparison to that of tetraphenylporphyrin. Finally, the present study provides a strong support for a 

generally accepted stepwise mechanism of NH tautomerism of the porphyrin core. 

 

6-8. Experimental Section 

General. 

 Chemicals and solvents were used as received from commercial sources unless otherwise mentioned. CH2Cl2 

used for the UV-vis spectral measurements was distilled over CaH2 before use. DMA for the synthesis was distilled 

before use. 

 1H NMR measurements were performed on Bruker AVANCE-400, -500 and -600 spectrometers. UV-vis 

absorption spectra were measured in CH2Cl2 on a Shimadzu UV-3600 spectrophotometer. MALDI-TOF-MS 

spectrometry was performed on an AB SCIEX TOF/TOF 5800 spectrometer by using dithranol as a matrix. Gel 

permeation chromatography (GPC) was performed in 0.5% triethylamine/ CHCl3 utilizing a LC-9110 NEXT Liquid 

Chromatography system equipped with two JAIGEL-40 columns. 

 

Synthesis. 

2-Mesityl-24,30,36,42-tetrakis(tert-butyl)-quadruply-fused porphyrin (16c). To a solution of 4c (27.8 mg, 33.4 

µmol) in CHCl3 (50 mL) was added recrystallized NBS (11.2 mg, 64.7 µmol) and the reaction mixture was refluxed for 

10 h. After cooling to room temperature, the solvent was removed under vacuum and the residual solid was washed 

with H2O and dried under vacuum to obtain black powder. The black powder was recrystallized from THF/MeOH (1:3, 

v/v) and dried under vacuum to give crude mono-brominated 4c. To a solution of crude mono-brominated 4c (26 mg) in 

DMA (1 mL) was added mesitylboronic acid (8)46 (47.3 mg, 288 µmol), K2CO3 (172 mg, 1.24 mmol), and Pd(PPh3)4 

(2.0 mg, 1.73 µmol). The reaction mixture was stirred at 130 °C for 9.5 h and the solvent was removed under vacuum. 

The residual solid was dissolved in CHCl3 (50 mL) and filtered. To the filtrate was added TFA (5 mL, 65 mmol) and 

the reaction mixture was stirred for 1 h at room temperature. The mixture was washed with Na2CO3 aq and water, and 

dried over Na2SO4. The solvent was removed under vacuum and the black solid obtained was chromatographed on a 

silica gel column using toluene/hexane (1:2, v/v) as an eluent. The second fraction was collected and the solvent was 

removed under vacuum. The residual solid was recrystallized from CH2Cl2/MeOH (1:3, v/v) to give black crystals of 

16c (1.6 mg, 1.7 µmol, 5% (3 steps)). 1H NMR (CDCl3, 298 K): δ 7.80 (dd, J = 4.7, 2.1 Hz, 1H, β-H), 7.75 (dd, J = 4.7, 

2.0 Hz, 1H, β-H), 7.68 (d, J = 2.4 Hz, 1H, 3-β-H), 7.20 – 7.14 (m, 3H, 26,32,38-Ph-H), 7.11 (s, 2H, m-mesityl-H), 6.90 

– 6.81 (m, 6H, 23,25,29,31,35,37-Ph-H), 6.76 (d, J = 2.0 Hz, 1H, 41-Ph-H), 6.19 (dd, J = 8.2, 2.0 Hz 1H, 43-Ph-H), 
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6.06 (br s, 1H, inner NH), 5.99 (br s, 1H, inner NH), 5.20 (d, J = 8.2 Hz, 1H, 44-Ph-H), 2.47 (s, 3H, mesityl-p-CH3), 

2.10 (s, 6H, mesityl-o-CH3), 1.32 (s, 9H, t-Bu-CH3), 1.31 (s, 9H, t-Bu-CH3), 1.30 (s, 9H, t-Bu-CH3), 1.22 (s, 9H, 

t-Bu-CH3). UV-vis (CHCl3): λ [nm] (log ε) = 820 (3.52), 745 (4.00), 667 (4.10), 605 (4.84), 478 (4.34), 417 (4.60), 331 

(4.56). MS (MALDI-TOF, dithranol matrix): m/z = 949.5 (calcd. for [M]+: 949.3). Anal. calcd. for 

C60H54N4·0.5H2O·2CH2Cl2·1.5C6H14: C 76.42, H 7.21, N 4.46; found: C 76.64, H 7.46, N 4.24. 

 

X-ray diffraction analysis. 

 A single crystal of 16c was obtained by recrystallization from the chloroform solution with vapor diffusion 

method using acetonitrile as a poor solvent. A single crystal was mounted on a mounting loop. All diffraction data were 

collected at 120 K using a Bruker APEXII diffractometer equipped with graphite-monochromated Mo Kα (λ = 0.71073 

Å) by the ω-2θ scan. The structures were solved by direct methods using SIR97 and SHELX97.47 The co-crystallized 

MeCN molecule in the crystal of 16c were severely disordered and deleted by using the SQUEEZE program.48 

Crystallographic data for these compounds are summarized in Table 6-2. CCDC-1434622 contains the supplementary 

crystallographic data. 

 

Table 6-2. Crystallographic data for 16c. 

crystal system triclinic 

space group P`1 

T / K 120 

formula C69H64N4 

FW 949.24 

a / Å 17.432(14) 

b /Å 17.593(14) 

c /Å 21.576(17) 

a / ° 73.384(12) 

b / ° 86.348(13) 

g / ° 70.488(11) 

V / Å3 5973(8) 

Z 4 

λ / Å 0.71073 (Mo Kα) 

Dc / g cm–3 1.056 

reflns measured 15426 

reflns unique 9425 

R1 (I > 2s(I)) 0.1044 

wR2 (all) 0.3037 

GOF 0.934 

 

Computational method. 

 To calculate activation energies for the NH tautomerism of H2QFP, DFT calculations were performed with 

optimized local minima and transition states on the potential energy surfaces using the B3LYP method49,50 combined 
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with the 6-31G(d,p) basis set.51,52 The Gaussian 09 program package53 was used for all DFT calculations. 

 

Determination of the dimerization constant of 16c. 

 Concentration of 16c was changed in various solvents at 298 K and the 1H NMR spectral changes at an 

appropriate chemical shifts was fitted with eq 1 (Figure 6-5). 

 

(1) 

 

Here, δobs, δmonomer, δdimer, K, and [P] refer to the observed chemical shift, the chemical shift of the monomer of 16c, the 

chemical shift of the dimer of 16c, the dimerization constant, and the concentration of the porphyrin derivative, 

respectively. 

 

Kinetic studies of the NH tautomerism. 

 Determination of the rate constants, k (s–1), for the NH tautomerism of 16c was performed on a Bruker 

AVANCE-500 spectrometer at various temperatures. Porphyrin 16c (1.1 mM) was dissolved in CDCl3 or one of four 

kinds of mixed deuterated solvents, 50%C6D6/CDCl3, 10%CD3CN/CDCl3, 10%(CD3)2CO/CDCl3, and 

25%(CD3)2CO/CDCl3. The k values determined at various temperatures were used to provide the corresponding Eyring 

plots. 
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Chapter 7 
 

QFP derivatives toward NLO properties 

 

 

7-1. Introduction 

 Nonlinear optical (NLO) materials have been used for biological imaging and also for applications in 

telecommunication and date-storage devices.1-3 In comparison to inorganic NLO materials, NLO materials based on 

organic chromophores can be easily modified by introduction of substituents to control the optoelectronic properties,4 

and intermolecular interaction of the molecules can be also employed to obtain high efficiency of NLO responses.5 A 

variety of chromophores showing greatly enhanced molecular first hyperpolarizability values (β) have been designed 

and synthesized to date.3,4 To qualitatively interpret the NLO responses of organic NLO chromophores, a two-state 

approximation model have been widely used.6 In the model, the molecular first hyperpolalizability, β, can be estimated  

       
(1)

 

with eq 1.7 As expressed by eq 1, the intensity of β is qualitatively proportional to three factors, Δµge, χge and (Ege)–2. 

Δµge is the difference of dipole moments between the ground and excited states of a chromophore, χge is a 

transition-dipole moment, and Ege is a HOMO-LUMO gap. Therefore, to obtain large β values, increasing dipole 

moments of the NLO molecules and narrowing the HOMO-LUMO gaps are considered to be effective.6,7 Based on the 

strategies, NLO molecules, which are so-called “push-pull” system, have been synthesized; electron-donating and 

-withdrawing groups are introduced to diagonal positions of the π-conjugated molecules.1 For instance, a stilbene 

derivative having an dimethylamino group as an electron-donor and a nitro group as an electron-acceptor have been 

reported to show large β values, 55 × 10–30 esu (Figure 7-1).4a In addition, extension of the alkene chains between the 

electron-donating and -withdrawing groups has been reported to increase the β values.4b 

 Due to its intense optical absorption, porphyrin and its derivatives have been widely used as building 

chromophores  for  op toe lec t ron ic  appl ica t ions  inc luding  NLO mater ia ls . 7 , 8  To  obta in  la rge  β  

 

 
Figure 7-1. Structure of stilbene derivatives showing NLO properties.4 

values, porphyrin derivatives are useful due to the narrow HOMO-LUMO gaps on the basis of the expanded 

π-conjugation with 18π aromatic circuit.8 NLO chromophores made of porphyrin derivatives have been prepared on the 

basis of the “push-pull” design;9-11 for instance, a “push-pull”-type (aryl-ethynyl)porphyrin, which has nitro- and 
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dimethylamino-phenylethynyl groups at the diagonal meso-positions, exhibited one of the largest β values (800 × 10–30 

esu), together with high thermal stability.9a On the other hand, it is difficult to introduce both of electron-donating and 

electron-withdrawing groups directly at the aromatic circuit of the porphyrin core without π-conjugated bridge such as 

phenylethynyl moieties.8 Therefore, the effects of direct introduction of the “push-pull” functional groups to the 

aromatic circuit of porphyrins on the NLO properties have yet to be well established.10b 

 To develop characteristic optoelectronic properties, modification of porphyrins by introduction of fused rings at 

the periphery of the porphyrin aromatic circuit has been intensively studied in recent years,12-27 in light of the merits of 

the unique physical properties derived from the narrowed HOMO-LUMO gaps and facileness for formation of π-π 

stacked arrays using the planar highly expanded π-conjugated surfaces. The ring-fusion strategy has been successfully 

applied to obtain a chromophore showing an absorption band over 1400 nm based on one porphyrin unit.19c However, 

the ring-fusion reactions reported so far are highly limited and the synthetic procedures for the precursors are 

time-consuming.12,19 Recently, an efficient procedure has been reported for preparation of quadruply fused porphyrins 

(QFPs), in which the four meso-aryl groups are covalently bonded to the β-carbons of the pyrrole rings at the 

ortho-positions.28 Additionally, the π-conjugation circuit of QFP expands to the fused meso-aryl groups and the 

properties of QFP such as redox potentials are highly sensitive to the substituents at the fused aryl groups.28b The 

enhanced substituent effects of QFP on the electronic structures, exemplified by UV-vis spectrum and electrochemical 

studies,28b are also useful to obtain efficient NLO materials based on QFP. 

 In this chapter, the author describes preparation of NLO chromophores based on QFP to utilize its small 

HOMO-LUMO gap and sensitive substituent effects. In particular, to elucidate the impact of the “push-pull” effects on 

QFP toward the NLO properties, ZnQFP derivatives (17 – 19), having an electron-withdrawing group such as nitro 

group and a methoxy group as an electron-donating group at the diagonal positions of the molecule, have been prepared 

through stepwise processes. Furthermore, the emergence of the charge-transfer (CT) band and NLO responses of the 

“push-pull” ZnQFP derivatives have been explored. 

 

7-2. Synthesis 

 Herein, to investigate the impact of the “push-pull” effects of substituents on the NLO properties of ZnQFP, 

various electron-withdrawing and -donating groups (EWG and EDG, respectively) has been introduced to ZnTPPBr4 

precursors (20 – 22) of ZnQFP (Scheme 7-1). Synthesis of the “push-pull” QFP derivatives have been done as follows: 

EDG and EWG were introduced at the meso positions through a stepwise manner to a TPP precursor (23), then the 

“push-pull” TPPs (24 – 26) were brominated at the four β-carbons to give the tetrabromo-derivatives, 27 – 29, followed 

by ZnII insertion to obtain precursors 20 – 22, and the ring-fusing reaction for the precursors was performed with Pd 

clusters as a catalyst29 in 1,4-dioxane. Because of the high thermal and air stability, a methoxy group was chosen as the 

EDG of the “push-pull” QFP. On the other hand, nitro, cyano and trifluoromethyl groups were introduced as EWG to 

“push-pull” QFP. Yields of the “push-pull” QFP derivatives at the final ring-fusion step were 84% for 17 having NO2 

group as EWG, 61% for 18 having CN group, and 17% for 19 having CF3 group. Characterization of the “push-pull” 
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TPPs and QFPs was done by 1H NMR spectroscopy, MALDI-TOF- MS spectrometry and single crystal X-ray 

diffraction analysis for 24. 

  

 

Scheme 7-1. The synthetic route of “push-pull” ZnQFPs. 

 

 
Figure 7-2. Top and side views of crystal structures of a “push-pull” TPP derivative, 24, having OMe and NO2 groups (a). The 
thermal ellipsoids are drawn at the 50% probability. Top and side views of the dimer structure of 24 (b). 
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Figure 7-3. 1H NMR spectrum of 17 in DMSO-d6 at 298 K. 

 

The single crystal of 24 was obtained from the solution in CHCl3 in the presence of methanol vapor (Figure 7-2). 

The crystal structure revealed that the aryl moiety with a methoxy group is properly substituted at the diagonal position 

of the aryl moiety with a nitro group. Compound 24 showed edge-to-face and CH-π interaction in the crystal packing, 

in which the distance from the nearest phenyl carbon of the methoxy-phenyl group to the porphyrin plane was 3.40 Å 

and that from the carbon atom of the methoxy group to the porphyrin plane was 3.20 Å (Figure 7-2b). 

 The 1H NMR spectra of “push-pull” ZnQFPs, 17 – 19, in DMSO-d6 showed relatively complicated pattern due 

to the low symmetric structures (Figure 7-3); for instance, the 1H NMR signals of the methyl groups at the ortho- and 

para-positions of the two mesityl groups for 17 were observed as four singlet signals at 2.29, 2.28, 2.20, and 2.18 ppm 

with 1:1:2:2 integral ratio. The signal of the methoxy group was observed at 3.74 ppm in the 1H NMR spectrum of 17, 

and thus, the methoxy group was maintained after the ring-fusion reaction. 

 

7-3. Optical properties of “push-pull” ZnQFPs 

  To confirm electronic effects of the introduction of “push-pull” substituents to QFP, the electronic absorption 

spectra of 17 – 19 were measured (Figure 7-4). As a result, the introduction of “push-pull” substituents caused 

bathochromic shifts of the absorption bands of 17 – 19; for example, the absorption maxima of the longest Q-like band 

of 17 exhibited a bathochromic shift by 29 nm relative to that of 4b (Figure 7-4a). On the other hand, the Soret and Q 

bands of “push-pull” ZnTPP derivatives, 24 – 26, show the absorption maxima at similar wavelengths to those of 

ZnT(p-Mes)PP, having four mesityl-phenyl groups at the meso positions (Figure 7-4c). 
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Figure 7-4. UV-vis spectra of and ZnQFP derivatives (a), “push-pull” ZnQFP, 18 (blue) and 19 (red) (b) and ZnTPP derivatives (c) 
in DMF. 

 

Table 7-1. Absorption maxima of QFP and ZnTPP derivatives in DMF. 

 λmax(B)a λmax(Q)a λmax
a,b 

17 (R = NO2) 636 1170 813 

18 (R = CN) 607 1083 797 

19 (R = CF3) 620 1084 791 

4b 628 1141 — 

24 (R = NO2) 429 604 — 

ZnT(p-Mes)PP 429 604 — 
a in nm, b Absorption maxima of a absorption band around 800 nm. 
 

 
Figure 7-5. Frontier orbitals of DFT optimized structures of “push-pull” ZnQFP, 17 (a), 18 (b) and 19(c). 
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Figure 7-6. Experimental absorption spectra (colored solid lines), recorded in DMF at room temperature, and calculated transition 
energies and oscillator strengths (f) obtained by TD-DFT calculations at the B3LYP/6-31G** level of theory (black sticks) of 17 (a), 
18 (b), 19 (c). 

 

 To assign the origins of the transitions to afford the absorption bands of “push-pull” ZnQFPs, TD-DFT 

calculations on 17 – 19 were performed at the B3LYP/6-31G** level of theory using their DFT-optimized structures 

(Figure 7-5). The calculated wavelengths and oscillator strengths for the electronic transitions are summarized in Table 

7-2 and schematically depicted in Figure 7-6. The calculated stick spectra shown in Figure 7-6 well reproduce the 

excitation wavelengths and absorbance of the experimental spectra. The absorption bands around 600 nm of the 

“push-pull” ZnQFP, which can be assigned to the absorption bands around 800 nm in the experimental spectra, 

commonly derive from the (HOMO–1)-to-(LUMO+1) transitions, the former of which shows distribution on the fused 
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methoxy-phenyl moiety and the latter does it on the fused EWG-substituted aryl moiety (Figure 7-5); thus the transition 

bears a CT character. To gain in-depth insight into the CT bands of “push-pull” ZnQFPs, the UV-vis spectra of 17 were  

 

Table 7-2. TD-DFT results for low-energy π-π* states of the “push-pull” ZnQFP derivatives. a 

compound wavelength, nm oscillator strength contribution (weight %)b 

17 915.49 0.0184 H→L (93) 

 829.77 0.0016 H–1→L (67), H→L+1 (31) 

 632.06 0.0648 H–1→L+1 (67), H–2→L (9)  

 618.61 0.0618 H–2→L (53), H→L+2 (18), H–1→L+1 (14) 

 577.97 0.2360 H–3→L (53), H→L+1 (18), H–1→L (9), H–2→L (9) 

 565.12 0.5220 H–9→L (30), H→L+1 (29), H–3→L (25), H–1→L (12), H–

1→L+2 (10)    

18 916.03 0.0151 H→L (94) 

 825.54 0.0012 H–1→L (67), H→L+1 (31) 

 622.52 0.0512 H–1→L+1 (63), H–2→L (18)  

 612.10 0.0386 H–2→L (53), H–1→L+1 (19), H→L+2 (16) 

 577.33 0.1060 H–3→L (73), H→L+1 (10) 

 558.57 0.7771 H→L+1 (44), H–1→L (20), H–3→L (9) 

19 906.36 0.0126 H→L (94) 

 819.46 0.0011 H–1→L (67), H→L+1 (31) 

 617.39 0.0501 H–1→L+1 (66), H–4→L (9)  

 606.71 0.0219 H–2→L (58), H→L+2 (17), H–1→L+1 (15) 

 573.17 0.1277 H–3→L (71), H→L (13) 

 551.51 0.8084 H→L+1 (44), H–1→L (20), H–3→L (11) 
a At the B3LYP/6-31G** level of theory. b H = HOMO, L = LUMO. 

 

 
Figure 7-7. Solvent effects on UV-vis Absorbance of 17 in THF (black), o-dichlorobenzene (blue), pyridine (red), benzonitrile 
(purple), DMF (green). 



 129 

 

Figure 7-8. A plot of the absorption maxima of 17 around 800 nm relative to dielectric constants of solvents; (1) THF, (2) 
1,2-dichlorobenzene, (3) pyridine, (4) benzonitrile and (5) DMF. 

 

Table 7-3. Summary of absorption maxima of 17 in various solvents 

 Dielectric constant λmax
a,b νa,c 

THF 7.5 786 12723 

1,2-dichlorobenzene 10.4 794 12594 

pyridine 13.2 795 12579 

benzonitrile 25.3 802 12469 

DMF 37.1 812 12315 
a Absorption maxima of the absorption band around 800 nm, b in nm, c in cm–1. 

 

measured in five solvents, having different polarity (Figure 7-7 and Table 7-3); THF, 1,2-dichlorobenzene, pyridine, 

benzonitrile, and DMF were used in this study, and their dielectric constants are 7.5, 10.4, 13.2, 25.3, and 37.1, 

respectively.30 The absorption band observed around 800 nm of 17 were well shifted upon changing the solvent. The 

wavenumber of the absorption maxima of the absorption band around 800 nm were plotted against the dielectric 

constant of the solvent (Figure 7-8), and the energies of the absorption maxima exhibited good linearity against the 

dielectric constants of the solvents, indicating that the absorption band around 800 nm derives from the CT transition, as 

suggested by the TD-DFT calculations. 

 

7-4. NLO responses of “push-pull” ZnQFPs 

 To investigate the NLO properties of “push-pull” ZnQFPs, dynamic hyperpolarizability (β1300) values for 

incident laser at 1300 nm were determined by hyper-Rayleigh light-scattering measurements.31 The β1300 values are 

summarized in Table 7-4. The “push-pull” ZnQFP derivatives showed larger β1300 values than the corresponding ZnTPP 

derivatives, owing to direct introduction of EDG and EWG moieties to the aromatic circuit; for instance, the ZnQFP 

derivative, having a cyano group as an EWG, showed the largest β1300 value of 730 × 10–30 esu among the “push-pull” 

1.23
! 

/ 1
04

 cm
–1

Dielectric Constant
5 15 25 35

1.25

1.27

˜

(1)

(2)
(3) (4)

(5)



 130 

ZnQFP derivatives studied here, and the β1300 value of the cyano-derivative was ca. 240 times larger than that of the 

corresponding ZnTPP derivative (25) having the same “push-pull” substituents. This large hyperpolarizability can be 

explained by the fact that the ring fusion enables the molecule to form a quinoid-like resonance structure (Figure 7-9), 

which supports increase of the Δµge value.4,8 It should be noted that only the cyano derivative, 18, exhibited the large 

hyperpolarizability in comparison to those of 17 and 19; however, the mechanism that compound 18 affords such large 

hyperpolarizability has yet to be clarified.32 

 

Table 7-4. Dynamic hyperpolarizabilities in CHCl3. 

 β1300 / 10–30 esu 

17 (R = NO2) 58 

18 (R = CN) 730 

19 (R = CF3) 64 

24 (R = NO2) 18 

25 (R = CN) 3 

26 (R = CF3) 17 

 

 
Figure 7-9. Resonance structures of 18: a normal aromatic form (left) and a quinoid-like form (right). 

 

 In comparison to the β-values of other porphyrin derivatives having substituents directly introduced to the 

porphyrin core, the hyperpolarizability value of 18 is larger than those reported so far; for example, a porphyrin  

 

 

Figure 7-10. Structure of a “push-pull” porphyrin having EWG directly introduced at the porphyrin aromatic circuit.10b 
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derivative (36), having a formyl acceptor (Figure 7-10),10b which is directly introduced to the aromatic circuit without 

π-conjugated bridge such as phenylethyny group at the meso-position, exhibited the β0 value as 82 × 10–30 esu. In the 

optimized structure of 36, steric repulsion between the formyl group and the adjacent β-hydrogen causes twisting of the 

acceptor substituent against the porphyrin plane; the dihedral angle between the formyl and porphyrin planes is 26°. 

This loss of coplanarity results in less conjugation between the donor and acceptor substituents and the small NLO 

response. In contrast, the “push-pull” substituents of 18 exhibit coplanarity against the porphyrin plane; the substituents, 

CN and OMe group, are almost on the same plane including the porphyrin core (Figure 7-11). 

 

 

Figure 7-11. Top and side views of DFT-optimized structure of 18 at the B3LYP/6-31G** level of theory. The peripheral mesityl 
groups are omitted for clarity in side view. 

 

7-4. Summary 

 The “push-pull” derivatives of ZnQFP, 17 – 19, have been synthesized and characterized. Investigation on the 

electronic absorption spectra revealed that the “push-pull” ZnQFP exhibited characteristic CT bands around 800 nm, 

which derives from the electronic transition from the electron-donating moiety to the electron-accepting moiety. The 

absorption bands bear CT characters as reflected on the linear dependence on the solvent polarity, and as indicated by 

TD-DFT calculations. The dynamic hyperporalizability values (β) of 17 – 19 were determined by the hyper-Rayleigh 

light-scattering measurements. The expansion of the aromatic circuits to substituted ring-fused moieties significantly 

improved the β values of “push-pull” ZnQFP derivatives; especially the ZnQFP with a cyano group, 18, showed the ca. 

240 times larger β value than that of corresponding TPP derivatives, 25. 

 

Experimental section 

General. 

 Chemicals and solvents were used as received from commercial sources unless otherwise mentioned. 

o-dichlorobenzene used for the UV-vis spectral measurements was distilled over CaH2 before use. THF, pyridine, 

benzonitrile and DMF were distilled before use. 

 1H NMR measurements were performed on Bruker AVANCE-400, -500 and -600 spectrometers. UV-vis 

absorption spectra were measured on a Shimadzu UV-3600 spectrophotometer. MALDI-TOF-MS spectrometry was 

performed on an AB SCIEX TOF/TOF 5800 spectrometer. 
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Synthesis. 

General procedure of Pd-catalyzed ring-fusing reactions using Pd-nanoclusters derived from [Pd(η2-C3H5)Cl]2.29 

A solution of TBA·OAc (TBA = tetra(n-butyl)ammonium, 300 mg, 1.0 mmol), allyl-palladium(II) chloride dimer (2.8 

mg, 7.7 µmol), and potassium carbonate (160 mg, 1.1 mmol) in 1,4-dioxane (1.0 mL) was heated at 110 ºC for 3 min. 

After the color of the solution changed to black, a tetrabromo-derivative of porphyrin (5.0 µmol) was quickly added to 

the solution. After stirring for 11 h at 110 °C, the reaction mixture was cooled to ambient temperature. After filtration, 

the filtrate was collected and the solvent was removed under vacuum. The residual solid was recrystallized from 

THF/ethanol (1:3, v/v) and dried under vacuum to obtain QFP derivatives. 

Zinc(II) 24,36-bismesityl-30-methoxy-42-nitro-quadruply-fused porphyrinato 

(17). A ring-fusion reaction was performed with 20 (5.3 mg, 4.1 µmol) as a 

starting material to obtain 17 (3.4 mg, 3.4 µmol, 84%), using the aforementioned 

general procedure. 1H NMR (DMSO-d6): δ 8.40 – 8.30 (m, 3H, β-H), 7.87 (d, J = 

8.0 Hz, 1H, 44-Ph-H), 7.77 – 7.56 (m, 5H, 32,31,32,43,β-Ph-H), 7.03 (s, 1H, 

41-Ph-H), 6.97 – 6.96 (m, 2H, mesityl-m-CH3), 6.81 (s, 1H, 29- Ph-H), 6.61 (d, J 

= 8.0 Hz, 2H, 26,38-Ph-H), 6.56 (d, J = 8.0 Hz, 2H, 25,37-Ph-H), 6.35 – 6.34 (m, 

2H, 23,35-Ph-H), 3.74 (s, 3H, OCH3), 2.30 – 2.29 (m, 6H, mesityl-p-CH3), 2.22 – 2.19 (m, 12H, mesityl- o-CH3). 

UV-vis (DMF): λmax [nm] (log (ε, M–1 cm–1)) = 328 (4.57), 413 (4.50), 450 (4.47), 500 (4.40), 637 (4.73), 813 (3.76), 

1003 (3.41), 1173 (3.20). MS (MALDI-TOF, 9-aminoacridine matrix): m/z = 979.4 (calcd. for [M]–: 979.3). 

Zinc(II) 24,36-bismesityl-30-cyano-42-methoxy-quadruply-fused porphyrinato (18). A ring-fusion reaction was 

performed with 21 (4.9 mg, 3.8 µmol) as a starting material to obtain 18 (2.2 mg, 2.3 µmol, 61%), using the 

aforementioned general procedure. 1H NMR (DMSO-d6): δ 8.36 – 8.28 (m, 3H, β-H), 7.79 – 7.55 (m, 5H, 

31,32,43,44,β-Ph-H), 7.29 (s, 1H, 32-Ph-H), 7.01 (s, 1H, 41-Ph-H), 6.97 – 6.96 (m, 2H, mesityl-m-CH3), 6.58 – 6.53 (m, 

6H, 25,26,37,38-Ph-H), 6.34 – 6.33 (m, 2H, 23,35-Ph-H), 3.73 (s, 3H, OCH3), 2.28 (s, 6H, mesityl-p-CH3), 2.19 – 2.17 

(m, 12H, mesityl-o-CH3). UV-vis (DMF): λmax [nm] (log (ε, M–1 cm–1)) = 320 (4.38), 415 (4.32), 448 (4.34), 498 (4.25), 

623 (4.58), 794 (3.50), 967 (3.15), 1086 (3.00). MS (MALDI-TOF, 9-aminoacridine matrix): m/z = 959.4 (calcd. for 

[M]–: 959.3). 

Zinc(II) 24,36-bismesityl-30-methoxy-42-trifluoromethy-quadruply-fused porphyrinato (19). A ring-fusion 

reaction was performed with 22 (11.5 mg, 8.7 µmol) as a starting material to obtain 19 (1.5 mg, 1.5 µmol, 17%), using 

the aforementioned general procedure. 1H NMR (DMSO-d6): δ 8.36 – 8.27 (m, 3H, β-H), 7.82 (d, J = 8.0 Hz, 1H, 

44-Ph-H), 7.73 – 7.43 (m, 5H, 32,31,32,43,β-Ph-H), 7.15 (s, 1H, 41-Ph-H), 6.97 – 6.96 (m, 2H, mesityl-m-CH3), 6.79 (s, 

1H, 29-Ph-H), 6.61 (d, J = 8.0 Hz, 2H, 26,38-Ph-H), 6.58 – 6.53 (m, 2H, 25,37-Ph-H), 6.34 – 6.33 (m, 2H, 23,35-Ph-H), 

3.73 (s, 3H, OCH3), 2.28 (s, 6H, mesityl-p-CH3), 2.20 – 2.17 (m, 12H, mesityl-o-CH3 ). UV-vis (DMF): λmax [nm] (log 

(ε, M–1 cm–1)) = 324 (4.38), 408 (4.62), 448 (4.61), 497 (4.51), 620 (4.92), 789 (3.76), 953 (3.36), 1081 (3.17). MS 

(MALDI-TOF, dithranol matrix): m/z = 1002.5 (calcd. for [M]+: 1002.3). 

Zinc(II) 2,3,12,13-tetrabromo-5,15-bis(4-mesitylphenyl)-10-(4-methoxyphenyl)-20-(4-nitrophenyl)- porphyrinato 
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(20). To a solution of 27 (14 mg, 12 µmol) in CHCl3 (5 mL) was added a suspension of Zn(OAc)2·2H2O (24 mg, 56 

µmol) in CH3OH (3 mL) and the reaction mixture was refluxed for 1 h. The reaction mixture was poured into water and 

the organic phase was separated and then dried over Na2SO4. After removing the solvent, the residual solid was 

recrystallized from CH2Cl2/hexane (1:3, v/v) and the crystalline solid obtained was dried under vacuum to yield 20 (13 

mg, 9.6 µmol, 83%). 1H NMR (CDCl3): δ 8.82 (d, J = 4.8 Hz, 1H, β-H), 8.78 (s, 2H, β-H), 8.59 – 8.57 (m, 3H, β-H, 

o-nitrophenyl-H), 8.27 (d, J = 8.6 Hz, 2H, m-nitrophenyl-H), 8.09 (d, J = 7.2 Hz, 4H, o-mesitylphenyl-H), 7.95 (d, J = 

8.5 Hz, 2H, o-methoxyphenyl-H), 7.49 (d, J = 7.2 Hz, 4H, m-mesitylphenyl-H), 7.26 – 7.24 (m, 2H, m-methoxy- 

phenyl-H), 7.09 (s, 4H, m-mesityl-H), 4.09 (s, 3H, OCH3), 2.41 (s, 6H, mesityl-p-CH3), 2.34 (s, 6H, mesityl-o-CH3), 

2.32 (s, 6H, mesityl-o-CH3). UV-vis (CHCl3): λmax [nm] = 609, 568, 438. MS (MALDI- TOF, dithranol matrix): m/z = 

1305.5 (calcd. for [M]+: 1305.0). 

Zinc(II) 2,3,12,13-tetrabromo-5,15-bis(4-mesitylphenyl)-10-(4-cyanophenyl)-20-(4-methoxyphenyl) 

-porphyrinato (21) To a solution of 28 (5.0 mg, 4.1 µmol) in CHCl3 (1 mL) was added a suspension of 

Zn(OAc)2·2H2O (11 mg, 50 µmol) in CH3OH (0.3 mL) and the reaction mixture was refluxed for 1 h. The reaction 

mixture was poured into water and the organic phase was separated and then dried over Na2SO4. After removing the 

solvent, the residual solid was recrystallized from CH2Cl2/hexane (1:3, v/v) and the crystalline solid obtained was dried 

under vacuum to yield 21 (4.9 mg, 3.8 µmol, 94%). 1H NMR (CDCl3): δ 8.81 (d, J = 4.8 Hz, 1H, β-H), 8.78 (s, 2H, 

β-H), 8.56 (d, J = 4.8 Hz, 1H, β-H), 8.20 (d, J = 8.0 Hz, 2H, o-cyanophenyl-H), 8.08 (dd, J = 7.9, 1.6 Hz, 4H, 

o-mesitylphenyl-H), 8.00 (d, J = 8.5 Hz, 2H, o-methoxyphenyl-H), 7.94 (d, J = 8.0 Hz, 2H, m-cyanophenyl-H), 7.48 (d, 

J = 7.9 Hz, 4H, m-mesityl- phenyl-H), 7.26-7.24 (m, 2H, m-methoxyphenyl-H), 7.09 (s, 4H, m-mesityl-H), 4.08 (s, 3H, 

OCH3), 2.41 (s, 6H, mesityl-p-CH3), 2.33 (s, 6H, mesityl-o-CH3), 2.32 (s, 6H, mesityl-o-CH3). UV-vis (CHCl3): λmax 

[nm] = 609, 568, 437. MS (MALDI-TOF, dithranol matrix): m/z = 1286.0 (calcd. for [M + H]+: 1286.0). 

Zinc(II) 2,3,12,13-tetrabromo-5,15-bis(4-mesitylphenyl)-10-(4-methoxyphenyl)-20-(4-trifluoro- 

methylphenyl)-porphyrinato (22). To a solution of 29 (19 mg, 14 µmol) in CHCl3 (6.5 mL) was added a suspension 

of Zn(OAc)2·2H2O (39 mg, 18 µmol) in CH3OH (4 mL) and the reaction mixture was refluxed for 1 h. The reaction 

mixture was poured into water and the organic phase was separated and then dried over Na2SO4. After removing the 

solvent, the residual solid was recrystallized from CH2Cl2/hexane (1:3, v/v) and the crystalline solid obtained was dried 

under vacuum to yield 22 (17 mg, 13 µmol, 90%). 1H NMR (CDCl3): δ 8.80 (d, J = 4.8 Hz, 1H, β-H), 8.78 (s, 2H, β-H), 

8.60 (d, J = 4.8 Hz, 1H, β-H), 8.20 (d, J = 8.0 Hz, 2H, o-trifluoromethylphenyl-H), 8.09 (d, J = 7.9 Hz, 4H, o-mesityl- 

phenyl-H), 7.98 – 7.94 (m, 4H, o-methoxyphenyl-H, m-trifluoromethylphenyl-H), 7.48 (d, J = 7.9 Hz, 4H, 

m-mesitylphenyl-H), 7.26 – 7.24 (m, 2H, m-methoxyphenyl-H), 7.09 (s, 4H, m-mesityl-H), 4.09 (s, 3H, OCH3), 2.41 (s, 

6H, mesityl-p-CH3), 2.34 (s, 6H, mesityl-o-CH3), 2.33 (s, 6H, mesityl-o-CH3). UV-vis (CHCl3): λmax [nm] = 609, 568, 

437. MS (MALDI-TOF, dithranol matrix): m/z = 1327.8  (calcd. for [M]+: 1328.0). 

Zinc(II) 5,15-bis(4-mesitylphenyl)-porphyrinato (23). To a solution of dipyrromethane33 (840 mg, 5.8 mmol) in 

CH2Cl2 (1150 mL), were added 4-mesityl-benzaldehyde (9; 1.3 g, 5.8 mmol). Then, TFA (430 µL, 2.6 mmol) was 

added and the reaction mixture was stirred at room temperature for 3 h. DDQ (2.0 g, 8.7 mmol) was added, followed by 
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addition of Et3N (806 µL, 2.6 mmol). The reaction mixture was stirred at room temperature for further 1 h.34 The 

mixture was filtered through an alumina pad eluted with CH2Cl2. Removal of the solvent gave a purple solid. The solid 

was dissolved in CHCl3 (500 mL) and the solution was added to a suspension of Zn(OAc)2·2H2O (1.6 g, 7.3 mmol) in 

MeOH (20 mL), and the reaction mixture was refluxed for 2 h. The reaction mixture was poured into water and the 

organic phase was separated and then dried over Na2SO4. After removing the solvent, the purple solid was 

chromatographed on a silica gel column using CH2Cl2/pyridine (100:3, v/v) as an eluent. The red purple fraction was 

collected and the solvent was removed under vacuum. The residual solid was recrystallized from CH2Cl2/CH3OH (1:3, 

v/v) and dried under vacuum to obtain 23 (1.4 g, 1.8 mmol, 63%). 1H NMR (CDCl3): δ 10.38 (s, 2H, meso-H), 9.43 (d, 

J = 4.5 Hz, 8H, β-H), 9.19 (d, J = 4.5 Hz, 8H, β-H), 8.32 (d, J = 8.0 Hz, 4H, o-Ph), 7.59 (d, J = 8.0 Hz, 4H, m-Ph), 7.15 

(s, 4H, m-mesityl-H), 2.46 (s, 6H, mesityl-p-CH3), 2.42 (s, 12H, mesityl-o-CH3). UV-vis (CHCl3): λmax [nm] = 409, 532, 

572. MS (MALDI-TOF, dithranol matrix): m/z = 761.0 (calcd. for [M + H]+: 761.3). 

Zinc(II) 5,15-bis(4-mesitylphenyl)-10-(4-methoxyphenyl)-20-(4-nitrophenyl)porphyrinato (24). To a solution of 

tris(dibenzylideneacetone)dipalladium (Pd2(dba)3; 3.7 mg, 3.6 µmol) and triphenylphosphine (14 mg, 46 µmol) in DMF 

was stirred at room temperature for 1 min. After the color of the solution changed to light green, 32 (81 mg, 86 µmol), 

4-nitrophenylboronic acid (88 mg, 510 µmol) and potassium carbonate (220 mg 1.6 mmol) were quickly added to the 

solution and stirred at 90 °C for 2 h.35 After stirring, the reaction mixture was cooled to ambient temperature. The 

solution was added to H2O, and the precipitate was filtered. The residual solid was chromatographed on a silica gel 

column by using CH2Cl2/hexane/Et3N (100 : 100 : 0.5, v/v/v) as an eluent. The second fraction was collected and the 

solvent was removed under vacuum. The residual solid was recrystallized from CH2Cl2/MeOH (1:3, v/v) and dried 

under vacuum to obtain 24 (67 mg, 68 µmol, 79%). 1H NMR (CDCl3): δ 8.99 – 8.81 (m, 8H, β-H), 8.60 (d, J = 8.8 Hz, 

2H, o-nitrophenyl-H), 8.41 (d, J = 8.8 Hz, 2H, m-nitrophenyl-H), 8.23 (d, J = 8.0 Hz, 4H, o-mesitylphenyl-H), 8.13 (d, 

J = 8.5 Hz, 2H, o-methoxyphenyl-H), 7.50 (d, J = 8.0 Hz, 4H, o-mesitylphenyl-H), 7.28 – 7.26 (m, 2H, 

m-methoxyphenyl-H), 7.09 (s, 4H, m-mesityl-H), 4.09 (s, 3H, methoxy-H), 2.41 (s, 6H, mesityl-p-CH3), 2.34 (s, 12H, 

mesityl-o-CH3). UV-vis (CHCl3): λmax [nm] = 422, 549, 590. MS (MALDI-TOF, dithranol matrix): m/z = 987.9 (calcd. 

for [M + H]+: 988.3). 

Zinc(II) 5,15-bis(4-mesitylphenyl)-10-(4-cyanophenyl)-20-(4-methoxyphenyl)porphyrinato (25). To a solution of 

Pd2(dba)3 (3.4 mg, 3.7 µmol) and triphenylphosphine (13 mg, 50 µmol) in DMF was stirred at room temperature for 1 

min. After the color of the solution changed to light green, 32 (107 mg, 106 µmol), 4-cyanophenylboronic acid (99 mg, 

630 µmol) and potassium carbonate (463 mg 3.3 mmol) were quickly added to the solution and stirred at 90 °C for 16 h. 

Then, the reaction mixture was cooled to ambient temperature. The solution was added to H2O, and the precipitate was 

filtered. The residual solid was chromatographed on a silica gel column by using CH2Cl2/hexane/Et3N (100 : 50 : 0.5, 

v/v/v) as an eluent. The second fraction was collected and the solvent was removed under vacuum. The residual solid 

was recrystallized from CH2Cl2/MeOH (1:3, v/v) and dried under vacuum to yield 25 (85 mg, 88 µmol, 83%). 1H NMR 

(CDCl3): δ 9.01 – 8.81 (m, 8H, β-H), 8.36 (d, J = 8.3 Hz, 2H, o-cyanophenyl-H), 8.25 (d, J = 7.8 Hz, 4H, 

o-mesitylphenyl-H), 8.14 (d, J = 8.3 Hz, 4H, m-cyanophenyl-H), 8.05 (d, J = 8.5 Hz, 2H, o-methoxyphenyl-H), 7.52 (d, 
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J = 8.0 Hz, 4H, o-mesitylphenyl-H), 7.29 (d, J = 8.5 Hz, 2H, m-methoxyphenyl-H), 7.10 (s, 4H, m-mesityl-H), 4.10 (s, 

3H, methoxy-H), 2.43 (s, 6H, mesityl-p-CH3), 2.36 (s, 12H, mesityl-o-CH3). UV-vis (CHCl3): λmax [nm] = 422, 550, 

587. MS (MALDI-TOF, dithranol matrix): m/z = 967.7 (calcd. for [M + H]+: 967.3). 

Zinc(II) 5,15-bis(4-mesitylphenyl)-10-(4-methoxyphenyl)-20-(4-trifluoromethylphenyl)- porphyrinato (26). To a 

solution of Pd2(dba)3 (3.7 mg, 3.6 µmol) and triphenylphosphine (17 mg, 64 µmol) in DMF was stirred at room 

temperature for 1 min. After the color of the solution changed to light green, 32 (101 mg, 106 µmol), 

4-trifluorophenylboronic acid (125 mg, 660 µmol) and potassium carbonate (240 mg 1.7 mmol) were quickly added to 

the solution and stirred at 90 °C for 9 h. Then, the reaction mixture was cooled to ambient temperature. The solution 

was added to H2O, and the precipitate was filtered. The residual solid was chromatographed on a silica gel column 

using CH2Cl2/hexane/Et3N (100 : 100 : 0.5, v/v/v) as an eluent. The second fraction was collected and the solvent was 

removed under vacuum. The residual solid was recrystallization from CH2Cl2/MeOH (1:3, v/v) and dried under vacuum 

to obtain 26 (84 mg, 83 µmol, 78%). 1H NMR (CDCl3): δ 9.00 – 8.86 (m, 8H, β-H), 8.36 (d, J = 7.8 Hz, 2H, 

o-trifluoromethylphenyl-H), 8.26 (d, J = 8.1 Hz, 4H, o-mesitylphenyl-H), 8.15 (d, J = 8.6 Hz, 2H, o-methoxyphenyl-H), 

8.01 (d, J = 7.8 Hz, 2H, m-trifluoromethylphenyl-H), 7.51 (d, J = 8.1 Hz, 4H, o-mesitylphenyl-H), 7.29 (d, J = 8.6 Hz, 

2H, m-methoxyphenyl-H), 7.09 (s, 4H, m-mesityl-H), 4.09 (s, 3H, methoxy-H), 2.43 (s, 6H, mesityl-p-CH3), 2.36 (s, 

12H, mesityl-o-CH3). UV-vis (CHCl3): λmax [nm] = 421, 549, 586. MS (MALDI-TOF, dithranol matrix): m/z = 1010.1 

(calcd. for [M]+: 1010.3). 

2,3,12,13-tetrabromo-5,15-bis(4-mesitylphenyl)-10-(4-methoxyphenyl)-20-(4-nitrophenyl)porphyrin (27). To a 

solution of 33 (19 mg, 22 µmol) in 1,2-dichloroethane (4 mL) was added recrystallized N-bromosuccinimide (NBS; 23 

mg, 130 µmol) and the reaction mixture was refluxed for 3 h. After cooling to room temperature, the reaction mixture 

was washed with water to remove any soluble succinimide impurities. The brown-colored solid was chromatographed 

on a silica gel column using CH2Cl2/hexane (1:1, v/v) as an eluent. The second fraction was collected and the solvent 

was removed under vacuum. The residual solid was recrystallized from CH2Cl2/CH3OH (1:3, v/v) and dried under 

vacuum to yield 27 (16 mg, 13 µmol, 58%). 1H NMR (CDCl3): δ 8.86 (d, J = 5.0 Hz, 1H, β-H), 8.79 (s, 2H, β-H), 8.65 

(d, J = 8.7 Hz, 2H, o-nitrophenyl-H), 8.61 (d, J = 5.0 Hz, 1H, β-H), 8.40 (d, J = 8.7 Hz, 2H, m-nitrophenyl-H), 8.23 (dd, 

J = 8.2 Hz, J = 2.5 Hz, 4H, o-mesitylphenyl-H), 8.12 (d, J = 8.6 Hz, 2H, o-methoxyphenyl-H), 7.57 (d, J = 8.2 Hz, 4H, 

m-mesitylphenyl-H), 7.34 (d, J = 8.6 Hz, 2H, m-methoxyphenyl-H), 7.11 (s, 4H, m-mesityl-H), 4.10 (s, 3H, OCH3), 

2.43 (s, 6H, mesityl-p-CH3), 2.33 (s, 12H, mesityl-o-CH3), –2.68 (br s, 1H, inner NH), –2.71 (br s, 1H, inner NH). 

UV-vis (CHCl3): λmax [nm] = 692, 541, 445. MS (MALDI-TOF, dithranol matrix): m/z = 1241.8 (calcd. for [M + H]+: 

1242.1). 

2,3,12,13-Tetrabromo-5,15-bis(4-mesitylphenyl)-10-(4-cyanophenyl)-20-(4-methoxyphenyl)- porphyrin (28). To a 

solution of 34 (30 mg, 33 µmol) in 1,2-dichloroethane (7 mL) was added recrystallized NBS (36 mg, 199 µmol) and the 

reaction mixture was refluxed for 2 h. After cooling to room temperature, the reaction mixture was washed with water 

to remove any soluble succinimide impurities. The brown-colored solid was chromatographed on a silica gel column 

using CH2Cl2/hexane (1:1, v/v) as an eluent. The second fraction was collected and the solvent was removed under 
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vacuum. The residual solid was recrystallized from CH2Cl2/CH3OH (1:3, v/v) and dried under vacuum to yield 28 (22 

mg, 18 µmol, 55%). 1H NMR (CDCl3): δ 8.86 (d, J = 5.7 Hz, 1H, β-H), 8.79 (s, 2H, β-H), 8.60 (d, J = 5.7 Hz, 1H, β-H), 

8.34 (d, J = 8.3 Hz, 2H, o-cyanophenyl-H), 8.24-8.21 (m, 4H, o-mesitylphenyl-H), 8.11 (d, J = 8.6 Hz, 2H, 

o-methoxyphenyl-H), 8.08 (d, J = 8.3 Hz, 2H, m-cyanophenyl-H), 7.57 (d, J = 7.9 Hz, 4H, m-mesitylphenyl-H), 7.34 (d, 

J = 8.6 Hz, 2H, m-methoxyphenyl-H), 7.11 (s, 4H, m-mesityl-H), 4.10 (s, 3H, OCH3), 2.43 (s, 6H, mesityl-p-CH3), 2.33 

(s, 12H, mesityl-o-CH3), –2.70 (br s, 1H, inner NH), –2.73 (br s, 1H, inner NH). UV-vis (CHCl3): λmax [nm] = 692, 542, 

444. MS (MALDI-TOF, dithranol matrix): m/z = 1222.1 (calcd. for [M + H]+: 1222.1). 

2,3,12,13-Tetrabromo-5,15-bis(4-mesitylphenyl)-10-(4-methoxyphenyl)-20-(4-trifluoromethyl- phenyl)-porphyrin 

(29). To a solution of 35 (29 mg, 32 µmol) in 1,2-dichloroethane (7 mL) was added recrystallized NBS (32 mg, 190 

µmol) and the reaction mixture was refluxed for 2.5 h. After cooling to room temperature, the reaction mixture was 

washed with water to remove any soluble succinimide impurities. The brown-colored solid was chromatographed on a 

silica gel column using CH2Cl2/hexane (1:1, v/v) as an eluent. The second fraction was collected and the solvent was 

removed under vacuum. The residual solid was recrystallized from CH2Cl2/CH3OH (1:3, v/v) and dried under vacuum 

to yield 29 (20 mg, 16 µmol, 49%). 1H NMR (CDCl3): δ 8.85 (d, J = 5.0 Hz, 1H, β-H), 8.79 (s, 2H, β-H), 8.65 (d, J = 

5.0 Hz, 1H, β-H), 8.33 (d, J = 8.3 Hz, 2H, o-trifluoromethylphenyl-H), 8.23 (dd, J = 8.1, 1.7 Hz 4H, 

o-mesitylphenyl-H), 8.11 (d, J = 8.6 Hz, 2H, o-methoxyphenyl-H), 8.04 (d, J = 8.3 Hz, 2H, m-trifluoromethylphenyl-H), 

7.57 (d, J = 8.1 Hz, 4H, m-mesitylphenyl-H), 7.34 (d, J = 8.6 Hz, 2H, m-methoxyphenyl-H), 7.10 (s, 4H, m-mesityl-H), 

4.10 (s, 3H, OCH3), 2.43 (s, 6H, mesityl-p-CH3), 2.33 (s, 12H, mesityl-o-CH3), –2.73 (br s, 2H, inner NH). MS 

(MALDI-TOF, dithranol matrix): m/z = 1264.1 (calcd. for [M]+: 1264.1). 

Zinc(II) 5-bromo-10,20-bis(4-mesitylphenyl)-porphyrinato (30). To a solution of 23 (250 mg, 0.33 mmol) in CH2Cl2 

(320 mL) and CH3OH (30 mL) were added NBS (62 mg, 0.36 mmol). Then, the reaction mixture was stirred at room 

temperature for 20 min. Acetone (30 mL) was added and the reaction mixture was poured into water.34 The organic 

phase was separated and then dried over Na2SO4. After removing the solvent, the residual solid was recrystallized from 

CH2Cl2/CH3OH (1:3, v/v) and dried under vacuum to obtain 30 (180 mg, 0.23 mmol, 69%). 1H NMR (CDCl3): δ 10.21 

(s, 1H, meso-H), 9.80 (d, J = 4.5 Hz, 8H, β-H), 9.35 (d, J = 4.5 Hz, 8H, β-H), 9.09 – 9.07 (m, 4H, β-H), 8.26 (d, J = 8.0 

Hz, 4H, o-Ph), 7.56 (d, J = 8.0 Hz, 4H, m-Ph), 7.14 (s, 4H, m-mesityl-H), 2.46 (s, 6H, mesityl-p-CH3), 2.42 – 2.39 (m, 

12H, mesityl-o-CH3). UV-vis (CHCl3): λmax [nm] = 419, 547, 591. MS (MALDI-TOF, dithranol matrix): m/z = 840.9 

(calcd. for [M + H]+: 841.2). 

Zinc(II) 5,15-bis(4-mesitylphenyl)-10-(4-methoxyphenyl)-20-porphyrinato (31). To a solution of Pd2(dba)3 (7.7 mg, 

8.6 µmol) and triphenylphosphine (24 mg, 87 µmol) in DMF was stirred at room temperature for 1 min. After the color 

of the solution changed to light green, 30 (176 mg, 0.21 mmol), 4-methoxyphenylboronic acid (252 mg, 1.6 mmol) and 

potassium carbonate (123 mg, 0.89 mmol) were quickly added to the solution and stirred at 90 °C for 1 h. Then, the 

reaction mixture was cooled to ambient temperature. The solution was added to H2O, and the precipitate was filtered. 

The residual solid was chromatographed on a silica gel column using CH2Cl2/hexane (1:2, v/v) as an eluent and the 

second fraction was collected and the solvent was removed under vacuum. The residual solid was recrystallized from 



 137 

CH2Cl2/hexane (1:3, v/v) and dried under vacuum to obtain 31 (117 mg, 0.14 µmol, 64%). 1H NMR (CDCl3): δ 10.21 (s, 

1H, meso-H), 9.40 (d, J = 4.5 Hz, 2H, β-H), 9.13 (d, J = 4.5 Hz, 2H, β-H), 9.02 – 8.99 (m, 4H, β-H), 8.27 (d, J = 8.1 Hz, 

4H, o-mesitylphenyl-H), 8.14 (d, J = 7.8 Hz, 2H, o-methoxy- phenyl-H), 7.51 (d, J = 8.1 Hz, 4H, o-mesitylphenyl-H), 

7.27 (d, J = 7.8 Hz, 2H, m-methoxyphenyl-H), 7.11 (s, 4H, m-mesityl-H), 4.10 (s, 3H, methoxy-H), 2.43 (s, 6H, 

mesityl-p-CH3), 2.40 (s, 6H, mesityl- o-CH3) 2.37 (s, 6H, mesityl-o-CH3). UV-vis (CHCl3): λmax [nm] = 419, 547, 590. 

MS (MALDI-TOF, dithranol matrix): m/z = 866.6 (calcd. for [M]+: 866.3). 

Zinc(II) 5-bromo-10,20-bis(4-mesitylphenyl)-15-(4-methoxyphenyl)-porphyrinato (32). To a solution of 31 (250 

mg, 0.33 mmol) in CH2Cl2 (320 mL) and CH3OH (30 mL) were added NBS (62 mg, 0.36 mmol). Then, the reaction 

mixture was stirred at room temperature for 20 min and acetone (30 mL) was added. The reaction mixture was poured 

into water and the organic phase was separated and then dried over Na2SO4.36 After removing the solvent, the residual 

solid was recrystallized from CH2Cl2/CH3OH (1:3, v/v) and dried under vacuum to obtain 32 (180 mg, 0.23 mmol, 

69%). 1H NMR (CDCl3): δ 9.75 (d, J = 4.5 Hz, 2H, β-H), 9.01 (d, J = 4.5 Hz, 2H, β-H), 8.91 – 8.90 (m, 4H, β-H), 8.23 

(d, J = 8.1 Hz, 4H, o-mesitylphenyl-H), 8.10 (d, J = 7.8 Hz, 2H, o-methoxyphenyl-H), 7.51 (d, J = 8.1 Hz, 4H, 

o-mesitylphenyl-H), 7.27 (d, J = 7.8 Hz, 2H, m-methoxyphenyl-H), 7.11 – 7.10 (m, 4H, m-mesityl-H), 4.10 (s, 3H, 

methoxy-H), 2.43 (s, 6H, mesityl-p-CH3), 2.39 (s, 6H, mesityl-o-CH3) 2.35 (s, 6H, mesityl-o-CH3). UV-vis (CHCl3): 

λmax [nm] = 428, 560, 602. MS (MALDI-TOF, dithranol matrix): m/z = 946.5 (calcd. for [M]+: 946.2). 

5,15-bis(4-mesitylphenyl)-10-(4-methoxyphenyl)-20-(4-nitrophenyl)porphyrin (33). To a solution of 24 (52 mg, 52 

µmol) in CHCl3 (30 mL), was added TFA (4.5 mL, 60 mmol) and the reaction mixture was stirred for 10 min at room 

temperature. The reaction mixture was washed with Na2HCO3 aq and water, and dried over Na2SO4. The solvent was 

removed under vacuum and the residual solid was recrystallized from CH2Cl2/EtOH (1:3, v/v) to obtain purple crystals 

of 33 (46 mg, 50 µmol, 96%). 1H NMR (CDCl3): δ 8.97 (d, J = 4.8 Hz, 2H, β-H), 8.94 (s, 4H, β-H), 8.78 (d, J = 4.8 Hz, 

2H, β-H), 8.65 (d, J = 8.6 Hz, 2H, o-nitrophenyl-H), 8.43 (d, J = 8.6 Hz, 2H, m-nitrophenyl-H), 8.27 (d, J = 8.0 Hz, 4H, 

o-mesitylphenyl-H), 8.16 (d, J = 8.5 Hz, 2H, o-methoxyphenyl-H), 7.54 (d, J = 8.0 Hz, 4H, m-mesitylphenyl-H), 7.32 

(d, J = 8.6 Hz, 2H, m-methoxyphenyl-H), 7.12 (s, 4H, m-mesityl-H), 4.12 (s, 3H, OCH3), 2.44 (s, 6H, mesityl-p-CH3), 

2.36 (s, 12H, mesityl-o-CH3), –2.70 (br s, 2H, inner NH). UV-vis (CH2Cl2): λmax [nm] = 648, 592, 556, 519, 423. MS 

(MALDI-TOF, dithranol matrix): m/z = 926.6 (calcd. for [M + H]+: 926.4). 

5,15-bis(4-mesitylphenyl)-10-(4-cyanophenyl)-20-(4-methoxyphenyl)porphyrin (34). To a solution of 25 (75 mg, 78 

µmol) in CHCl3 (30 mL), was added TFA (4.5 mL, 60 mmol) and the reaction mixture was stirred for 10 min at room 

temperature. The reaction mixture was washed with Na2HCO3 aq and water, and dried over Na2SO4. The solvent was 

removed under vacuum and the residual solid was recrystallized from CH2Cl2/EtOH (1:3, v/v) to obtain dark blue 

crystals of 34 (68 mg, 75 µmol, 96%). 1H NMR (CDCl3): δ 8.96 (d, J = 4.8 Hz, 2H, β-H), 8.94 (s, 4H, β-H), 8.76 (d, J = 

4.8 Hz, 2H, β-H), 8.38 (d, J = 8.0 Hz, 2H, o-cyanophenyl-H), 8.26 (d, J = 8.0 Hz, 4H, o-mesitylphenyl-H), 8.15 (d, J = 

8.5 Hz, 2H, o-methoxy- phenyl-H), 8.08 (d, J = 8.0 Hz, 2H, m-cyanophenyl-H), 7.54 (d, J = 8.0 Hz, 4H, 

m-mesitylphenyl-H), 7.31 (d, J = 8.6 Hz, 2H, m-methoxyphenyl-H), 7.11 (s, 4H, m-mesityl-H), 4.11 (s, 3H, OCH3), 

2.44 (s, 6H, mesityl-p-CH3), 2.36 (s, 12H, mesityl-o-CH3), –2.72 (br s, 2H, inner NH). UV-vis (CHCl3): λmax [nm] = 
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648, 594, 554, 518, 422. MS (MALDI-TOF, dithranol matrix): m/z = 906.6 (calcd. for [M + H]+: 906.4). 

5,15-bis(4-mesitylphenyl)-10-(4-methoxyphenyl)-20-(4-trifluoromethylphenyl)-porphyrin (35). To a solution of 25 

(73 mg, 72 µmol) in CHCl3 (30 mL), was added TFA (4.5 mL, 60 mmol) and the reaction mixture was stirred for 10 

min at room temperature. The reaction mixture was washed with Na2HCO3 aq and water, and dried over Na2SO4. The 

solvent was removed under vacuum and the residual solid was recrystallized from CH2Cl2/MeOH (1:3, v/v) to yield 

purple crystals of 35 (67 mg, 71 µmol, 98%). 1H NMR (CDCl3): δ 8.95-8.94 (m, 6H, β-H), 8.80 (d, J = 5.2 Hz, 2H, 

β-H), 8.37 (d, J = 7.9 Hz, 2H, o-trifluoromethylphenyl-H), 8.27 (d, J = 7.8 Hz, 4H, o-mesitylphenyl-H), 8.16 (d, J = 8.6 

Hz, 2H, o-methoxyphenyl-H), 8.04 (d, J = 7.9 Hz, 2H, m-trifluoromethylphenyl-H), 7.54 (d, J = 7.8 Hz, 4H, 

m-mesitylphenyl-H), 7.31 (d, J = 8.6 Hz, 2H, m-methoxyphenyl-H), 7.11 (s, 4H, m-mesityl-H), 4.11 (s, 3H, OCH3), 

2.44 (s, 6H, mesityl-p-CH3), 2.36 (s, 12H, mesityl-o-CH3), –2.71 (br s, 2H, inner NH). UV-vis (CH2Cl2): λmax [nm] = 

648, 592, 554, 518, 421. MS (MALDI-TOF, dithranol matrix): m/z = 831.9 (calcd. for [M]+: 831.4). 

 

X-ray diffraction analysis. 

 A single crystal of 24 was obtained by recrystallization from the chloroform solution with a vapor deposition 

method using acetonitrile as a poor solvent. The single crystal was mounted on a mounting loop. All diffraction data 

were collected at 120 K by using a Bruker APEXII diffractometer equipped with graphite-monochromated Mo Kα (λ = 

0.71073 Å) by the ω-2θ scan. The structures were solved by direct methods using SIR97 and SHELX97.37 

Crystallographic data for these compounds are summarized in Table 7-5. 

 

Table 7-5. Crystallographic data for 24. 

crystal system monoclinic 

space group P21 

T / K 120 

formula C63H51N5O3 

FW 926.11 

a / Å 10.643(5) 

b /Å 15.283(5) 

c /Å 15.182(5) 

α / ° 90 

β / ° 92.141(5) 

γ / ° 90 

V / Å3 2465.6(16) 

Z 2 

λ / Å 0.71073 (Mo Kα) 

Dc / g cm–3 1.380 

reflns measured 13917 

reflns unique 9860 

R1 (I > 2σ(I)) 0.0683 

wR2 (all) 0.1817 

GOF 1.029 
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Computational method. 

 To obtain the optimized structure of compound 1, DFT calculations were performed with optimized local 

minima on the potential energy surfaces using the B3LYP method38,39 combined with the 6-31G(d,p) basis set.40,41 The 

Gaussian 09 program package42 was used for all DFT calculations. 

 

Hyper-Rayleigh scattering (HRS) measurements. 

 HRS experiments were performed using the incident laser light at 1300 nm. The chromophores were dissolved 

in CHCl3 with the concentration range of 2.5 – 10 µM. Disperse red 1 (β1300 = 54 × 10–30 esu in CHCl3)43 was utilized as 

a reference chromophore. Note that these experiments were performed at low chromophore concentrations where the 

linearity of the HRS signal as a function of chromophore concentration confirmed that no significant self-absorption of 

the SHG signal occurred in these experiments. 
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Chapter 8 
 

Supramolecular interaction of fullerenes with monomeric ZnQFP 

 

 

8-1. Introduction 

  Fullerene and its derivatives exhibit reversible multistep redox processes and high first reduction potentials, and 

thus, they can act as efficient electron acceptors in photovoltaic cells1 and can exhibit n-type semi-conducting 

properties.2 Based on the high electron affinity, fullerenes have been also employed to form supramolecular assemblies 

with electron-donating molecules, and the supramolecules obtained have been reported to exhibit unique optoelectronic 

functionality.3 In particular, supramolecular assemblies consisting of fullerenes and porphyrins have especially attracted 

great interest from a wide range of chemists,3-6 since the assemblies can conduct efficient photoinduced 

electron-transfer reactions.7, 8 However, porphyrin derivatives generally show planar structures, whereas fullerenes have 

curved surfaces,9 and thus, planar porphyrins are not well matched with the curved surfaces of fullerenes to form strong 

π–π interactions. Therefore, the interaction between fullerenes and monomeric porphyrins is too weak to be observed in 

solution.10 Consequently, for efficient complexation of fullerenes with porphyrins in solution, porphyrin hosts need to 

be dimers or higher oligomers.4,5,11 For example, a porphyrin dimer connecting at each meta-position of meso-aryl 

moieties of the porphyrin unit with a flexible spacer have been well studied as a host molecules of fullerenes, and the 

dimer indicated the large association constant with fullerenes (Kassoc ~ 7 × 105 M–1 in benzene) and performed selective 

extraction of higher fullerenes.4 On the other hand, a concave-structured molecule with a curved surface is expected to 

form more stable molecular complexes with convex-shaped fullerenes on the basis of a suitable fit to gain stronger 

intermolecular π-π interactions.12 For instance, calix-[5]arene receptors, which show curved π-surfaces, have been 

reported to bind C60 in organic solvents such as toluene, benzene, carbon disulfide and 1,2-dichlorobenzene (DCB).13 

As described in Chapter 2, the author has reported the synthesis of a ZnII complex of a quadruply fused 

porphyrin (ZnQFP, 4a) and found that the planar structure of 4a, which is most stable as suggested by DFT calculations, 

changes to a concave structure by axial coordination of pyridine at the zinc center (see Chapter 2 and 3 of this thesis).14 

In this chapter, the author describes utilization of the extensively π-conjugated concave surface of a 

pyridine-coordinated ZnQFP derivative to recognize the convex surfaces of fullerenes. 

 

8-2. Determination of the association constant between ZnQFP and pyridine 

 A ZnQFP derivative (4b) having mesityl groups at the fused benzene rings (Figure 8-1)15 was used to improve 

the solubility to facilitate binding of fullerenes, C60 and C70. At first, the association constant between 4b and pyridine 

(Kpy) was determined. UV/Vis titration experiments of 4b with pyridine in o-dichlorobenzene (DCB) at 298 K indicated 

the binding constant for the 1:1 complex to be Kpy = (2.0 ±  0.6) × 106 M–1 (Figure 8-2). The structure of the pyridine 
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Figure 8-1. Molecular structures of ZnQFP derivatives, 4a and 4b. 

 
Figure 8-2. (a) UV-Vis spectral changes of 4b-py in DCB upon addition of pyridine at 298 K and (b) the titration curve of the 
absorbance at 629 nm. 

 

complex of 4b (4b-py) was revealed by single-crystal X-ray diffraction analysis (Figure 8-3). The asymmetric unit 

included a half molecule of 4b-py. In the crystal, the porphyrin core, consisting of four pyrrole rings, four meso-carbons 

and four fused meso-benzene rings is bowl-shaped and the mean deviation of the core 48 atoms is 0.389 Å, which is 

larger than that of 4a-py (0.212 Å).14a The ZnII center is positioned at 1.278 Å above from the mean plane to the 

direction of the coordinated pyridine. 

 

 
Figure 8-3. ORTEP drawings of the crystal structure of 4b-py. The thermal ellipsoids are drawn with 40% probability. 
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8-3. Interaction between ZnQFP and fullerenes in solution 

 To confirm the interaction between 4b-py and fullerenes in solution, the solution of 4b-py in DCB (7.5 × 105 M–

1)16 was titrated with a solution of fullerenes in DCB (1.9 × 103 M–1) at 298 K (Figure 8-4). In all cases using C60 and 

C70, the Q bands of 4b-py showed hypsochromic shifts. The binding constants were obtained from the titration curves 

based on the absorbance at 778 nm for C60 and that at 688 nm for C70, using a nonlinear least-squares regression 

program.17 Based on equations (1) and (2), where Ful is fullerene, the stepwise constants, K1 and K2, were estimated to  

 

 

Figure 8-4. UV-Vis spectral change of 4b-py in DCB with C60 (a) and C70 (b) in the presence of pyridine (7.9 × 10–5 M) at 298 K. 
Inset: the fitting curves of the absorbance at 778 nm for (a) and 688 nm for (b).  

 

 

 

be (1.1 ±  0.1) × 104 and (1.2 ±  0.2) × 103 M–1 for C60 and (1.3 ±  0.1) × 104 and (2.2 ±  0.3) × 103 for C70, respectively 

(Table 8-1). Therefore, the total binding constants (β2) for the complexes of QFP: fullerene = 2:1 were calculated to be 

(1.3 ±  0.3) × 107 for C60 and (2.9 ±  0.2) × 107 M–2 for C70 (Table 8-1). As far as the author knows, this is the first 

example that the molecular binding between monomeric porphyrins and fullerenes has been demonstrated in 
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solution.10,12c Additionally, the constants are not significantly different between C60 and C70. Although the K1 values are 

larger than the K2 values for both C60 and C70, the differences are not large enough to clearly observe the stepwise 

binding from the 2:1 to 1:1 fashions. In fact, the Job’s plots for the association between 4b-py and fullerenes, obtained 

under relatively concentrated conditions at 298 K (total concentration of 4b-py and fullerenes: 

 

Table 8-1. Binding constants of 4b-py with fullerene, C60 and C70.a 

Fullerene Method K1 / 103 M–1 K2 / 103 M–1 β2 / 107 M–2 

C60 
UV/Vis 11 ±  1 1.2 ±  0.2 1.3 ±  0.3 

1H NMR 10 ±  1 1.2 ±  0.1 1.2 ±  0.1 

C70 
UV/Vis 13 ±  1 2.2 ±  0.3 2.9 ±  0.2 

1H NMR 12 ±  1 2.3 ±  0.5 2.8 ±  0.6 
a In DCB at 298 K, obtained from a nonlinear least-squares regression analysis of the absorbance changes at 778 nm for C60 and 
688 nm for C70 and 1H NMR chemical shift changes of the β-pyrrole proton of 4b-py. 

 

 

Figure 8-5. Job’s plots for 4b-py and C60 (a) and for 4b-py and C70 (b) in DCB at 298 K. The total concentration of 4b-py and the 
fullerene was set to be 1.7 × 10–4 M. 

 

 

Figure 8-6. UV-Vis spectral changes of 4b (7.5 × 10–5 M) in DCB with C60 (a) and C70 (b) in the absence of pyridine at 298 K. 
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Figure 8-7. UV-Vis spectral changes of 4b (a) and 4b-py (b) depending on the concentration in DCB at 298 K.  

 

1.7 × 10–4 M), indicated the formation of the 2:1 complex (Figure 8-5). The titration experiments of 4b with fullerenes 

in the absence of pyridine in DCB (Figure 8-6) were also conducted. As results, the addition of fullerenes brought 

drastic absorption changes, in comparison to the cases in the presence of pyridine. These changes probably derive from 

the association with fullerenes, causing structural changes of 4b from the planar form to the bowl-shaped structure to 

strengthen the π-π interaction with fullerenes. Compound 4b, however, exhibits self-aggregation in DCB at the 

concentration of the titration experiments (7.5 × 10–5 M). Increasing the concentration of 4b in DCB caused a blue shift 

of the Soret band; for instance, 619 nm at 1.4 × 10–6 M and 597 nm for 1.4 × 10–4 M (Figure 8-7). In contrast, the Soret 

band of 4b-py did not show any dependence on the concentration in DCB in the presence of pyridine. These results 

indicate that compound 4b exhibits H-type π-π stacking under concentrated conditions and the pyridine coordination to 

give rise to deformation of the porphyrin core prevents the π-π stacking. Therefore, the self-aggregation of 4b by the 

π-π stacking disturbs the analysis of the titration experiments with fullerenes in the absence of pyridine in the solution. 

 For further confirmation of the association between 4b-py and fullerenes in solution, 1H NMR titration 

experiments were also performed in DCB-d4 at 298 K (Figures 8-8, 8-9 and 8-10). Addition of C60 caused upfield shifts 

of the p-CH3 groups of the peripheral mesityl groups in 4b-py (8.8 × 10–4 M) from δ = 2.159 ppm in the absence of C60 

to δ = 2.147 ppm in the presence of 3 equiv of C60. Slight downfield shifts of the o-CH3 groups of the mesityl groups 
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Figure 8-8. Left: 1H NMR spectral change of 4b-py in DCB-d4 with addition of: a) C60, and b) C70 in the presence of pyridine (1.2 × 
10–2 M) at 298 K. Right: the fitting curves of the signal of pyrrole-β-protons. 

 

 
Figure 8-9. 1H NMR spectral changes of 4b-py (8.8 × 10–4 M) upon addition of C60 in DCB-d4 at 298 K. 
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Figure 8-10. 1H NMR spectral changes of 4b-py (8.8 × 10–4 M) upon addition of C70 in DCB-d4 at 298 K. 

 

and the pyrrole-β-protons were also observed with increasing amount of C60 (Figure 8-8a). The shift widths of the NMR 

signals of 4b-py were relatively small in the titration with C60. In sharp contrast, addition of C70 to the solution of 4b-py 

in DCB-d4 induced clear shifts of the 1H NMR signals (Figure 8-8b and 8-10). The chemical shift changes of the 1H 

NMR signals for the o- and p-CH3 groups of the mesityl groups and the β-pyrrole protons of 4b-py were used to 

estimate the association constants, K1, K2, and β2, using the nonlinear least-squares regression program (Table 8-1).17 

All of the association constants obtained from the analyses of the chemical shift changes are comparable to those 

obtained with UV/Vis titration experiments (Table 8-1). The downfield shift of the o-CH3 groups can be explained by 

CH-π interaction with C70 and the upfield shift of the β-pyrrole protons can be ascribed to the ring-current effect of 

aromatic C70 surfaces in the associated complexes. This explanation is well matched with the crystal structure of the 2:1 

complex between 4b-py and C70 (see below). In addition, the downfield shifts of the p-CH3 groups indicate the decrease 

of the electron densities of the mesityl groups upon formation of the associated complexes between 4b-py and C70, 

probably caused by charge-transfer (CT) interaction from 4b-py to C70 (see the electrochemical studies described 

below). On the other hand, the shift widths of the 1H NMR signals for the o-CH3 groups and the β-pyrrole protons for 

the C60 complexes are modest, which can be elucidated by considering the small volume of C60 relative to the cavity 

composed of the o-CH3 groups of 4b-py. The small shift of the pyrrole-β-Hs can probably be ascribed to the fact that 

the C60 molecule is not located on top of the β-Hs in the solution due to its smaller size than C70. 

 

8-4. The association structure between ZnQFP and fullerenes in the crystal 

 The structures of supramolecular assemblies of 4b-py with fullerenes were explicitly revealed by single-crystal 

X-ray diffraction analysis (Figure 8-11). The single crystal of the 2:1 complex between 4b-py and C70 was obtained 

with slow evaporation of the solvent from the toluene solution (Figure 8-11a). The C70 molecule, which exhibited 

Solvent
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crystallographic disorder, was covered with two molecules of 4b-py and the longer axis of C70 was tilted to 4b-py by 

29.4°. The concave surface of 4b-py and the convex surface of C70 are well matched with each other to form strong π-π 

interactions. On the other hand, the single crystal obtained from the solution of 4b-py and C60 in DCB in the presence of 

methanol vapor, which is a poor solvent, gave a preliminary crystal structure of the 2:1 complex (Figure 8-11b). 

Interestingly, alteration of the poor solvent to acetonitrile vapor gave a single crystal of the 1:1 complex with C60 

(Figure 8-11c), where the half sphere of C60 was covered with a molecule of 4b-py. The uncovered surface of C60 was 

used to form a π-π stacked pair of the two C60 molecules, in which the C-C bonds between six- and five-membered  

 

 
Figure 8-11. ORTEP drawings of crystal structures of (4b-py)2·C70 (a) and 4b-py·C60 (c). The thermal ellipsoids are drawn with 
50% probability. One of the disordered pairs of the fullerenes is shown for clarity. The preliminary crystal structure of (4b-py)2·C60 
(b). The thermal ellipsoids are drawn with 50% for (a) and (c), 25% probability for (b). 

 

rings came closer and the closest C···C distance in the paired C60 molecules was 2.89(4) Å. The porphyrin cores in all 

associated structures determined are more distorted relative to that of free 4b-py. The mean deviations of the core 48 

atoms of 4b-py are 0.584, 0.571, and 0.502 Å for the 1:1 and 2:1 complexes with C60 and the 2:1 complex with C70, 

respectively. This increase in the degree of the curved distortion for the porphyrin structures in the associated 

complexes should be induced to strengthen the π-π interaction with the fullerenes.18 The distances for the π-π 

interactions between the planes of 4b-py and fullerenes are estimated to be 3.30, 3.23, and 3.23 Å, for the 1:1 and 2:1 

complexes with C60 and the 2:1 complex with C70, respectively. Additionally, the molecular size of C70 is matched to  

b)a)

c)

Zn
N5

N4N2

N3
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Table 8-2. Redox potentials of 4b-py and fullerenes, C60 and C70, in DCB in the presence of TBAP (0.2 M) and pyridine (0.012 M) 
at 298 K. 

 E1/2 / V vs Fc/Fc+ 

 Por2–/Por•– Por•–/Por Por/Por•+ Por•+/Por2+ Ful•3–/Ful2– Ful2–/Ful•– Ful•–/Ful 

4b-py –1.58a –1.28a +0.11a +0.52a — — — 

C60 — — — — –1.97 –1.48 –1.07 

4b-py + C60 –1.60a –1.20 +0.16 +0.53a –2.01 –1.50 –1.06 

ΔE, V +0.02 +0.08 +0.05 +0.01 –0.04 –0.02 +0.01 

C70 — — — — –1.79 –1.37 –1.00 

4b-py + C70 –1.57 –1.26 +0.13 +0.52 –1.89 –1.44 –1.06 

ΔE, V +0.01 +0.02 +0.02 +0.00 –0.06 –0.07 –0.06 

a obtained from DPV. 

 

Figure 8-12. Cyclic voltamograms and differential pulse voltammograms for 4b-py (green, top), C60 (purple, middle), 4b-py + C60 
(black, bottom), in DCB containing TBAP (0.2 M) as an electrolyte at 298 K. 

4b-py

4b-py + C60

C60
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the cavity provided by four o-CH3 groups of 4b-py and three among the four CH3 groups are close enough in the 

distances to form CH-π interactions with the trapped C70. The distances from C70 to the four o-CH3 groups, which are 

represented by C123, C132, C139, and C148 in Figure 8-12a, are 3.33(3) 3.81(4), 4.95(3), and 3.64(4) Å, respectively. 

 On the other hand, the size of C60 is small for the cavity and thus the C60 molecule both in the 1:1 and 2:1 

complexes is located on a side of the two fused rings of 4b-py. As a consequence, the distances from C60 to two o-CH3 

groups are in the range of the C-H···π distances (ca. 3.8 Å), whereas the other two show longer distances from the C60 

molecule (ca. 4.2 Å). 

 

8-5. Electrochemical studies on the association between ZnQFP and fullerenes 

 The association between 4b-py and fullerenes affects the redox potentials of both 4b-py and fullerenes in DCB 

(Table 8-2, and Figures 8-12 and 8-13). The cyclic and differential-pulse voltammograms (CV and DPV) of 4b-py in 

DCB (1.3 × 10–3 M) exhibited two oxidation waves at +0.11 and +0.52 V vs Fc/Fc+ and two reduction 

 

 

Figure 8-13. Cyclic voltamograms and differential-pulse voltammograms for 4b-py (green, top), C70 (purple, middle), 4b-py + C70 
(black, bottom), in DCB containing TBAP (0.2 M) as an electrolyte at 298 K. 
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waves at –1.28 and –1.58 V vs Fc/Fc+ in the presence of pyridine (1.2 × 10–2 M) and tetrabutylammonium perchlorate 

(TBAP, 0.2 M) as an electrolyte at 298 K. The CVs and DPVs of C60 and C70 measured under the same conditions 

displayed three reduction waves at –1.06, –1.50 and –2.01 V vs Fc/Fc+ for C60, and –1.00, –1.37 and –1.79 V vs Fc/Fc+ 

for C70. The 2:1 mixture of 4b-py (1.3 × 10–3 M) and the C70 (6.4 × 10–4 M)19 showed the redox waves with significant 

shifts (Table 8-2). The redox potentials of 4b-py were positively shifted in the association with C70, whereas those of 

C70 exhibited negative shifts. The tendencies of the potential shifts can be accounted for by the CT interaction from 

4b-py to the fullerenes.20 As a result of the CT interaction, the electron density of 4b-py decreased, whereas that of 

fullerenes increased; this makes reduction of fullerenes and oxidation of 4b-py harder in the associated complexes. The 

degree of potential shifts of C70 was larger than that of 4b-py, because of the difference between the degree of 

associated C70 and that of 4b-py;19 in total 72% of 4b-py formed complexes with C70, whereas 97% of C70 participated 

in complexation with 4b-py under the experimental conditions. The 2:1 mixture of 4b-py (1.3 × 10–3 M) and C60 (6.4 × 

10–4 M) showed the redox waves with modest shifts. This can be explained on the basis of the fact that the first redox 

potential of C60 is lower than that of C70; therefore the CT interaction between 4b-py and C60 is weaker than that 

between 4b-py and C70. 

 

8-6. Conclusion 

 The association equilibriums between the mononuclear ZnII complex of a QFP derivative, 4b-py, and fullerenes, 

C60 and C70, have been fully investigated spectroscopically and electrochemically. This is the first example to 

demonstrate encapsulation of fullerenes using a monomeric porphyrinoid in solution. The concave surface of 4b-py is 

well matched to the convex surface of fullerenes for strong π-π interactions, especially for C70. In addition, the CH-π 

interaction of the o-CH3 groups of the mesityl groups and the CT interaction assisted the association between 4b-py and 

fullerenes. The molecular sizes of the fullerenes significantly affected the 1H NMR spectral changes and redox potential 

shifts of 4b-py. The structures of the associated complexes were explicitly elucidated by X-ray diffraction analysis. The 

fullerenes are fully covered by the concave surfaces of two 4b-py molecules in the 2:1 complexes. In contrast, in the 

crystal structure of the 1:1 complex of C60, the C60 molecules formed a π-π stacked pair using the partial surface, 

uncovered by one 4b-py molecule. 

 

8-7. Experimental section 

General. 

 Chemicals and solvents were used as received from commercial sources unless otherwise mentioned. Especially, 

C60 was purchased from TCI and C70 was kindly gifted by Prof. Takeshi Akasaka (FAIS and Tokyo Gakugei Univ.). 

1,4-dioxane for the synthesis was distilled over Na/benzophenone. DCB for the electrochemical measurements was 

distilled before use. 1H NMR measurements were performed on a Bruker AVANCE400 spectrometer. UV-vis 

absorption spectra were measured in DCB on a Shimadzu UV-3600 spectrophotometer. MALDI-TOF-MS spectrometry 

was performed on an AB SCIEX TOF/TOF 5800 spectrometer by using dithranol as a matrix. Electrochemical 
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measurements were performed on an ALS/CH Instruments Electrochemical Analyzer Model 710D. 

 

X-ray diffraction analysis. 

 The single crystals were mounted on mounting loops. All diffraction data were collected at 120 K by using a 

Bruker APEXII diffractometer equipped with graphite- monochromated Mo Kα (λ = 0.71073 Å) by the ω-2θ scan for 

4b-py and (4b-py)2·C70, or a Rigaku Mercury CCD system at Photon Factory-Advanced Ring for Pulse X-rays (PF-AR 

NW2A) of High Energy Accelerator Research Organization (KEK) at 183 K for (4b-py)2·C60 and 4b-py·C60. The 

structures were solved by direct methods by using SIR97 and SHELX-97.21 Crystallographic data for these compounds 

are summarized in Table 8-3. CCDC-1038721 (4b-py), -1038724 ((4b-py)2·C60), -1038723 (4b-py·C60), and -1038722  

 

Table 8-3. Crystallographic data for 4b-py and the association complexes between 4b-py and fullerenes. 

compound 4b-py (4b-py)2·C60 4b-py·C60 (4b-py)2·C70 
crystal system monoclinic monoclinic triclinic triclinic 

space group C2/c C2/c P1 P1 
T / K 120 120 120 120 

formula C80H60N4Zn·C5H5N 
2(C80H60N4Zn) 
·2(C5H5N)·C60 

C80H60N4Zn 
·C5H5N·C60 

2(C80H60N4Zn) 
·2(C5H5N)·C70 

FW 1221.87 3164.41 1942.53 3219.13 

a / Å 36.090(8) 21.243(4) 12.9302(13) 15.552(10) 
b / Å 8.3851(18) 44.002(8) 13.9359(17) 18.05(2) 
c / Å 28.580(6) 23.481(5) 29.001(4) 20.375(13) 

α / º 36.090(8) 21.243(4) 12.9302(13) 15.552(10) 
β  / º 8.3851(18) 44.002(8) 13.9359(17) 18.05(2) 

γ  / º 28.580(6) 23.481(5) 29.001(4) 20.375(13) 
V / Å3 7818(3) 21725(7) 4575.0(10) 4872(7) 

Z 4 8 2 2 

λ / Å 
0.71073  
(Mo Kα) 

0.6890 
(synchrotron) 

0.6890 
(synchrotron) 

0.71073 
(Mo Kα) 

Dc / g cm–3 1.038 0.967 1.410 1.119 
reflns measured 14327 62593 36269 14333 

reflns unique 8381 15427 4821 5385 
R1 (I > 2σ(I)) 0.0825 0.1586 0.1026 0.0856 

wR2 (all) 0.1759 0.4500 0.2130 0.2227 

GOF 1.069 1.171 1.125 1.021 

 

((4b-py)2·C70) contain the supplementary crystallographic data. A molecule of 4b-py and two co-crystallized 

tetrahydrofuran molecules are involved in the asymmetric unit. The two co-crystallized tetrahydrofuran molecules in 

the crystal of 4b-py were highly disordered and deleted by using the “Squeeze” program.22  

 

Estimation of association constants between 4b and pyridine. To the solution of 4b in DCB was titrated with the 

solution of pyridine and the absorbance change was fitted with eq 8-4 (Figure 8-2). 
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Abs = (εPyP / (2 × K)) × (1 + K × [py] + K × [P]0) – ((1 + K × [py] + K × [P]0)2 – 4 × K2 × [py] × [P]0)1/2 
(4) 

 

Here, εP, [P], [py], εPyP, and K, refer to the absorption coefficient of 4b, the concentration of 4b, the concentration of 

pyridine, the absorption coefficient of the associated complex between 4b and pyridine, and the binding constant, 

respectively. 
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Concluding remarks 
 

 In this thesis, to elucidate the significant effects of the ring fusion on the electronic structures of the porphyrin 

derivatives, a novel quadruply-fused porphyrin, QFP (4), in which the meso-aryl groups are covalently bonded to the 

β-carbons of the pyrrole rings at the ortho-positions, has been prepared with a facilely prepared precursor in a high 

yield. The crystal structure of 4 revealed the expansion of the π-conjugation circuits to the fused meso-aryl groups, as 

reflected on the long bond lengths between the ipso- and ortho-carbons bonded to the β-pyrrole carbon. Remarkable red 

shifts of the absorption bands were observed for 4, reflecting the narrowed HOMO-LUMO gaps, and the remarkable 

contribution of antiaromatic resonance forms to the magnetic properties was recognized in the 1H NMR spectra. 

 The author has investigated substituent effects, introduced at two different kinds of positions of QFP, on optical 

and electrochemical properties and structural features of QFP; one is the para-positions of the fused meso-aryl groups 

and the other is the β-positions of the non-fused pyrroles. The former derivatives were synthesized by introduction of 

the substituents to the precursor TPP derivatives at the para positions of the meso-phenyl groups, and the latters were 

prepared by direct functionalization of QFPs via bromination of the β-positions of the non-fused pyrroles. Introduction 

of substituents to the aromatic circuit of QFPs at the fused meso-aryl groups more largely affects the first oxidation 

potentials than that of meso-aryl substituted ZnIITPPs; that is, the substituent effect is more significant on the HOMO 

level than the LUMO level. On the other hand, introduction of substituents at the β-positions of the non-fused pyrroles 

affects both of the HOMO and LUMO levels to the same extent. Furthermore, β-tetrabrominated QFP shows a 

characteristic dimeric structure involving a η3-QFP ligand in the crystal and in non-coordinating solvents such as 

CH2Cl2 due to steric repulsion between the Br groups and the fused aromatic rings as well as the strong coordination of 

a solvent molecule and a pyrrole nitrogen atom of the other molecule. The enhanced substituent effects of ZnQFPs on 

the electronic structure contribute to the large NLO responses of “push-pull” ZnQFP derivatives having both EWG and 

EDG at the fused aryl moieties; especially, a ZnQFP derivative having a cyano group and a methoxy group as an EWG 

and an EDG, respectively, displayed a ca. 240-times larger dynamic hyperporalizability than that of the corresponding 

“push-pull” TPP derivative. 

 Freebase derivatives of QFP, 12c, and its mesitylated derivative, 16c, have been synthesized and characterized 

by various spectroscopies and X-ray diffraction analysis. Structural rigidity caused by the ring fusion induces the 

stepwise diprotonation of H2QFP through the destabilization of the diprotonated form. The crystal structures of 12c and 

16c revealed rhombic distortion of the porphyrin core, and the deformation of the porphyrin core leads to decrease in 

the reaction rates for the NH tautomerism of 16c. The author also has revealed that the ZnQFP derivatives show 

dome-type distortion with a continuous concave surface involving the fused aryl moieties and porphyrin core, upon 

introduction of an axial ligand such as pyridine on the ZnII center. The concave surface of the ZnQFP derivative was 

utilized to form stable associated complexes with fullerenes based on the convex-concave structural complementarity in 

solution due to enhanced intermolecular π-π interaction; in the associated complexes, the electrochemical properties of 
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fullerenes was controlled by the CT interaction with the ZnIIQFP complex. 

 Throughout this research, the author has succeeded in revealing the effects of ring fusion in QFPs, having 

five-membered rings at the periphery, on the aromatic and optical properties and has provided a novel molecular design 

to afford useful functional molecules through the ring fusion of porphyrin derivatives. The synthetic procedure of QFPs, 

developed in this work, is facile and efficient, and the synthetic precursors can be easily prepared. Additionally, 

introduction of substituents to QFPs is also facile, and through the modification, QFP derivatives can be synthesized to 

show desired physical properties including optical and redox functionality. QFP derivatives exhibit long wavelength 

absorption reaching to the near infrared region, and the properties are useful to produce photovoltaic cells and other 

optoelectronic devices, working with a wide wavelength range of irradiation light from the UV to NIR region. 

Therefore, the effectiveness of the ring-fusion approach has been demonstrated to develop functional dyes to be applied 

to future molecular devices. Developments of molecular devices based on organic dyes, which do not include precious 

metals as components but can utilize a wide range of solar energy, is very important to solve the energy and resource 

problems that the world is facing at present. 
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