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INTRODUCTION

Usual porphyrins contain one meso-methine carbon 
between two pyrrole units. An increase in the number of 
bridging carbons affords various vinylogous porphyrins 
with variable aromatic characters. The synthesis of such 
vinylogous porphyrins was extensively examined more 
than three decades ago [1]. On the other hand, porphycenes, 
i.e. porphyrins(2.0.2.0), are intriguing isomeric porphyrins 
mainly due to their bathochromically shifted absorption 
bands due to the lack of degeneracy in their LUMOs [3]. 
These attributes stem from effective conjugation between 
the two bipyrrole units in which the bridging of two 

ethene moieties take on a cis-geometry. On the contrary, 
porphyrin(2.1.2.1) and porphyrin(2.2.2.2) are known 
to take on both cis- and trans-ethene configurations in 
order to acquire effective intramolecular hydrogen-
bonding interaction [4, 5]. Among them, the synthesis of 
b-octaethylporphyrin(2.2.2.2) was first reported in 1990, 
and has recently been reinvestigated [5, 6]. The structure 
of porphyrin(2.2.2.2) with all-cis form (1) has never been 
identified. Instead, a planar oxidized form (2) with a cis-
trans-cis-trans ethene configuration was isolated as a 
stable form and characterized as a 22p aromatic molecule. 
Different from a flexible ethene bridge, ortho-phenylene 
can serve as a rigid two-carbon bridge with a defined cis-
geometry. The effects of the phenylene-type bridges have 
been systematically studied in the triphyrin(2.1.1) system 
such as 3 [7]. In 2015, tetrapyrrole 4 with four ortho-
phenylene bridges was synthesized by our group and 
showed fairly less-conjugative features relative to those 
of 2 due to the local 6p aromatic nature of phenylene 
[8]. With this regard, a novel conjugative bridge to 
possess both moderate rigidity and effective conjugation 
has been desired to create novel conjugated expanded 
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porphyrinoids. Herein is a report on ortho-phenylene-
cyclopentene-bridged tetrapyrrole 5. The 1-cyclopentene 
bridge serves as a conjugative linker with defined cis-
configuration, thereby causing an intermediate conjug-
ation ability between those of 1 and 4.

RESULTS AND DISCUSSION

As an advantageous feature over porphyrinoid 
synthesis, ortho-phenylene-bridged tetrapyrrole 4 can be 
synthesized by transition-metal catalyzed cross-coupling 
reaction [8, 9, 10]. Actually, 4 was prepared by the 
coupling of bis(1H-5-pincolatoborylpyrrol-2-yl)benzene 
(6) with 1,2-dibromobenzene in 10% yield [9]. By using 
the same reaction conditions, 1,2-dibromocyclopentene 
(7) [11] was coupled with 6 (Scheme 1). After purification 
by silica-gel column chromatography and gel permeation 
chromatography, cyclic tetrapyrrole 5 was obtained 
in 11% yield. High-resolution atmospheric-pressure-
chemical-ionization time-of-flight (HR-APCI-TOF) mass 

spectrometry showed a molecular ion peak at m/z = 
544.2615 (calcd. for C38H32N4 m/z = 544.2621). The 1H 
NMR spectrum of 5 in acetone-d6 showed an NH peak 
at 9.55 ppm, two signals due to the phenylene protons 
at 7.50 and 7.24 ppm, two signals due to the pyrrolic 
b-protons at 6.43 and 6.24 ppm, and two signals due to 
the cyclopentene protons at 2.74 and 1.82 ppm (Fig. 2). 
Interestingly, the 1H NMR spectral features were 
significantly changed at low temperature in CD2Cl2 
(Fig. S6). All the peaks were coalesced at -40 °C, and new 
peaks appeared at -80 °C with a lower symmetry. This 
indicates that the dynamic motion is slower than the 1H 
NMR time scale at low temperature.

Single crystals of 5 were obtained by slow diffusion of 
n-hexane into its chloroform solution (Fig. 3). Similarly 
to 2 and other ortho-phenylene-bridged cyclic pyrrole 
oligomers [8, 9, 10], 5 displays a twisted structure in 
the solid state. The average dihedral angle between the 
pyrrole and cyclopentene segments is 20.0°, while that 
between the pyrrole and phenylene segments is 38.5° 

Fig. 1. (Top) b-Octaethylporphyrin(2.2.2.2) and (bottom) ortho-phenylene-bridged porphyrinoids. Ar = 3,5-di-tert-butylphenyl.

Scheme 1. Synthesis of ortho-phenylene-cyclopentene-bridged tetrapyrrole 5.
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(Fig. S12). The difference may be imposed by the 
effective conjugation at the cyclopentene-bridge moiety 
as well as the smaller size of cyclopentene relative to 
phenylene. 3,4-Thienylene-bridged cyclic tetrapyrrole 
showed an even larger dihedral angle (46.6°), which 
suggests the importance of the conjugative interaction 
for smaller dihedral angles [12].

ortho-Phenylene-cyclopentene-bridged tetrapyrrole 
5 exhibits an absorption band at 340 nm with a tail in 
the range of 390–500 nm in THF (Fig. 4). A weak and 
broad fluorescence band is observed at 568 nm with a 

smaller fluorescence quantum yield (FF = 0.036) than 
that of 4 (FF = 0.27) [8]. The fluorescence spectrum of 
5 was also measured in PMMA (0.1 wt%) matrix, which 
displayed a peak at 553 nm (FF = 0.15) (Fig. S15). The 
blue-shifted and enhanced emission is ascribed to the 
restricted dynamic motion in the S1-state in the matrix. 
The solid state emission is even weaker (FF = 0.024) 
and slightly red-shifted. The MO energy levels of 5 
were calculated by DFT method (Fig. S18). The HOMO 
of 5 (-4.75 eV) is significantly destabilized by 0.5 eV 
relative to that of 4 (-5.27 eV). The cyclic voltammetry 

Fig. 2. 1H NMR spectrum of 5 in acetone-d6 at room temperature. Peaks with * are due to the residual solvents.

Fig. 3. X-Ray crystal structure of 5 with thermal ellipsoids at 50% probability. (Left) Top view and (right) side view. Solvent 
molecules and all hydrogen atoms except for those of NHs have been omitted for clarity.

Fig. 4. UV-vis absorption (solid lines) and fluorescence (dashed lines) spectra of 4 (black) and 5 (red) in THF.
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experiment confirmed two reversible oxidation waves of 
5 at 0.075 and 0.203 V against ferrocene/ferrocenium 
ion couple in CH2Cl2 (Fig. S17). The first oxidation 
potential is cathodically shifted from that of 4 (0.176 V), 
being consistent with the results of DFT calculation. The 
LUMO of 5 (-1.42 eV) is stabilized, which resulted in the 
decreased HOMO–LUMO gap (3.3 eV), being consistent 
with the red-shifted absorption.

It had been previously reported that the “fold-in” 
oxidative fusion reaction of ortho-phenylene-bridged 
tetrapyrrole 4 afforded tetrabenzotetraaza[8]circulene 8 
[8, 13]. The same transformation of 5 was examined by 
using 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) 
and scandium(III) trifluoromethanesulfonate (Sc(OTf)3) 

under toluene reflux. However, only insoluble black 
solids were obtained. Then, 5 was oxidized with a milder 
oxidant, PIFA, at -94 °C [14]. After separation by silica-
gel column chromatography, 9 was obtained as yellow 
solids in 17% yield. HR-APCI-TOF mass spectrometry 
showed a molecular ion peak of 9 at m/z = 542.2459 
(calcd for [C38H30N4]

+: 542.2465 [M]+), indicating a loss 
of two hydrogens from 5. Although the 1H NMR spectral 
analysis of 9 is difficult to fully assign the structure, two 
NH peaks are observed at 12.68 and 7.97 ppm (Fig. S3). 
Finally, the X-ray diffraction analysis confirmed that a 
new N–C bond was formed between the pyrrolic nitrogen 
and the a-position of the adjacent pyrrole to form a spiro-
conjugated pyrrolo[2,1-a]isoindole structure (Fig. 5) [15]. 

Scheme 2. (a) Fold-in synthesis of tetrabenzotetraaza[8]circulene (8). (b) An attempt to synthesize dibenzodicyclopente notetraaza[8]
circulene.

Fig. 5. X-Ray crystal structure of 9 with the thermal ellipsoids at 50% probability. (Left) Top view and (right) side view. All 
hydrogen atoms except for those of NHs have been omitted for clarity.
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The fused moiety is highly planar, while the spiro-
connected dipyrroethene unit (yellow-coloured area 
in Fig. 5) is also quite planar due to the intramolecular 
hydrogen bonding interaction between pyrroles C and D 
(Fig. S12). The UV-vis absorption spectrum of 9 exhibited 
a red-shifted absorption band in the range of 400–500 nm 
(Fig. S21). No fluorescence was observed in 9 in THF (FF 
< 0.001). DFT calculation for 9 indicates a CT character 
between HOMO and LUMO, in which the HOMO is 
localized on the cyclopentenylpyrrole moiety (pyrrole B 
in Fig. 5) next to the pyrrolo[2,1-a]isoindole segment and 
the LUMO is localized on the 1,2-dipyrrolylcyclopentene 
moiety. Since the dihedral angle between the ortho-
phenylene and pyrrole (B) segments is quite large (89.5°), 
the donor and acceptor segments are electronically 
separated, resulting in the fluorescence quenching 
presumably due to the intramolecular eletron transfer.

In summary, ortho-phenylene-cyclopentene-bridged 
tetrapyrrole 5 has been synthesized by a cross-coupling 
reaction. It showed a twisted structure with small dihedral 
angles between the pyrrole and cyclopentene moieties 
in the solid state. Oxidation of 5 with PIFA at low 
temperature resulted in the formation of unexpectedly 
N–C fused product 9 with a spiro connection at the 
a-position of the pyrrole segment. These results indicate 
that tetrapyrrole 5 represents a unique porphyrin(2.2.2.2) 
analogue and offers an opportunity to create novel 
polycyclic heteroaromatic molecules [16].

EXPERIMENTAL

General

Commercially available solvents and reagents were 
used without further purification unless otherwise noted. 
Dry tetrahydrofuran was obtained by passing through 
alumina under N2 in a solvent purification system. Dry 
dichloromethane was distilled over CaH2. SPhos Pd 
G2 was purchased from Sigma-Aldrich. Tripotassium 
phosphate was purchased from FUJIFILM Wako Pure 
Chemical Corporation. Bis(trifluoroacetoxy)iodoben-
znene (PIFA) was purchased from Tokyo Chemical 
Industry. The spectroscopic grade solvents were used 
for all the spectroscopic studies. Silica gel column 
chromatography was performed on Wakogel C-400. 
Thin-layer chromatography (TLC) was carried out on 
aluminum sheets coated with silica gel 60 F254 (Merck 
5554). Recycling preparative GPC-HPLC was performed 
on a Japan Analytical Industry LaboACE LC-5060 
equipped with JAIGEL-1HR (F20 mm, flow rate; 
10 mL/min). UV-vis absorption spectra were recorded on 
a Shimadzu UV-3600 spectrometer. Fluorescence spectra 
were recorded on a Shimadzu RF-5300PC spectrometer. 
Absolute fluorescence quantum yields were determined 
on a HAMAMATSU C9920-02S. 1H and 13C NMR 
spectra were recorded on a JEOL ECA-600 spectrometer 

(operating as 600 MHz for 1H and 151 MHz for 13C) 
using the residual solvent as an internal reference for 1H 
(d = 2.05 ppm in acetone-d6, 5.32 ppm in CD2Cl2) and 
13C (d = 29.84 ppm in acetone-d6). HR-APCI-TOF-MS 
was performed on a BRUKER micrOTOF model using 
positive mode. Redox potentials were measured on an 
ALS electrochemical analyzer model 612E. 

Crystal Data

Single-crystal X-ray diffraction analysis data for 5 and 
9 were collected at -180 °C with a Rigaku XtaLAB P200 
by using graphite monochromated Cu-Ka radiation (l = 
1.54187 Å). The structures were solved by direct methods 
(SHELXS-2013/1 or SHELXT-2014/5) and refined with 
full-matrix least square technique (SHELXL-2014/7) [17]. 

Cyclopentene-benzene-bridged tetrapyrrole (5)

A 100 mL round-bottomed flask was charged with 
diborylated compound 6 (3.3 g, 7.2 mmol, 1.2 eq.), 
SPhos Pd G2 (310 mg, 0.43 mmol, 7.2 mol%), and 
 tripotassium phosphate (3.8 g, 18 mmol, 3.0 eq.). The 
flask was evacuated and purged with argon three times. 
After the mixture was dissolved in dry THF (60 mL) and 
water (15 mL), 1,2-dibromocyclopentene 7 (0.71 mL, 
6.0 mmol, 1.0 eq.) was added, and the reaction mix-
ture was stirred at 50 °C for 12 h. After quenched with 
saturated aqueous ammonium chloride solution, the 
mixture was extracted with ethyl acetate three times, 
and the organic layer was washed with water and brine, 
dried over anhydrous sodium sulfate, and concentrated 
in vacuo. The residue was purified by silica gel column 
chromatography (dichloromethane/n-hexane = 3/2) and 
by recycling preparative GPC-HPLC with chloroform as 
an eluent to afford 5 (170 mg, 0.32 mmol, yield: 11%) as 
yellow solids.

Compound data for 5
1H NMR (600 MH; acetone-d6; RT) d, ppm 9.55 (s, 

4H; NH), 7.50 (dd, J1 = 5.7, J2 = 3.4 Hz, 4H; phenylene), 
7.24 (dd, J1 = 5.7, J2 = 3.4 Hz, 4H; phenylene), 6.43 (t, 
J = 3.0 Hz, 4H; pyrrole b), 6.24 (t, J = 3.0 Hz, 4H; pyrrole 
b), 2.74 (t, J = 7.3 Hz, 8H; cyclopentene), and 1.82 (q, 
J = 7.3 Hz, 4H; cyclopentene); 13C NMR (151 MHz; 
acetone-d6; RT) d, ppm 132.10, 131.77, 131.14, 130.41, 
127.58, 124.52, 110.38, 110.09, 37.89, and 22.31. UV-vis 
(THF): lmax, nm (e [M-1 cm-1]) = 285 (3.0 × 104) and 339 
(3.4 × 104).  HR APCI-TOF-MS (positive): m/z calcd for 
[C38H32N4]

+: 544.2621 [M ]+; found: 544.2615.

PIFA oxidation of 5

A 50 mL round-bottomed flask was charged with 5 
(30 mg, 55 μmol, 1.0 eq.). The flask was evacuated and 
purged with argon three times. After the mixture was 
dissolved in dry dichloromethane (30 mL), the reac-
tion mixture was cooled at -94 °C. Then, PIFA (118 mg, 
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270 μmol, 5.0 eq.) was added, and the reaction mixture 
was kept at -94 °C for 10 mins. The reaction mixture was 
allowed to warm to ambient temperature. When fluores-
cence of the mixture was not observed, an excess amount 
of sodium borohydride and methanol was added, and the 
reactant was stirred for 30 mins at ambient temperature. 
The reaction mixture was poured into water and extracted 
with dichloromethane, and the combined organic layers 
were washed with water and brine, dried over anhydrous 
sodium sulfate, and concentrated in vacuo. The resi-
due was purified by silica gel column chromatography 
(dichloromethane/n-hexane = 1/1) to afford 9 (5.0 mg, 
9.2 μmol, yield: 17%) as yellow solids.

Compound data for 9
1H NMR (600 MHz; acetone-d6; RT) d, ppm 12.68 (br 

s, 1H; NH), 7.97 (s, 1H; NH), 7.40 (d, J = 7.8 Hz, 1H; 
phenylene), 7.30 (m, 2H; phenylene), 7.26 (td, J1 = 6.9, 
J2 = 2.3 Hz, 1H; phenylene), 7.17 (m, 2H; phenylene), 
7.14 (d, J = 4.8 Hz, 1H; pyrrole b), 7.01 (d, J = 4.8 
Hz, 1H; pyrrole b), 6.92 (td, J1 = 7.6, J2 = 0.9 Hz, 1H; 
phenylene), 6.58 (d, J = 7.8 Hz, 1H; phenylene), 6.46 
(d, J = 3.7 Hz, 1H; pyrrole b), 6.36 (dd, J1 = 3.7, J2 = 
2.3 Hz, 1H; pyrrole b), 6.18 (d, J = 3.7 Hz, 1H; pyrrole 
b), 6.15 (dd, J1 = 3.7, J2 = 2.3 Hz, 1H; pyrrole b), 5.85 
(t, J = 3.0 Hz, 1H; pyrrole b), 5.25 (t, J = 3.0 Hz, 1H; 
pyrrole b), 3.07 (m, 3H; cyclopentene), 2.90 (m, 1H; 
cyclopentene), 2.68 (m, 1H; cyclopentene), 2.62 (m, 
2H; cyclopentene), 2.53 (m, 1H; cyclopentene), 1.95 
(m, 3H; cyclopentene), and 1.86 (m, 1H; cyclopentene); 
13C NMR (151 MHz; acetone-d6; RT) d, ppm 171.38, 
150.93, 142.60, 140.17, 138.77, 136.70, 135.03, 134.88, 
134.44, 133.92, 132.95, 132.93, 132.38, 132.36, 130.79, 
129.83, 129.46, 129.40, 127.66, 126.35, 122.40, 122.23, 
120.90, 119.74, 114.47, 114.42, 113.03, 110.90, 110.83, 
110.42, 108.53, 101.82, 40.75, 38.31, 38.06, 34.77, 
23.45, and 22.46. UV-vis (THF): lmax, nm (e [M-1 cm-1]) = 
286 (3.6 × 104), and 443 (8.7 × 103). HR APCI-TOF-MS 
(positive): m/z calcd for [C38H30N4]

+: 542.2465 [M]+; 
found: 542.2459.
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