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ABSTRACT

Linearly π-expanded novel tetraanthroporphyrins with and without aromatic rings at the meso-positions were prepared quantitatively for the
first time from the corresponding precursors by a retro-Diels-Alder reaction.

Tetrabenzoporphyrins (TBPs) and linearly π-expanded de-
rivatives, tetranaphthoporphyrins (TNPs) and tetraanthro-
porphyrins (TAnPs), have attracted great attention for
applications such as dye stuffs, optical materials, nonlinear
optics, conducting materials, photosensitizers for photody-
namic therapy (PDT), and solar systems.1 Although TBPs,
TNPs, and nonlinearly expanded TAnP analogues have been
reported to date, linearly expanded TAnPs have been rarely
reported to our knowledge.2 As Kobayashi et al. have
theoretically predicted, π-ring expansion results in the
destabilization of the third LUMOs and the first HOMOs of

the porphyrins, and therefore, they become unstable against
oxidation and reduction.3 The π-expansion also induces
strong π-π stacking between molecules, which results in
low solubility of the porphyrins and difficulties in purification
and derivatization. To overcome these obstacles, a few
methods have been reported in the synthesis of TBPs and
TNPs,1,2,4,5 e.g., an introduction of bulky substituents at the
meso positions or peripheral aromatic rings, and an annealing
of peripheral cyclohexyl structures to the aromatic rings in
the presence of oxidants such as DDQ.6 However, these
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methodologies are not suitable for preparing TAnPs because
TAnPs are less stable against oxidants compared to TNPs
and TBPs, and only 5,10,15-tribiphenyl-ZnTAnP has been
reported so far.7,8

Recently, we have developed an efficient synthetic method
for various benzoporphyrin-type compounds including TBPs
and TNPs using a retro-Diels-Alder reaction.9,10 With this
method, soluble porphyrins fused with bicyclo[2.2.2]octadiene
were converted quantitatively into insoluble benzoporphyrins
by simply heating at around 200-290 °C; which temperature
to use was decided by thermogravimetric analysis (Tg) and
differential thermal analysis (DTA) measurements. As the
thermal process does not require any reagents, solvents, or
purification steps, it is the ideal method for the preparation
of low-soluble and highly planar π-conjugated porphyrins.
Aramaki et al. and Kanicki et al. have observed comparable
performance with pentacene in carrier mobility using TBP
films prepared by spin coating of bicyclo[2.2.2]octadiene-
fused porphyrins on a silicon substrate followed by heat-
ing.11,12 Yamada et al. have reported the photoenergy
conversion system of BPs and PCBM prepared by spin-
coating.13 Using this procedure, we have succeeded in
preparing meso-free and meso-substituted TAnPs 2a-c from
the corresponding bicyclo[2.2.2]octadiene-fused precursors
(1a-c), as shown in Scheme 1.

The preparation of the TAnPs is shown in Scheme 1. The
addition of phenylsulfenyl chloride to 1,4-dihydro-1,4-
ethanonanthracene 314 at -78 °C gave compound 4 in 86%
yield, and the oxidation of 4 with m-CPBA gave 5 in 89%
yield. When a dry THF solution of 5 was treated with
isocyanoacetate ethyl ester in the presence of 2.7 equiv of
t-BuOK at -20 °C, followed by stirring at room temperature
for 18 h, pyrrole 6 was obtained in 89% yield. Treatment of
pyrrole 6 with potassium hydroxide gave pyrrole 7.

Porphyrin 1a-2H was prepared from pyrrole 6 in two steps:
(1) reduction of pyrrole 6 by LAH and (2) acid-catalyzed
condensation in CHCl3 in the presence of p-toluenesulfonic
acid, followed by oxidation with DDQ. Metalation of
porphyrin 1a-2H with Zn(OAc)2 gave porphyrin zinc com-
plex 1a. Porphyrin 1a was converted into pure TAnP 2a
quantitatively by heating at around 300 °C under vacuum
for 2 h. The temperature of the retro-Diels-Alder reaction
was determined by thermogravimetric analyses of porphyrin
1a as shown in Figure 1. The weight loss seen in the retro-
Diels-Alder reaction was 11.1%, which is similar to the
calculated value of 10.3%. Porphyrin 1a was characterized
by FAB and MALDI-TOF mass spectrometry, 1H NMR
spectroscopy, and elemental analysis. Although it is a mixture
of isomers, the NMR spectrum of 1a was relatively simple
as shown in Figure S7 (Supporting Information). Because
of its planarity, the solubility of tetraanthroporphyrin 2a was
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Scheme 1. Preparation of TAnPs 2
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quite poor. Therefore, the characterization of porphyrin 2a
was confirmed only by mass spectroscopy and UV-vis
absorption spectroscopy. The absorption and emission spectra
of 2a were measured in the dark because it was unstable in
solution under air in the light. The normalized UV-vis and
fluorescence spectra of 1a in CHCl3 and 2a in pyridine are
shown in Figure 2. Compared to the absorption spectrum of
1a, that of anthroporphyrin 2a is broad and the Q-band of
2a was shifted to 800 nm. The relative intensity of the
Q-band to the Soret band is high. These changes are due to
the effect of the linear expansion of π-conjugation as
theoretically predicted.3 The luminescence of 2a was shown
to occur at around 900 nm, which is in the near-IR region.

In order to improve the solubility, the meso-positions of
1a were substituted with aromatic rings, such as phenyl and
3,5-di(tert-butyl)phenyl groups. Porphyrins 1b and 1c were
prepared by the acid condensation of pyrrole 7 with the
corresponding aldehydes in the presence of BF3·Et2O fol-
lowed by oxidation with DDQ and metalation. The porphy-
rins 1b and 1c were converted to TAnPs 2b and 2c
quantitatively by heating at around 300 °C under vacuum
for 2 h. TG analyses of porphyrins 1b and 1c are shown in
Figure S1 (Supporting Information). The retro-Diels-Alder
reaction was performed at 300 °C, and the weight losses were

11.0 and 5.8%, respectively, which showed good accordance
with the calculated values of 8.1 and 6.1%, respectively. The
solubility of the TAnPs was improved, and the measurement
of 1H NMR spectra of porphyrins 2b and 2c was possible in
THF-d8 and CD2Cl2, respectively. Porphyrins 2b and 2c were
not stable in the solution in the light; NMR spectra as well
as absorption and emission spectra were measured in the
dark. Portions of the NMR spectra of porphyrins 1c and 2c
are shown in Figure 3 (see also Figures S9 and S12 in the
Supporting Information). The aromatic region of 1c is very
complicated because of the existence of isomers of the
bicyclo[2.2.2]octadiene moieties. After the retro-Diels-Alder
reaction, the NMR spectrum became simple and proton peaks
at the bridgehead (3.8-4.0 ppm) disappeared.

The absorption spectra of TAnPs 2b and 2c and their
precursor porphyrins 1b and 1c in CHCl3 are shown in Figure
4, and the data are summarized in Table 1. The Soret peaks
of 1b and 1c are shown at 430 and 426 nm, respectively,
and their Q bands are at 553 and 547 nm, respectively. Soret
peaks of 1b and 1c are 24 and 20 nm red-shifted, respec-
tively, compared to meso-free porphyrin 1a, probably
because of the distortion from planarity. The Soret band of
1b with a meso-phenyl group is broadened and 4 nm red-
shifted compared to 1c with its bulky 3,5-di(tert-butyl)phenyl
substituents at the meso position. The absorption spectra of
TAnPs 2b and 2c show Soret bands at 498 and 493 nm,
respectively, with strong Q bands at 802 and 799 nm,
respectively. Because of their low solubility, absorption
coefficients could not be determined for 2b and 2c. Since
π-conjugation was linearly enlarged, broadening and 60 nm
red shifts of the Soret and Q bands were observed for 2b
and 2c compared to precursors 1b and 1c. The relative
intensities of Q bands to Soret bands of 2b and 2c are quite
large: 0.98 and 0.94, respectively. The trend of the change
and the shift of the absorption spectra are consistent with
the results of MO calculations.3 When the TAnPs were stored
in pyridine (2a) or CHCl3 (2b and 2c) in UV cells under air
under room light, the shape of the absorption spectra changed
over several hours. Mass spectroscopy of TAnPs showed an
M+ + 32 peak, indicating that a reaction with oxygen had
occurred (Figures S11-S13 in the Supporting Information).

The fluorescence spectra of 1b and 1c are shown in Figure
4a, and the data are summarized in Table 1 with absolute

Figure 1. Thermogravimetric analysis of porphyrin 1a, heating at
10 °C/min.

Figure 2. Normalized UV-vis spectra (black lines) and fluores-
cence spectra (red lines) of porphyrin 1a in CHCl3 (solid line) and
2a in pyridine (dotted line). Absorbance and fluorescence are
normalized to 1.

Figure 3. 1H NMR spectra of porphyrins (a) 1c and (b) 2c in
CD2Cl2.
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fluorescence quantum yields (Φ). Interestingly, the Stokes
shifts for 1b and 1c (around 100 nm) are larger than that of
1a (7 nm). The fluorescence intensity of 1b is smaller than
that of 1c. These results are consistent with their absolute
fluorescence quantum yields (1b: 0.7%, 1c: 1.7%). The
reason for the difference in fluorescence intensity is not clear,

but it might be because the porphyrin rings are distorted into
a saddle shape by the aromatic rings at the meso-position.
Fluorescence spectra of 2b and 2c are shown in Figure 4b.
The emission peaks are at 819 and 811 nm, respectively,
and are about 160 nm red-shifted compared to the precursors
(1b and 1c). Stokes shifts of 2b and 2c are only 17 and 12
nm, respectively. Vinogradov has reported that meso-
arylnaphthoporphyrins show larger Stokes shifts than meso-
free tetranaphthoporphyrins.6e In that study, the naphtho-
porphyrins had periphederal 1,4-substituents and might have
shown large distortions due to steric hindrance between the
meso-aryl rings and the substituents on the naphthalene rings.
In our case, the anthracene moiety does not have substituents,
so the distortion might be smaller. For the precursors 1b and
1c, steric hindrance is larger because of the bridgehead
protons, and therefore, the Stokes shift might be larger.

We have succeeded in preparing tetraanthroporphyrins for
the first time via the retro-Diels-Alder reaction of bicyclo-
[2.2.2]octadiene-fused precursors. The compounds have
strong absorption in the near-IR region and may have
interesting conducting properties.
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Table 1. Absorbance, Fluorescence, and Absolute Fluorescence Quantum Yields (Φ) of Porphyrins 1a-2H, 1a, 1b, 1c, 2b, and 2c in
CHCl3

porphyrins λmax/nm (log ε) fluorescence/nm Φ/% (λEX/nm)

1a-2H 396 (5.22), 496 (4.28), 529 (3.90),564 (3.90), 615 (3.41) 620,685 4.5 (396)
1a 406 (5.42), 530 (4.20), 563 (4.08) 570,623 3.7 (406)
1b 430 (5.56), 553 (4.34) 652 0.7 (430)
1c 426 (5.75), 509 (4.05) 547 (4.46) 645 1.7 (426)
2b 327, 365, 498, 728, 756, 802 819 3.7 (498)
2c 364, 403, 493, 726, 747, 799 811 4.3 (493)

Figure 4. UV-vis absorption and fluorescence spectra of (a)
precursors 1b and 1c and (b) TAnPs 2b and 2c in CHCl3. Solid
lines: 1b and 2b; broken lines: 1c and 2c; black lines: absorption
spectra; red lines: fluorescence spectra. (a) Fluorescence spectra
were measured at 2.8 × 10-7 M. (b) Absorption spectra were
normalized at Soret peaks for TAnPs 2b and 2c.
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