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Recently,meso-octasubstituted porphyrinogens, namely calix-
[4]pyrroles,1 have been extensively studied due to their interesting
anion-binding ability1,2 and ability toπ-donate to metal cations.3

The structures and reactivities of their neat and complexed forms
with anions,1,2 metals,3 and guest molecules4 have been fully
investigated by NMR and X-ray analyses. Porphyrinogens bearing
hydrogen atoms at theirmesoposition are very important as key
intermediates in bio- and Rothemund syntheses of porphyrin
dyes.5 Their structures and isomerization6 are of particular interest
in connection not only with biological peripheral isomerism of
naturally occurring porphyrinoids,7 but also with N-C confusion
of pyrroles8 and formation of higher homologues9 of porphyrin
such as pentaphyrins and hexaphyrins. Porphyrinogens have been,
however, treated just as unstable intermediates and readily oxi-
dized to the targeted dyes without isolation in most cases. Conse-
quently, structural characterization of porphyrinogens has not yet
been done. In this contribution, we will show the first successful

X-ray structural analysis of themeso-unsubstitutedporphyrinogen
3 and hexaphyrinogen4 and some properties of these compounds.

Acid-catalyzed oligomerization of ethyl 2-(hydroxymethyl)-
3-mesitylpyrrole-4-carboxylate (2a), which was obtained by regio-
selective reduction of the corresponding pyrrole-2,4-dicarboxylate
1a,10 was carried out by treatment withp-toluenesulfonic acid in
dichloroethane (Scheme 1). After the oligomerization, the mixture
was oxidized with DDQ at room temperature to give a mixture,
from which white powdery crystals were obtained in 20% yield by
rinsing with chloroform. FAB mass and NMR analyses revealed
the crystals were a highly symmetric hexamer, which proved to
be hexaphyrinogen4a. Silica gel chromatography of the residue
obtained from the mother liquor gave type I porphyrin5aonly in
3% yield and a small amount of the hexaphyrinogen (Table 1).

When the acid-treated mixture from the pyrrole2awas directly
chromatographed on silica gel, the hexaphyrinogen4a (16%) and
a small amount of an inseparable mixture of porphyrinogen3a
and the porphyrin5a (Table 1) were obtained.11 Separation of3a
and5a could not be achieved mainly due to the instability of3a
toward oxidation. Although other cyclic oligomers such as
pentaphyrinogens were suggested to exist from the NMR and GPC
analyses of the reaction mixture, these oligophyrinogens could
not be isolated either. In the1H NMR spectra of4a in CDCl3,
meso-methylene protons appeared atδ 3.18 and 4.05 as an AB-
quartet, and pyrrolic protons appeared in a rather lower field (δ
9.81) compared to the parent pyrrole (δ 9.01 for 2a). The non-
equivalence of themesoprotons persisted in toluene-d8 solution
even at 100°C. This fact and the stretching of NH (3319 cm-1)
and CdO (1666 cm-1) in the IR spectrum strongly suggested
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Scheme 1a

a a: R ) CO2Et; Ar ) Mesityl. b: R ) CO2Et; Ar ) 2,6-dichloro-
phenyl.c: R ) CO2Et; Ar ) Ph.d: R ) CF3; Ar ) Ph.e: R ) CF3;
Ar ) 2,6-dichlorophenyl.
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the presence of intramolecular hydrogen bonding which was
proved by the following X-ray analysis.

Rhombohedral crystals of4a‚CHCl3 were obtained by slow
diffusion of hexane into a chloroform solution of4a. The space
group of the crystal was determined as R-3, and an Ortep drawing
of 4aalong thec-axis is shown in Figure 1.12 Crystallographically,
two independent hexagonal tube molecules of4aexist in the unit
cell, occupy special positions with-3 and-1 symmetries, and
adopt an almost complete1,3,5-alternateconformation. The diam-
eters are both∼9.9 Å. Solvent chloroform molecules also occupy
other-3 and-1 symmetric positions with disordered structures.
The pyrrole rings of4a are almost perpendicular to the mean
plane of the sixmesomethylenes (88.8° for the-3 structure and
89.1°, 82.8°, and 88.2° for the-1 structure). The intramolecular
hydrogen bond (NH‚‚‚O, 2.842(5) Å for the-3 structure; 2.772-
(5), 2.894(5), and 2.822(5) Å for the-1 structure) keeps this
conformation tightly and is probably the main reason for the
structural difference with that of calix[6]pyrrole,13 three1,3,5-
altenatepyrroles of which point toward the center of the cavity.

The reaction of pyrroles2b-e10 was conducted under various
conditions, and some of them are listed in Table 1. In the cases
of pyrroles bearing a bulky electron-deficient aromatic group such
as 2,6-dichlorophenyl and pentafluorophenyl, porphyrinogens

were very stable toward oxidation even withp-chloranil at room
temperature and were easily isolated by chromatography. On the
other hand, porphyrinogens with phenyl groups were readily
oxidized to the corresponding porphyrins5c and5d during the
workup manipulation. Two distinctive features emerged from
Table 1. First, the hexaphyrinogens were only isolated in the
reactions of pyrroles with an ester group. Second, the readily
formed porphyrins5c and 5d were mixtures of the peripheral-
substitution type isomers, whereas the other porphyrins listed in
Table 1 were isomerically pure.

In the1H NMR spectra of3b, very broad signals due tomeso-
methylene protons were observed inδ 3.0-4.8 at room temper-
ature and became a sharp AB-quartet at-50 °C and a broad
singlet at 50°C. The coalescence temperature was∼35 °C. An
approximate∆Eq value for the conformational change was calc-
ulated as∼58 kJ‚mol-1. Prismatic rods for X-ray analysis were
obtained by slow evaporation of the solvent from a solution of
3b in 2-propanol. An Ortep drawing of3b‚2(2-PrOH) is shown
in Figure 2.14 The porphyrinogen shows an ideal1,2-alternate
structure which is constructed by hydrogen bonds between 2-pro-
panol oxygen and two adjacent pyrrolic NH (NH‚‚‚O, 2.951(5)
and 3.022(5) Å). The angles between the pyrrole rings and the
mean plane of themeso-carbons are 56.1° and 55.0°. This 1,2-
alternatestructure is very similar to that ofmeso-octamethylcalix-
[4]pyrrole‚2DMF.4d

The porphyrinogens3b and3ewere oxidized by refluxing with
DDQ in toluene to give the isomerically pure porphyrins5b (66%)
and5e(50%). Contrary to the porphyrinogens, the isolated hexa-
phyrinogen4awas resistant to oxidation. Isolated hexaphyrinogen
4acould not be oxidized with DDQ either under reflux in toluene
or in the presence of an acid such as pTSA and BF3‚OEt2.15

In conclusion, we have succeeded in isolating themeso-
unsubstituted porphyrinogens and hexaphyrinogens bearing electron-
withdrawing and bulky aryl groups, and their behavior toward
oxidation was examined. The X-ray structural analyses revealed
the potential of these compounds as new anion binders and host
molecules. It is also emphasized that the X-ray analyses of these
compounds are the first examples ofmeso-unsubstituted porphy-
rinogens and hexaphyrinogens.
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Table 1. Acid-Catalyzed Oligomerization of2

conditions yield/%

substrate acid workupa 3 4 5

2a BF3‚OEt2 A b 16 trace
2a BF3‚OEt2 B 20 3
2a pTSA A b 22 8
2b pTSA A 64 6 trace
2b TSA A 47 13 trace
2b BF3‚OEt2 A 40 10 trace
2c pTSA C 20c
2d pTSA C 24d
2e pTSA C 17 trace

a Condition A: the oligomerization mixture was directly chromato-
graphed on silica gel. Condition B: oxidation with DDQ was carried
out at room temperature after termination of the oligomerization with
Et3N. Condition C: oxidation withp-chloranil was carried out at room
temperature after termination of the oligomerization with Et3N. b Ex-
istence of the porphyrinogen was detected by1H NMR, although the
compound was too labile to isolate by chromatography.c The porphyrin
was obtained as an isomeric mixture due to the peripheral substitution
pattern (3:trace:2:1).d The porphyrin was obtained as an isomeric
mixture due to the peripheral substitution pattern (4:3:8:4).

Figure 1. Ortep drawing of4a along thec-axis. Hydrogen atoms are
omitted for clarity. The right and left molecules occupy the-3 and-1
symmetric positions, respectively.

Figure 2. Ortep drawing of3b. Hydrogen atoms except for NH and
OH are omitted for clarity.
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