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A practical synthesis of cis-A;B-type 5,10,15-triarylcorroles
has been developed that involves [2+2]-type acid-catalyzed
condensation of 5-aryldipyrromethane and 5-(pentafluoro-
phenyl)dipyrromethane-1-carbinol and subsequent 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) induced oxi-
dative cyclization. All the corroles thus synthesized were
structurally well-characterized, and their optical and electro-
chemical properties were also studied.

Introduction

Corroles are 18n aromatic tetrapyrrolic macrocycles, one-
carbon missing cousins of porphyrins, bearing a direct
pyrrole-pyrrole linkage and three pyrrolic NH protons.[!)
Corroles have been shown to be promising as oxidation cat-
alysts, water oxidation catalysts, and as sensors.”l These de-
velopments have been encouraged by the seminal synthesis
of 5,10,15-tris(pentafluorophenyl)-substituted corrole by
Gross et al. in 1999.531 Just around the same time, several
rational syntheses of corroles have been explored by Gryko
and Paolesse, which have contributed significantly to ad-
vances in corrole chemistry.*>! Among these, A; corroles
and trans-A,B corroles have been most extensively prepared
through reactions of 5-aryldipyrromethane with alde-
hydes.*>! Synthesis of ABC-type corroles was also ac-
complished by oxidation of bilanes (tetrapyrranes) bearing
three different meso-aryl substituents.®) Despite these ef-
forts, cis-A,B-type corroles have been left almost unex-
plored.l”-81 In this paper, we report an effective synthesis
of cis-A,B-type corroles through [2+2] condensation of 5-
aryldipyrromethanes and a 5-pentafluorophenyldipyrro-
methane monocarbinol and subsequent oxidative cycliza-
tion. This method is reproducible and synthetically impor-
tant because of the ready availability of S5-aryldipyrro-
methanes and 5-(pentafluorophenyl)dipyrromethane-1-
carbinol in large quantities.

Results and Discussion

5-(Pentafluorophenyl)dipyrromethane  (1)! and its
monocarbinol 21" are useful building blocks in the present
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[2+2] strategy for the synthesis of corroles, and they can be
prepared in multigram quantities. We first attempted the
synthesis of 5,10,15-tris(pentafluorophenyl)corrole (4) by
one-pot condensation reaction of 1 with 2 (Scheme 1). The
condensation was performed with the aid of acid for 10 min
to produce bilane 3, which was directly oxidized with 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) for 1 h.
Corrole 4 was isolated by separation through a silica gel
column. The nature of the acid was important in this
corrole synthesis. The reactions with p-toluenesulfonic acid,
methanesulfonic acid, or Dy(OTf); did not provide 4,
whereas BF3°OEt, and trifluoroacetic acid (TFA) were
found to produce 4 in 3.8 and 2.3% yields, respectively.
However, we could not improve the yields of 4 by one-pot
reactions. We then examined the condensation and oxidat-
ive cyclization steps separately. The condensation of 1 and
2 with BF;-OEt, for 15 min gave bilane 3 in poor yields.
However, we found that slow addition of a solution of 2 in
CH,Cl, to a mixture of 1 and BF;OEt, in CH,Cl, over
3 min and subsequent stirring for 5 min, afforded 3 in 59 %
yield. Whereas the oxidative cyclization of 3 with p-
chloranil gave 4 in low yield (ca. 6%), the oxidation of 3
with 3 equiv. DDQ in CH,Cl, afforded 4 in 44% yield. No-
tably, the one-pot reaction sequence combining the optimal
conditions of the two steps gave only poor yield of 4. There-
fore, based on these results, we set a practical synthetic
method as following; (i) a solution of 2 in CH,Cl, was
added slowly to a solution of a dipyrromethane and
BF;-OEt, in CH,Cl,, and the resulting mixture was stirred
for 5 min at room temperature; (ii) the intermediate bilane
was quickly purified by column chromatography [for 3, R;
=~ 0.3 (hexane/Et,0, 6:4)]; (iii) semipurified bilane was then
oxidized with DDQ for 1 h; (iv) the resulting solution was
passed through a short silica gel pad and then purified by
silica gel column chromatography. This method is reason-
ably reproducible, allowing the synthesis of a range of cis-
A,B-corroles, mostly in yields of around 10% .
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Scheme 1. Synthesis of 5,10,15-tris(pentafluorophenyl)corrole by
[2+2] condensation of dipyrromethane and dipyromethane mono-
carbinol.

By following this synthetic protocol, we synthesized cis-
A,B-type corroles bearing various aryl substituents at the
S-position (Scheme 2). Corroles 5 and 6, bearing sterically
hindered 2,6-dichlorophenyl and mesityl substituents, were
obtained in 9.6 and 12% yields, respectively. Corrole 7, with
an electron-withdrawing p-nitrophenyl substituent, was af-
forded in 10% yield. 2,4,6-Trimethoxy and 1-naphthyl-sub-
stituted corroles 8 and 9 were prepared in 11 and 9.3%
yields, respectively. (4,6-Dichloropyrimidin-5-yl)-substi-
tuted corrole 10 was obtained in 5.7% yield. It is note-
worthy that we only needed the corresponding S-aryldipyr-
romethanes for the screening. This is an advantageous as-
pect as compared with the reported ABC-type corrole syn-
thesis, [ because the latter inevitably required preparation
of the corresponding 5,10,15-triaryl-substituted bilanes

through multistep synthesis, with challenging purification
required in each step.
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Scheme 2. Synthesis of cis-A,B-type corroles.

Fortunately, we have succeeded in determining the X-ray
crystal structures of all the cis-A,B-corroles prepared in this
study. The crystal structures are shown in Figure 1 and the
structural information is summarized in Table 1. Judging
from the C-N-C angles of imine-type (ca. 106°) and amine-
type (ca. 110°) pyrroles, we assigned all the three N-H
atoms, two of which locates at the bipyrrole-like segments,
in agreement with the standard feature of free-base cor-
roles.*®!!I The mean plane deviation (MPD) values, defined
by the average distance between core 23 atoms and its mean
plane, are calculated to be 0.119 A for 5, 0.129 A for 6,

Figure 1. X-ray crystal structures of (a) 5, (b) 6, (c) 7, (d) 8, ()9, and (f) 10. Thermal ellipsoids were scaled to 30% probability level.
Solvent molecules were omitted for clarity. One of two independent molecules in the asymmetric unit is shown for 10.
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0.130 A for 7, 0.144 A for 8, 0.141 A for 9, and 0.125
(0.127) A for 10. These relatively large MPD values are
likely derived from steric hindrance of the inner three
hydrogen atoms. The dihedral angles (¢) of the sterically
hindered substituents in 5, 6, 8, 9, and 10 are found in the
range of 57-74°, whereas the 4-nitrophenyl substituent in 7
is tilted toward the corrole mean plane by only 39°. Inter-
estingly, intermolecular hydrogen-bonding interactions are
observed in the packing structures between the inner N-H
protons and the carbonyl oxygen atoms of included acetone
in 5, and the inner N-H protons and the nitrogen atoms in
the pyrimidine moieties of another molecule in the asym-
metric unit in 10 (see Figure 1, see part f and the Support-
ing Information).

Table 1. Structural details of corroles.
Corrole 5 6 7 8 9 10

o 7158 69.16 38.61 7132 57.15 89.68, 81.32
MPD [A] 0.119 0.129 0.130 0.144 0.141 0.125, 0.127

[a] Dihedral angles of the aryl substituents at the 5-position with
regard to the mean plane of corroles.

Corroles exhibit similar but slightly different absorption
and emission spectra compared with those of porphyrins.
For instance, the parent corrole 4 exhibits Soret-like absorp-
tion bands at 407 and 420 nm and Q-like bands in the range
of 500-700 nm, and fluorescence in the range of 600-
800 nm.["?I The split Soret-like band and relatively inten-
sified Q-like bands are ascribed to its decreased symmetry.
These features are also observed in the absorption spectra
of cis-A,B-type corroles 5-10, except for 7, which shows a
distinctly broader Soret-like band at 424 nm and a much
broader Q-like band at 581 nm (Figure 2). These broad ab-
sorption bands may be ascribed to the intramolecular
charge-transfer interaction from the corrole core to the
nitrobenzene moiety in 7.14%121 The fluorescence spectra of
these corroles are roughly similar, being observed in the
range of 643-652 nm, except for the broad and redshifted
emission at 671 nm in 7. The fluorescence quantum yields
were determined by using a sphere detection instrument
and are shown in Table 2. Corroles bearing electron-donat-
ing substituents show relatively high fluorescence quantum
yields (6, 8, and 9), and those bearing electron-accepting
substituents display relatively low fluorescence quantum
yields (7 and 10).0'3

The electrochemical properties were studied by cyclic
voltammetry. According to the seminal paper by Kadish et
al., tris(pentafluorophenyl)corrole (4) displayed irreversible
first oxidation and reduction waves at 0.86 and —1.04 V in
benzonitrile against SCE, respectively.['Y] We confirmed the
presence of these waves with our instrument using tetra-
butylammonium hexafluorophosphate as an electrolyte in
benzonitrile at 0.42 and —1.51 V against ferrocene/ferrocen-
ium couple, respectively. After the first oxidation (ox. I, Fig-
ure 3), the radical cation of 4 readily transfers a proton to
neutral 4, thus generating (Cor)-H, and [(Cor)-H4|*, which
are oxidized at higher potential (0.52 and 0.75V, ox. III
and IV), respectively (Figure 3). On the other hand, the first
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Figure 2. UV/Vis absorption (top) and fluorescence (bottom) spec-
tra of 4-10 in CH,Cl,.

Table 2. Optical properties of corroles in CH,Cl,.

Corrole Ay [nm](loge [M'em™']) Jem [NM]E @ o]
4 407 (5.08) 561 (4.28), 604 (4.01) 643 0.060
5 407 (5.14) 562 (4.34), 602 (4.04) 643 0.059
6 407 (5.08) 563 (4.28), 599 (3.95) 644 0.099
7 424 (5.00) 581 (4.40) 671 0.040
8 410 (5.07) 565 (4.30), 601 (4.08) 652 0.092
9 410 (5.17) 565 (4.38), 600 (4.08) 650 0.094
10 409 (5.14) 564 (4.38), 605 (4.11) 647 0.041

[a] Excited at Soret-like band maxima. [b] Absolute fluorescence
quantum yield upon excitation at Soret-band maxima.

reduction of 4 generates [(Cor)-Hjz|~, from which generation
of a hydrogen radical takes place with concurrent formation
of [(Cor)-H,]™ (red. I), which is further reduced at -2.12 V
(red. II) and in turn oxidized at —0.16 V (red. III). In our
setup, the second reduction wave of 4, which was observed
as a weak peak in Kadish’s paper, was not detected. Based
on these interpretations, the oxidation and reduction poten-
tials of 5-10 have been assigned (Table 3). The first oxi-
dation potentials are positively shifted by 0.20 V in 6 and
0.29V in 8, due to the electron-donating substituents. In
contrast, negatively shifted reduction potentials are ob-
served in 7, that is, the first reduction at —1.30 V, reflecting
the strongly electron-accepting property of the 4-nitro-
phenyl substituent. The second reduction at —1.64 V may
be ascribed to reduction of the nitrophenyl moiety.'>! The
electrochemical HOMO-LUMO gaps are calculated as
shown in Table 3, which are roughly consistent with the op-
tical HOMO-LUMO gaps estimated by the absorption
spectra.
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Figure 3. Cyclic voltammograms of 5 measured in benzonitrile using tetrabutylammonium hexafluorophosphate as an electrolyte.

Table 3. Electrochemical potentials of corroles 4-10 in benzonitrile with 0.1 M BuyNPF.[4]

Oxidation Reduction
Corrole 1 1I 111 v I I 11 E [eV]©
4 0.42 -0.18 0.52 0.75 —-1.51 —2.120 —0.16 1.93
5 0.34 -0.25 0.58[cl 0.72 -1.59 -2.38 —0.24l 1.93
6 0.22 -0.22 0.45lc] 0.601 -1.59 -2.32 —0.26l 1.81
7 0.29 -0.24 0.52 0.73[¢ —1.30, —1.64,11 2,001 —0.22[ 1.59
8 0.13 0.32 —1.53Mdl ~2.34ld] -0.36 1.66
9 0.22 0.43[c 0.65l¢ -1.64 -2.29 —0.271 1.86
10 0.34 -0.02 0.55 0.74l<1 -1.50 -2.24 —0.18[¢ 1.84

[a] Potentials [V] were determined vs. ferrocene/ferrocenium ion by cyclic voltammetry. Working electrode:

glassy carbon. Counter elec-

trode: Pt wire. Reference electrode: Ag/AgClO,4. Scan rate: 0.05 V/s. [b] Only detected after the first reduction. [c] Reversible peaks.
[d] Determined by differential pulse voltammetry (DPV). [e] Electrochemical HOMO-LUMO gaps.

Conclusions

We have developed a practical and useful synthesis of cis-
A,B-type corroles based on a stepwise protocol consisting
of [2+2] acid-catalyzed condensation reaction of S-aryldi-
pyromethanes with 5S-pentafluorophenyldipyrromethane
monocarbinol 2 and subsequent oxidative cyclization with
DDQ. This method allowed the synthesis of various cis-
A,B-corroles that were difficult to prepare by previous
methods. Use of this method for the synthesis of more com-
plex corroles and further synthetic application of cis-A,B-
corroles to more elaborated functional systems are in pro-
gress in our laboratory.

Experimental Section

General Information: Commercially available solvents and reagents
were used without further purification, unless otherwise noted. An-
hydrous dichloromethane was distilled from CaH,. Spectroscopic
grade solvents were used for all the spectroscopic studies. Silica gel
column chromatography was performed on Wakogel C-300. Alu-
mina column chromatography was performed on Sumitomo y-Alu-
mina KCG-1525W (Blockmann grade II). Thin-layer chromatog-

4 WWW.Eurjoc.org
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raphy (TLC) was carried out on aluminum sheets coated with silica
gel 60 F254 (Merck 5554). UV/Vis absorption spectra were re-
corded with a Shimadzu UV-3600 spectrometer. Fluorescence spec-
tra were recorded with a Shimadzu RF-5300PC spectrometer. Ab-
solute fluorescence quantum yields were determined with a Hama-
matsu C9920-02S. 'H and 'F NMR spectra were recorded with a
JEOL ECA-600 spectrometer (operating as 600.17 MHz for 'H and
564.73 MHz for '°F) using the residual solvent as the internal refer-
ence for 'H (6 = 7.26 ppm in CDCl;) and hexafluorobenzene as an
external reference for '°F (6 = 162.9 ppm). High-resolution atmo-
spheric-pressure-chemical-ionization  time-of-flight ~ mass-spec-
troscopy (HR-APCI-TOF-MS) was performed with a Bruker
micrOTOF model using positive and negative mode. Mass spectra
were recorded with a Shimadzu AXIMA-CFRplus using positive-
MALDI-TOF method with matrix. Single-crystal X-ray diffraction
analysis data were collected at —180 °C with a Rigaku XtaLAB
P200 by using graphite-monochromated Cu-K, radiation (4 =
1.54187 A). The structures were solved by direct methods
(SHELXS-97) and refined with full-matrix least-squares technique
(SHELXL-97). Redox potentials were measured with an ALS elec-
trochemical analyzer model 660.

General Procedure for the Synthesis of cis-A,B-Corroles: To a solu-
tion of dipyrromethane in anhydrous dichloromethane, was added
BF;-OEt, (0.2 equiv.) in acetonitrile. To this solution was added

Eur. J. Org. Chem. 0000, 0-0
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slowly a solution of 2 (1.0 equiv.) in anhydrous dichloromethane
over 3 min. The resulting solution was further stirred for 5 min at
room temperature. The reaction was quenched with triethylamine
and the solvents were evaporated. The crude mixture was quickly
purified by silica-gel column chromatography. Note: In the case of
3, a fraction of Ry = 0.3 (n-hexane/Et,O, 6:4 v/v) was collected;
when a TLC plate was exposed to Br,, a dipyrromethane band
turned to pink and a bilane band turned to brown. The semipur-
ified bilane was dissolved in dichloromethane (ca. 0.7 mm), to
which a solution of DDQ (0.8 equiv.) in THF was slowly added
and the resulting mixture was stirred for 1 h at room temperature.
The reaction mixture was then passed through a short silica-gel pad
and the solvent was evaporated. The crude mixture was purified by
silica-gel column chromatography (n-hexane/dichloromethane and/
or n-hexane/toluene) to provide cis-A,B-corroles.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental details and compound data; NMR spectra; mass
spectra; X-ray crystal structures; and cyclic voltammograms.
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FULL PAPER

A rational synthesis of cis-A,B-type cor-
roles through a [2+2] approach has been
developed, which allowed the synthesis of
six new corroles in moderate yields. These
corroles were structurally well-charac-
terized and their optical and electrochemi-
cal properties were also studied.
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