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A saddle-distorted dodecaphenylporphyrin undergoes proto-

nation followed by two-electron reduction by SnCl2 to give a

roof-shaped dodecaphenylporphodimethene which exhibits

reversible one-electron reduction and oxidation behaviour in

benzonitrile to allow us to observe an ESR spectrum of p-cation
radical in the course of electrochemical oxidation.

Porphyrins can undergo reduction to produce a variety of

hydroporphyrins including chlorin whose magnesium complex

is chlorophyll which is a component of light-harvesting anten-

nas complexes in photosystems for photosynthesis.1 In the

course of formation of chlorin, porphodimethene, which is

another two-electron-reduced species of porphyrin with

hydrogenation at the 5 and 15 positions, is believed to be

formed as an intermediate.2 Porphodimethene derivatives

have been synthesized by the reaction of high-valent metal

complexes of porphyrins due to elevated reduction potentials

of metal-bound porphyrin ligands.3 Porphodimethenes have

so far been characterized by crystallographic and spectro-

scopic methods,4 however, their redox properties and radical

species as redox products have yet to be explored.

We would like to report herein the synthesis and characteri-

zation of dodecaphenylporphodimethene (1) which is available

from the reaction of dodecaphenylporphyrin (H2DPP)5 with

SnCl2 in pyridine. We also describe the redox behaviour of 1 in

benzonitrile (PhCN) to demonstrate reversible one-electron

reduction and oxidation to give the p-anion and

p-cation radicals of 1 and the detection of the p-cation radical

(1+�) by ESR spectroscopy in PhCN.

The reaction of H2DPP with SnCl2�2H2O was conducted in

pyridine at reflux for 24 h under N2. Purification by column

chromatography on activated alumina eluted with CH2Cl2 and

recrystallization of a crude product from CH2Cl2–CH3CN

allowed us to isolate 1 as red crystals in 21% yield.6

The compound 1 is stable and the reaction of 1 with dichloro-

dicyanoquinone does not afford H2DPP.

X-ray crystallography of 1 established its crystal structure

unambiguously as depicted in Fig. 1.z The compound 1

exhibited a roof-like shape which was typical of those observed

for previously reported porphodimethenes. At the 5 and 15

positions, hydrogenation occurred to allow the two meso

carbons to possess a tetrahedral geometry. The two phenyl

groups at the 5 and 15 positions point in the same direction to

take a cis configuration as found in other porphodimethene

derivatives reported so far.7

The bond lengths (Å) for the hydrogenated carbons

(C5 and C15) were determined to be 1.508(6) and 1.515(6)

for C5–C4 and C5–C6, respectively, and 1.499(6) and 1.500(6)

for C15–C14 and C15–C16, respectively. The bond lengths are

longer than those of other C–C bonds involving C1–C20 in the

porphyrinoid core to indicate that both carbons are in the sp3

configuration.

A dihedral angle of the roof between the two mean planes

including two pyrroles with N2 and N3 and with N1 and N4

was estimated to be 48.11 (131.91). As for the distortion of the

half of the roof, the dihedral angles between the two pyrrole

planes were estimated to be 12.81 for those including N1 and

N4, and 11.51 for those including N2 and N3, respectively.

Compared to the saddle distortion observed in H2DPP,

1 exhibits much smaller distortion due to the flipping out of

the two meso-phenyl groups from steric congestion upon

hydrogenation at the meso positions (C5 and C15 in Fig. 1).

Fig. 1 An ORTEP drawing of 1. Hydrogen atoms are omitted for

clarity except the two meso-hydrogen atoms.
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In the absorption spectrum of 1 in CH2Cl2, a strong

absorption was observed at 465 nm (e = 6.96 � 104 dm3

mol�1 cm�1) and a weak shoulder band at 540 nm (e= 6.14 �
103 dm3 mol�1 cm�1). H2DPP has been reported to exhibit a

Soret band at 468 nm and Q bands at 566, 618 and 712 nm in

CH2Cl2.
8 Thus, the Q bands of 1 showed a blue shift because

of the diminution of the extent of p-conjugation.
In the 1H NMR spectrum of 1, a singlet assigned to the

methine protons at the hydrogenated meso positions was

observed at 5.70 ppm in CD2Cl2 due to the deshielding by

the p-current of the p-conjugation system. In addition, a

singlet ascribed to the pyrrole N–H protons was found at

14.87 ppm, which was totally different from those observed

for porphyrins in the negative chemical shift region. These

observations clearly indicate that the electronic structure of 1

is different from that of H2DPP.

A cyclic voltammogram (CV) of 1 in PhCN containing

0.1 mol dm�3 tetra-n-butylammonium hexafluorophosphate

(TBAPF6) as an electrolyte was measured and three reversible

redox couples were observed at 1.00 (DE = 76 mV), –1.30

(DE = 74 mV) and –1.63 V (DE = 104 mV), relative to SCE,

as shown in Fig. 2. Each redox couple was assigned to 10/+�,

1–�/0, and 12–/–�, respectively. The HOMO–LUMO gap for 1 is

estimated to be 2.30 V based on the redox potentials of 10/+�

and 1–�/0 redox couples and this value is consistent with the

value calculated on the basis of the lowest absorption band

(2.25 V). The reversibility in redox behavour of 1 is in sharp

contrast to that of H2DPP: a CV of H2DPP in CH2Cl2 shows

only irreversible redox waves at 0.56 V as the anodic

peak potential (Epa) and at –1.28 V as the cathodic peak

potential (Epc).

Electrochemical oxidation of 1 in PhCN at room tempera-

ture at 0.94 V (vs. SCE) caused spectral change in absorption

spectra as shown in Fig. 3(a) with two isosbestic points

showing at 420 and 479 nm. Reverse electrochemical reduction

at 0.19 V (vs. SCE) recovered the original spectrum of 1. In the

course of electrochemical oxidation of 1 at 1.04 V (vs. SCE) in

PhCN at RT, we could observe an ESR spectrum ascribed to

that of 1+� at g = 2.0033 as shown in Fig. 3(b). The ESR

spectrum of 1
+� exhibits no hyperfine splitting with the

nitrogen nuclei, indicating a small population of unpaired

electron density at the pyrrole nitrogen atoms in 1
+�. On

the other hand, electrochemical reduction at –1.36 V (vs. SCE)

in PhCN gave irreversible spectral change in absorption

spectra at room temperature.

DFT calculations were performed on 1 and 1+� to gain an

understanding of their electronic structures.9 The HOMO

orbital of 1 is delocalized at the a and b positions of pyrroles

and there is no contribution from orbitals of the pyrrole

nitrogens and the meso sp2-carbons as depicted in Fig. 4(a).

The SOMO orbital of the one-electron-oxidized p-cation
radical, 1+�, shows spin distribution mainly at the sp2-meso

carbons and pyrrole carbons and a small population (4%) at

each pyrrole nitrogen as demonstrated in Fig. 4(b). Thus,

calculated hyperfine coupling constants of the nitrogens are

0.0038 mT on average and this is too small to be detected. Due

to the irreversibility of redox processes for H2DPP, we could

not make a comparison of ESR spectra of p-cation and

p-anion radicals of 1 and those of H2DPP.

We also gained a mechanistic insight into the formation

of 1. Upon addition of SnCl2�2H2O into the solution of

H2DPP in pyridine, we could observe the formation of

Fig. 2 Cyclic voltammogram of 1 in PhCN (0.1 mol dm�3 TBAPF6)

at room temperature under Ar: scan rate, 100 mV s�1.

Fig. 3 (a) Absorption spectral change in the course of electrochemical

oxidation of 1 at 0.94 V (vs. SCE) in PhCN (0.1 mol dm�3 TBAPF6) at

room temperature: black line for 1 and red line for the 1
+�; (b) ESR

spectrum of 1+� in PhCN: Frequency, 9.362 GHz; modulation

(100 kHz), 0.2 mT.

Fig. 4 (a) HOMO of 1 calculated at the B3LYP/6-31G(d) level of

theory. (b) Spin distribution of 1+� calculated at the UB3LYP/3-21G

level of theory.
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H4DPP2+ as represented by the absorption at 488 nm and

710 nm as shown in Fig. 5 (dotted line). This spectrum is

consistent with that of [H4DPP]Cl2 in pyridine in the presence

of an excess amount of HCl. Thus, we confirmed the forma-

tion of [H4DPP]Cl2 at the beginning of the reaction. This is

due to the saddle-distortion of H2DPP to facilitate protona-

tion and to stabilize the diprotonated form as H4DPP2+ with

a larger saddle distortion.8

This protonation causes an anodic shift of the reduction

potential of the porphyrin core to make H4DPP2+ act as an

electron acceptor.8 In addition, the intermediacy of

[H4DPP]Cl2 was assured by the formation of 1 by the reaction

of [H4DPP]Cl2 and SnCl2�2H2O in pyridine under the same

conditions.

SnCl2 + H2O - SnCl(OH) + HCl (1)

H2DPP + 2HCl - H4DPPCl2 (2)

H4DPPCl2 + SnCl(OH) - 1 + SnCl3(OH) (3)

SnCl3(OH) + H2O - SnO2 + 3HCl (4)

HCl can be generated from the reaction between SnCl2 and

water in pyridine, accompanied by the formation of SnCl(OH),

in accordance with eqn (1).11 SnCl(OH) has been reported to

exhibit an oxidation potential of –0.47 V (vs. SCE),12 which is

appropriate for the reduction of H4DPPCl2 showing the two-

electron reduction at –0.46 V (vs. SCE in CH2Cl2).
8 Insoluble

white solid, which is assumed to be SnO2, was formed at the end

of the reaction. Thus, we propose that the reactions described in

eqns (1)–(4) operate to give 1 as a product. The absorption

spectrum of the reaction mixture exhibited two absorption

maxima at 461 and 483 nm at the end of the reaction (Fig. 5,

solid line). The final products contain 1 and [Sn(DPP)Cl2]

as main products,13 and unreacted [H4DPP]Cl2 that exhibits

absorption denoted by a dotted line in Fig. 5.

In summary, we have developed a new strategy to synthesize

a 5,15-dihydroporphodimethene derivative via the proto-

nation of a metal-free porphyrin precursor to facilitate its

reduction. We demonstrated reversible redox behaviour of 1 in

electrochemical measurements for the first time. We could also

observe reversible absorption spectral change in the course of

electrochemical oxidation and the ESR spectrum of p-cation
radical derived from the one-electron oxidation of 1. Applica-

tion of 1 to the formation of supramolecular assemblies and

their photochemistry is underway in this laboratory.
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