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Regioselective [3+4] cycloaddition of an azomethine ylide
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Abstract

Thermal reaction of meso–meso, b–b, b0–b0 triply linked diporphyrins with an azomethine ylide produced seven-membered cyclo-
adducts via formal [3+4] cycloaddition at the bay-area. Bischlorin structures of the cycloadducts are characterized on the basis of
spectroscopic data and confirmed by single crystal X-ray diffraction analysis. Interestingly, the stability of the cycloadducts depends
on the central metal ions in the porphyrin core.
� 2008 Elsevier Ltd. All rights reserved.
In recent years, conjugated porphyrin arrays have been
extensively explored in light of their potential applications
in optoelectronic devices, photovoltaic devices, nonlinear
optical materials, photodynamic therapy, and so on.1,2

Among these, we reported meso–meso, b–b, b0–b0 triply
linked porphyrin arrays (porphyrin tapes) that have
strongly conjugated electronic networks as demonstrated
by remarkable red shifts for the absorption Q-like bands
of the longer porphyrin tapes, typically an intensified Q-
like band at 3500 cm�1 for a dodecamer.3 Porphyrin tapes
exhibit unique properties including red-shifted and strongly
perturbed absorption bands,3 fluorescence in near infrared-
region,4,5a large two-photon absorption cross-section,6

multicharge storage,5b and electrochemically communica-
tive guest binding.7 Despite these promises, there are only
a few synthetic methods that modify the periphery of por-
phyrin tapes and thus create novel p-conjugated functional
porphyrins.

Recently, we found that the cycloaddition reactions of
triply linked Zn(II) diporphyrin with o-xylylene proceed
regioselectively at the bay-area to provide [4+2] and
[4+4] cycloadducts.8 The latter product results from a sym-
metry-forbidden thermal process, hence underscoring the
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unique reactivity of the porphyrin tapes. As an extension
of this research, we now examined the thermal reaction
of porphyrin tapes with azomethine ylide 1 as a 1,3-dipole.
Azomethine ylide 1 reacts with meso-tetraarylporphyrins to
provide pyrrolidine-fused cycloadducts (Scheme 1),9 and
the reaction of [36] octaphyrin(1.1.1.1.1.1.1.1) with 1 affor-
ded pyrrolidine-fused cycloadducts in good yields,10 both
via a symmetry-allowed normal 1,3-dipolar cycloaddition
route.

Here, we employed triply linked Zn(II) diporphyrin 2 as
a substrate because of its nice solubility and high structural
Scheme 1. 1,3-Dipolar cycloaddition reaction of 1 and meso-aryl
porphyrin.
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Scheme 2. 1,3-Dipolar cycloaddition reaction of meso–meso, b–b, b0–b0

triply linked diporphyrin with azomethine ylide. Ar = 3,5-di-tert-
butylphenyl.

Fig. 1. ORTEP representation of X-ray crystal structure of 5: a top view
(upper) and a side view (bottom). Thermal ellipsoids are 50% probability.
Hydrogen atoms, tert-butyl substituents, and solvent molecules are
omitted for clarity.
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symmetry. Sarcosine (2.5 equiv) and para-formaldehyde
(6 equiv) were added to a toluene solution of 2 under nitro-
gen atmosphere and the resulting solution was refluxed for
1 h (Scheme 2). TLC analysis of the reaction mixture
revealed that two new spots appeared besides the starting
material 2, a green fraction and a dark red colored fraction.
These two fractions were separated by silica gel column
chromatography. MALDI-TOF mass analysis revealed
that the former is a 1:1 adduct and the latter is a 1:2
adduct. The 1H NMR spectrum of the dark red colored
fraction was very complicated, presumably indicating the
formation of a mixture of several regioisomeric bis-
adducts, and thus further analysis of these products was
difficult. The green fraction that was isolated in less than
5% yield exhibited the parent ion peaks at m/z =
1928.0297 (calcd for C127H145N9Zn2 = 1928.0204 [M]+) in
the high-resolution electrospray-ionization time-of-flight
(HR-ESI-TOF) mass spectrum, in accordance with its
assignment as a 1:1 adduct 3. The 1H NMR spectrum of
3 in CDCl3 exhibits a simple feature consisting of four dou-
blet signals for the outer eight b protons at 8.38, 8.34, 8.21,
and 8.19 ppm (Hd, He, Hf, and Hg) and a singlet signal for
the inner two b protons at 9.17 ppm (Hh). In addition, a
double doublet signal at 6.87 ppm (Hc) for the inner two
sp3 b protons and two double doublet signals at 3.55 and
3.20 ppm (Hb and Ha) for the bridging methylene protons
were observed. These data indicate a symmetric structure
of 3, which is resulted from cycloaddition at the bay-area
(See Supporting Information, SI).11 Unfortunately, adduct
3 is unstable in the air, possibly due to its easily oxidizable
nature. We found that 3 gradually reverted to 2 just upon
standing in the air, while it can be stored for a longer time
under deaerated conditions at low temperature.

Triply linked Ni(II) diporphyrin 4 underwent the similar
cycloaddition with 1 to provide 5, which was thermally
stable and thus easier to handle. In the synthetic procedure,
an additional stirring for 1 h after heating improved the
yield to 41%. Using the same procedure, the yield of 3

was also improved to 11% but the instability of 3 inter-
rupted further improvement. The parent ion peak of 5

was detected by HR-ESI-TOF mass measurement at
m/z = 1915.0391 (calcd for C127H146N9Ni2 = 1915.0420
[M+H]+). The 1H NMR spectrum is essentially the same
as that of 3.12 The structure of 5 has been unambiguously
revealed by single crystal X-ray diffraction analysis
(Fig. 1).13 A 2,3,6,7-tetrahydroazepine segment is symmet-
rically fused at the bay-area across the two porphyrins to
form two chlorins. The bischlorin molecular shape is
roughly rectangular with a 6.9 � 15.2 Å size and planar
with a small mean plane deviation of 0.068 Å, to which
the tetrahydroazepine segment is fused with a dihedral
angle of 54�. It is interesting to note that the vertical dispo-
sitions of the Ni atoms are exceptionally small, only
0.022 Å from the mean plane defined by the chlorin macro-
cycle. Ni–N bond distances are in 1.96–1.97 Å, which are
distinctly longer than those in Ni(II) TPP (ca. 1.93 Å).14

These structural variations may be caused by the fused
tetrahydroazepine segment.

The absorption spectra of 2, 3, 4, and 5 in CHCl3 was
shown in Figure 2. The absorption spectra of 3 and 5 are
complicated as compared with those of 2 and 4, due to
the symmetry lowering associated with the bischlorin con-
stitutions. The spectral features of 3 and 5 are similar to
those of the previously reported bischlorin cycloadducts
in terms of split Soret-like band and complicated Q-like
bands.8 A peculiar feature is a low-energy Q-band like
absorption band observed at 1053 nm for 3. Interestingly,
such an absorption band is weak and blue-shifted for 5.

In the next step, we examined the oxidation of 3 and 5 to
synthesize the corresponding bisporphyrin compounds by
using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ),



Fig. 2. UV/vis absorption spectra of 2, 3, 4, and 5 in CHCl3.

Table 1
Cyclic voltammetry data of 2, 3, 4, and 5

E1=2
ox;3 E1=2

ox;2 E1=2
ox;1 E1=2

red;1 E1=2
red;2

2 1.14 0.75 0.15 — —
3 0.63 0.37 0.05 �0.52 �0.84
4 0.92 0.61 0.24 �1.14 —
5 0.97 0.64 0.28 �1.13 —

Potential versus Fc/Fc+. Working electrode: glassy carbon electrode,
counter electrode: Pt electrode, reference electrode: Ag/AgClO4 electrode,
solvent: CH2Cl2 (+0.1 M Bu4NBF4), E1/2 = (Epc + Epa)/2, where Epc and
Epa are cathodic and anodic peak potentials.
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2,3,5,6-tetrachloro-1,4-benzoquinone (chloranil), and
MnO2. All of these trials failed, merely producing the start-
ing materials 2 and 4 quantitatively (Scheme 3). These
results indicate particular chemical instabilities of the
[3+4] cycloadducts under oxidation conditions.

In order to understand a marked difference in the stabil-
ity between 3 and 5, the electrochemical properties were
examined by cyclic voltammetry (Table 1). It has been
revealed that there are three reversible oxidation waves,
at 0.05, 0.37, and 0.63 V for 3 and at 0.28, 0.64, and
0.97 V for 5, and the reversible reduction waves are
observed at �0.52 V for 3 and �1.13 V for 5, respectively,
in CH2Cl2. These electrochemical data feature the different
influence of a structural change from bisporphyrin to bis-
chlorin. The first oxidation potential of 3 is considerably
low, hence explaining its instability under oxidizing condi-
tions, while the first oxidation potential of 5 is shifted
slightly to positive from 4. The relatively high oxidation
potential of 5 may account for its stability toward the oxi-
dative reversion. The observed different influence in the
first oxidation potential is unique. Particularly, the slight
positive shift of the first oxidation potentials from 4 to 5

is opposite to the known trend of distinct negative shifts
from Ni(II) porphyrins to Ni(II) chlorins.15 This may be
Scheme 3. Attempted oxidations of 3 and 5.
ascribed to the unique structure of the tetrapyrrolic binding
pocket of 5, which is modified upon the fusion of the azo-
methine ylide. Actually, as mentioned above, 5 nicely
accommodates Ni(II) ion without any noticeable distor-
tion, which is different from the usual Ni(II) porphyrins.3d

Finally, it is worthy to note that the 1,3-dipolar cyclo-
additions of 2 and 4 with 1 proceed regioselectively at the
bay-area, similarly to the [4+4] cycloaddition reaction of
triply linked diporphyrins with o-xylylene. This regioselec-
tivity has been ascribed, as reported previously, to the
calculated large electron densities of the HOMO and
LUMO at the bay-area.8 It is also important to note that
the cycloadditions of 2 and 4 with 1 are unusual, in that
the products are formally symmetrically forbidden [3+4]
cycloadducts, which are quite rare in the literature.16 We
believe that this unprecedented reactivities of the triply
linked diporphyrins 2 and 4 are stemming from the unique,
extremely delocalized electronic properties.

In summary, the triply linked diporphyrins 2 and 4
underwent rare regioselective [3+4] cycloaddition reaction
with the 1,3-dipolar azomethine ylide 1. Cycloadducts 3

and 5 have bischlorin structures, which have been well
characterized by their 1H NMR, cyclic voltammetry, UV/
vis absorption spectra, and single crystal X-ray diffraction
analysis. These results highlight the unique reactivities of
the triply linked diporphyrins towards 1,3-dipole, which
will be used to fabricate the triply linked diporphyrins for
exploring novel conjugated systems. Now, experimental
studies are underway to examine the mechanistic details
and to explore novel conjugated systems from the related
cycloadditions of triply linked diporphyrin.
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