
Helical Structures
DOI: 10.1002/anie.201102144

Conversion of Cobalt(II) Porphyrin into a Helical Cobalt(III) Complex
of Acyclic Pentapyrrole**
Katsunori Yamanishi, Masamichi Miyazawa, Takeshi Yairi, Shintaro Sakai, Naoko Nishina,
Yasuhiro Kobori, Mitsuru Kondo,* and Fumio Uchida

In memory of Yasuo Yamamoto of Shimane University

Conversion of artificial porphyrin to acyclic polypyrrole by
oxidation is important not only for model reactions of heme
oxygenase (HO), which converts heme to biliverdin,[1–3] but
also for the syntheses of new acyclic polypyrroles.[4–10]

Biliverdin-type ligands are nonplanar tetrapyrrole derivatives
and have been utilized for the syntheses of metal complexes
with helical structures that are easily racemized, owing to its
low steric hindrance for interconversion.[11–16] In contrast,
metal complexes bearing acyclic polypyrroles constructed of
more than five pyrroles are still rare because of the limited
availability of synthetic routes to prepare them.[17–22] As an
exceptional example, a new dicopper(II) complex bearing
acyclic heptapyrrolic helices has been prepared from dicop-
per(II) heptaphyrin by reaction with O2.

[7] In this reaction, O2

was not activated at the metal center but reacted with the
heptaphyrin ligand directly.

Two intrinsic effects of the coordination environment
around heme on the activation of the O2 molecule have been
proposed in the biological system. One is the electron
donation from coordinating bases such as imidazole and
thiolate at the fifth coordination site to the iron center, and
the other is the hydrogen bond from the histidine residue to
the O2 molecule bound at the metal center. When these two
effects contribute cooperatively, this activation mechanism is
called a “push–pull” mechanism.[3, 23] To mimic the pull effects,
some porphyrin ligands bearing carboxylic acid, which could
form a hydrogen bond to the bound O2, have been designed
and synthesized.[4,23–25] For example, Chang and co-workers
have shown that CoII porphyrin complex bearing naphthoic
acid, [Co(npca-por)], converted to metal-free biliverdin-type

acyclic polypyrrole by reaction with O2. This reaction
proceeds under ambient condition without coordination of
any bases at the axial site.[4] The authors proposed that in this
system, the carboxylic acid group protonated the coordinating
O2 molecule to yield a CoIII�OOH species as an intermediate.
Although this system mimicked the pull effect well, porphyrin
complexes which require both push and pull effects for the
cleavage of the porphyrin ring are still not known.

Recently, we designed a new porphyrin ligand (amtpp;
Scheme 1) that has an amide group in the ortho position of a
phenyl ring of tetraphenylporphyrin (H2tpp) to mimic the pull

effect by histidine residue in the biological system. We found
that the imidazole adduct [Co(amtpp)(1-MeIm)] (1-MeIm =

1-methylimidazole) activated O2, thus converting to a new
CoIII helical complex with a coiled acyclic pentapyrrole-type
ligand, despite the fact that the CoII complex [Co(amtpp)] (1)
was inert to air (Scheme 1). Moreover, we have found that
chiral axial ligands (S)-nicotine and (S)-cotinine induced the
(M)-helical form preferentially in this conversion system.
Herein, we report the synthesis and structure of the Co-amtpp
complex and the unique porphyrin conversion reaction.

H2amtpp was prepared from the precursor H2CNtpp,
which has a CN group in the ortho position of a phenyl ring of

Scheme 1. Conversion of 1 to helical complexes by addition of bases.
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H2tpp. Complex 1 was obtained as an air-stable purple
crystalline solid by the reaction of Co(CH3COO)2 with
H2amtpp in CHCl3/MeOH. The structure of 1 was determined
by a single-crystal X-ray analysis,[26] which revealed a dimer in
the solid state formed by coordination of the amide oxygen
atom to the CoII center in an adjacent unit (Co�O
2.2724(7) �, Figure 1). The synthetic procedures, detailed
crystal analysis data, and spectral data are summarized in the
Supporting Information.

In spite of the inertness of 1 to air, addition of 1-
methylimidazole (1-MeIm) to 1 in CHCl3 under O2 or air
caused a drastic color change of the solution from deep red-
purple to brownish green within a few days. Diffusion of n-
hexane into the solution led to precipitation of a new CoIII

complex [Co(lpp)(1-MeIm)] (2) as deep greenish crystals in
about 59% yield. The structure of lpp and the corresponding
complex is illustrated in Scheme 1. The structure of 2 was
clarified by single-crystal X-ray diffraction.[26] The numbering
scheme of 1 is shown in
Scheme 1, including desig-
nations of the three pyrroles
(B, C, D) and the two deriv-
ative rings (A, E) of 2 re-
ferred to in the structural
descriptions.

Figure 2 shows the
molecular structure of 2.
The distorted octahedral
center is coordinated in a
helical manner by the lpp
framework. The unit cell
contains enantiomeric pairs
of helical complexes. The
parts of the lpp ligand that
originated from the amide
group (red) and additional
oxo and hydroxy groups
(blue) are highlighted in

Scheme 1. As for the conversion to 2, the C1=C38 bond of 1
was cleaved, and C38 formed a new bond with the amide
nitrogen atom N5 to produce the oxoisoindole ring E. The
nitrogen atom of this resulting ring was completely depro-
tonated and coordinated to the CoIII center. Carbon atom C1

was oxidized to bear a carbonyl group (C1=O).
This reaction sequence, involving C=C bond cleavage and

production of a C=O group, is similar to the conversion from
porphyrin to biliverdin observed in biological systems[1–3] and
in [Co(npca-por)].[4] A hydroxy group was regiospecifically
added at the C27 position to give an sp3-hybridized carbon
atom in 2, and the hydroxy group was oriented to the side
where the amide group originally existed. This incorporated
hydroxy group forms an intramolecular hydrogen bond with
an oxygen atom of the terminal carbonyl C1=O (O(1)···O(2)
2.592(3) �) as shown in Figure 2b. The obtained sp3 carbon
atom breaks the conjugation of the pentapyrrole framework.
The sixth coordination site was occupied by 1-MeIm.

As illustrated in Scheme 2, it has been shown that
[CoII(tpp)B], which was prepared by treatment of [CoII(tpp)]
with bases such as 1-MeIm, produced [Co(tpp)B(O2)] in
solution.[27] The obtained Co···O2 adduct did not cleave the
porphyrin ring, but led to production of [CoIII(tpp)B2]

+.[28] In
contrast, the corresponding Co···O2 adduct obtained from 1

Figure 1. Crystal structure of 1, which showed a dimeric form by
coordination of the amide oxygen atom O(1) to the CoII center in the
adjacent molecule. Thermal ellipsoids are scaled to the 30% proba-
bility level. Hydrogen atoms are omitted for clarity.

Figure 2. a) Crystal structure of 2. Thermal ellipsoids are scaled to the
30% probability level. Hydrogen atoms are omitted for clarity.
b) Hydrogen bond between hydroxy O(2)�H(36) and carbonyl O(1).

Scheme 2. Comparison of reactivity between [Co(tpp)B(O2)] and [Co(amtpp)B(O2)].
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cleaved the C=C bond of the porphyrin ring to produce the
helical complex 2.

For conversion from 1 to 2, we monitored ESR spectra of
the reaction mixture of 1 with 1-MeIm and O2 to obtain
insight into the reaction process. The measurement was
carried out at 77 K. The reaction mixture of 1 with 1-MeIm
under Ar revealed an ESR signal ascribed to the five-
coordinated CoII complex,[27] thus indicating the formation of
[Co(amtpp)(1-MeIm)]. The reaction mixture after O2 bub-
bling revealed a signal ascribed to [Co(amtpp)(1-MeIm)(O2)]
within 12 h, the spectrum of which was similar to various
Co···O2 adducts bearing porphyrin[27] and other chelate
ligands.[29] The intensity of the ESR signal gradually
decreased, and a new intense signal at g = 2.0035 developed
within the next two days. This signal, which disappears within
a week, can be assigned to the organic radical species. (The
ESR spectra and analyzed parameters are shown in the
Supporting Information.) This observation does not contra-
dict the reaction mechanism proposed by Chang and co-
workers.[4] They also observed organic radical species during
the conversion of their CoII complex to metal-free biliverdin
by O2 activation.

Meanwhile, we confirmed that similar conversion from 1
to the {CoIII(lpp)} complex was also induced by addition of
other imidazole and pyridine bases. Treatment of 1 with (rac)-
bifonazole and 3,5-dimethylpyridine (3,5-Me2Py) in a CHCl3

solution in air produced [Co(lpp)((rac)-bifonazole)] (3 r) and
[Co(lpp)(3,5-Me2Py)] (4) in about 46 and 44 % yield. The
structures were characterized by single-crystal X-ray analy-
ses.[26] Their helical frameworks and absorption spectra were
essentially same as those of 2 (see the Supporting Informa-
tion).

Although 2 was formed as a racemate, we succeeded in
chiral separation and characterizations of the enantiomers.
The chiral separation of 2 was carried out by high-perfor-
mance liquid chromatography (HPLC) using a chiral separa-
tion column (Daicel CHIRALPAK IA). The first and second
fractions were assigned to {CoIII(lpp)} complexes with (P)-
and (M)-forms; the absolute configurations were determined
by single-crystal X-ray diffraction.[26] Figure 3 shows the
circular dichroism (CD) and absorption spectra of (P)- and
(M)-[Co(lpp)(1-MeIm)], which are designated as (P)-2 and
(M)-2. The CD spectra of the enantiomers are almost perfect
mirror images of each other. This chiral structure was retained
without racemization in a CHCl3 solution after heating at
50 8C for 24 h (see the Supporting Information).

The formation of helical complex 2 from 1 by addition of
axial ligands prompted us to study the chiral induction of the
helical {Co(lpp)} framework by addition of chiral axial
ligands. To this end, we selected (S)-bifonazole,[30] (S)-
nicotine, and (S)-cotinine (Scheme 3). The addition of each
chiral axial ligand to 1 in CHCl3 successfully produced
[Co(lpp)B] helical complexes, as confirmed by elemental
analyses and absorption and NMR spectra (see the Support-
ing Information). Although our first attempt at chiral
induction by combination of 1 and (S)-bifonazole was
unsuccessful, treatment of 1 with the other two chiral ligands
produced (M)-[Co(lpp)B] preferentially. Figure 4 shows the
CD and absorption spectra of the obtained complexes

[Co(lpp)B] (B = (S)-nicotine (5), (S)-cotinine (6), and (S)-
bifonazole (3S)). While 3S did not show meaningful CD
peaks, 5 and 6 revealed CD peaks with a similar pattern to
(M)-2. Obviously, (S)-nicotine and (S)-cotinine preferentially
induced [Co(lpp)B] having an (M)-conformation helical
framework. Their enantiomeric excess (ee) values were
estimated to be about 14 and 16%, respectively, by the
HPLC analyses. These results demonstrated that the chirality
of the axial ligand affected the induced helicity of {Co(lpp)}
formed in the conversion.

Figure 3. CD spectra (top) of separated (P)-2 (a) and (M)-2 (c)
and the absorption spectrum of 2 (bottom). The absolute structures of
each form determined by single-crystal X-ray analysis are shown on the
right.

Scheme 3. Structures of (S)-bifonazole, (S)-nicotine, and (S)-cotinine.

Figure 4. CD (top) and absorption spectra (bottom) of reaction
product of 1 with (S)-bifonazole (green), (S)-nicotine (blue), and (S)-
cotinine (red) in CHCl3.
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In summary, we have shown that [Co(amtpp)] (1) was
converted to new complexes [Co(lpp)B] by addition of
various bases in O2 or air. In this reaction, coordination of
bases at the fifth coordination position and amide groups in
the phenyl ring cooperatively contribute to the conversion
reaction by activation of the O2 molecule, which could largely
mimic the push–pull mechanism in the biological system. The
obtained complex showed a unique helical structure defined
by an acyclic pentapyrrole-type ligand in which the amide
group was converted to an oxoisoindole ring that binds to the
CoIII center. Although 2 was isolated as a racemate, the
enantiomers could be separated, and the absolute structures
and absorption properties of each were characterized. We
have also shown that the addition of chiral axial ligands (S)-
nicotine and (S)-cotinine produced [Co(lpp)B] complexes in
the (M)-configuration in 14 and 16% ee. This is the first
example of conversion of a porphyrin complex to helical
metal complexes with coordinating acyclic pentapyrrole-type
ligands. Further studies of the conversion reaction are
currently underway.
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