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ABSTRACT: The Glaser coupling reaction of ethynyl-
substituted carbazole-based isophlorins provided butadiyne-
bridged dimers, which were transformed into the thiophene-
bridged dimers via the annulation reaction. Oxidation of these
isophlorin dimers afforded carbazole-based diporphyrins.
Notable electronic interactions in the diporphyrins have
been confirmed by means of UV/vis—near-infrared (NIR)
absorption spectroscopy, cyclic voltammetry (CV) measure-
ments, and density functional theory (DFT) calculations.

orphyrin arrays have been extensively studied with the aim of

mimicking natural photosynthesis since the structures of
light harvesting complexes were determined.”” In particular,
various porphyrin dimers have been synthesized to invest'§ate the
electronic communications between the chromophores.” Direct
connections and butadiyne linkages have often been employed
because the strong electronic interactions have been observed. In
addition, such interactions in the diporphyrins depend on the
connecting positions (meso or f3). Development of novel
porphyrinoids such as core-modified porphyrins,” ring-expanded
porphyrins,” and fused porphyrins® is intriguing because of the
unique and unexpected properties. Oligomerization of such
porphyrinoids has also been investigated.” Such z-extended
porphyrins often show near-infrared (NIR) absorption and are
useful for photodynamic therapy (PDT) and solar energy
conversion, while organic dyes absorbing light in wavelength of
around 1200 nm or more are very few.

Previously, we reported the synthesis of carbazole-based
porphyrins as novel fused porphyrinoids. These porphyrins
exhibited strong NIR absorption due to the quadruple benzo-
fusion effects (Figure 1).>” The highest occupied molecular
orbital (HOMO) exhibits large electronic coefficients on both
thiophene and carbazole moieties, and efficient substituent effects

Figure 1. Structure and HOMO (calculated at the B3LYP/6-31G* level)
of the carbazole-based porphyrin.
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have been observed at the f-positions of thiophene and 3,6-
positions of carbazole units.*"¢ Here, we report the synthesis of
carbazole-based diporphyrins with the butadiyne or thiophene
linkages at the thiophene or carbazole moieties. This is the first
example of carbazole-based diporphyrins. The photophysical
properties of the diporphyrins were investigated by UV /vis/NIR
absorption spectroscopy and DFT calculations. The electronic
interactions between the chromophores depend on both the
connecting positions and spacers, and the diporphyrin with
thiophene spacer at the carbazole moieties was found to show the
strong electronic communications.

Synthetic routes to the diporphyrins are shown in Scheme 1.
Here, 3,5-di-tert-butylphenyl groups were newly introduced into
the carbazole moieties as a solubilizing group. The Suzuki—
Miyaura coupling reaction of 3,6-dibromo-1,8-bis-
(trimethylsilylethynyl)carbazole (1) with 4 equiv of the
arylboronic acid and the subsequent trimethylsilyl deprotection
provided diethynylcarbazole 2. The Glaser coupling reaction of 2
provided cyclic carbazole dimer 3. Annulation reaction of 3 with
Na,S produced carbazole-based isophlorin 4a. The bromination
of 4a with 1.3 equiv of NBS and the subsequent Stille coupling
reaction provided trimethylsilylethynyl substituted isophlorin Sa
in 55% yield. The trimethylsilyl deprotection of Sa, followed by
the Glaser coupling reaction of 6 afforded butadiyne bridged
isophlorin dimer 7a. The oxidation of 7a produced the
diporphyrin 7b. Alkyne moieties can be converted into various
heterocycles'’ so that we tried the annulation reaction of
butadiyne-bridged dimer 7a. The reaction of 7a with Na,S and
the subsequent oxidation of 8a afforded thiophene-briged
diporphyrin 8b.
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Scheme 1. Synthesis of Carbazole-Based Porphyrins (a) 7b and 8b, (b) 14b and 15b, and (c) 4b, 5b, and 12b”
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“Ar = 3,5-di-tert-butylphenyl.

However, diporphyrins connected at the 3,3"-positions of the annulation reaction. The oxidation of 14a and 15a produced 14b
carbazole moieties were prepared as follows (Scheme 1b). The and 15b, respectively. Additionally, monomers 4b, Sb, and 12b
Suzuki—Miyaura coupling reaction of 1 with 1.6 equiv of the were also prepared for comparison via the oxidation of 4a, 5a, and
arylboronic acid and the subsequent TMS deprotection provided 12a, respectively (Scheme 1c).
unsymmetrical carbazole 9. The Glaser coupling reaction of the The UV/vis/NIR absorption spectra are shown in Figure 2. As
mixture of 2 and 9 provided carbazole dimer 10, which was previously reported, carbazole-based porphyrin monomer Sb
converted into bromo-substituted isophlorin 11 via the exhibited red-shifted Q-like bands in the NIR region due to the
annulation with Na,S. The bromo moiety was transformed into extended 7-conjugation as compared to regular porphyrins. In
ethynyl group via the Stille coupling reaction of 11 and the addition, the spectra of dimers 7b and 8b are more intensified and
subsequent TMS deprotection of 12a. The Glaser coupling red-shifted (Figure 2a). However, the spectral forms of 7b and 8b
reaction of 13 afforded butadiyne bridged isophlorin dimer 14a. are similar to that of Sb, suggesting weak intramolecular electronic
Thiophene-briged dimer 15a was obtained from 14a via the interactions in 7b and 8b. However, the spectra of dimers 14b and
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Figure 2. UV/vis/NIR absorption spectra of (a) Sb, 7b, and 8b, (b) 12b,
14b, and 15b in dichloromethane, and (c) 15b in several solvents.

15b showed extremely broadened NIR bands and are different
from that of 12b, which suggests the strong electronic
communications between the two carbazole-based porphyrins
(Figure 2b). The broad NIR bands were also observed in other
solvents such as toluene, pyridine, and THF (Figure 2c). It should
be noted that the absorption terminal wavelengths of 14b and 15b
exceed 1300 and 1400 nm, respectively. Therefore, such dyes with
broad NIR absorption bands as 14b and 15b may be applied to
photoconversion of solar energy.

DEFT calculations were conducted at the B3LYP/6-31G* level
to investigate the electronic states (Figures 3 and $22-23)."
Since the lowest unoccupied molecular orbitals (LUMOs) of
monomers Sb and 12b are significantly stabilized by 1.9-2.0 eV,
we can consider that the NIR absorption bands are related to the
HOMO—-LUMO and HOMO—1-LUMO transitions. Similarly,
the NIR absorption bands of the dimers are related to the
transitions from the HOMO—-3-HOMO to the LUMO or
LUMO+1, which was supported by TD-DFT calculations (Figure
S24). Interestingly, 7b and 8b showed somewhat large gap
between the HOMO-3 and HOMO-2, while 14b and 15b
showed the gap between the HOMO—1 and HOMO. These
results are in good agreement with the ethynyl substituent effects
on the monomer previously reported: Ethynyl groups at the
thiophene moiety perturbed the HOMO—1, while those at the
carbazole moiety perturbed the HOMO.*"" It is noteworthy that
15b shows the largest HOMO—1-HOMO gap and LUMO—
LUMO+1 gap, and that these four orbitals exhibit delocalized
electronic coefficients at both porphyrin moieties (Figure 3b).
Such nondegenerated energy levels contribute to multiple or
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Figure 3. (a) Energy diagrams of Sb, 7b, 8b, 12b, 14b, and 15b. (b)
Selected molecular orbitals of 15b.

broad absorption bands. In other words, the porphyrin units in
15b are electronically coupled to each other. In addition, existence
of rotational isomers and aggregates may also contribute to the
broad NIR absorption bands.

Redox potentials of the diporphyrins along with the monomers
were measured by cyclic voltammetry (Figure S21). Compounds
Sb, 7b, and 8b showed first oxidation waves at 0.469, 0.391, and
0.379V, respectively, and reduction waves at —0.461, —0.530, and
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—0.491 V, respectively. Such similar values suggest weak
electronic interactions between the porphyrin units in 7b and
8b. In fact, the oxidation and reduction process of 7b occur
simultaneously at the porphyrins. However, 12b, 14b, and 15b
showed oxidation waves at 0.305, 0.264, and 0.159 V, respectively,
and reduction waves at —0.502, —0.497, and —0.580 V,
respectively. The electrochemical HOMO—-LUMO gaps of
12b, 14b, and 15b are 0.807, 0.761, and 0.739 eV, respectively.
Diporphyrin 15b showed the smallest electrochemical HOMO—
LUMO gap, which is consistent with the results of absorption
spectroscopy and DFT calculations.

In summary, we have synthesized butadiyne-bridged carbazole-
based diporphyrins 7b and 14b via the Glaser coupling reaction.
Furthermore, thiophene-bridged carbazole-based diporphyrins
8b and 15b were prepared via the annulation reaction.
Diporphyrins 7b and 8b linked at the thiophene moieties showed
similar properties with the corresponding monomer S$b,
indicating weak electronic intramolecular interactions. However,
the absorption spectra, CV measurements, and DFT calculations
indicated that diporphyrins 14b and 15b linked at the carbazole
moieties had strong intramolecular electronic interactions within
the diporphyrins. Further investigations on the synthesis of longer
carbazole-based porphyrin arrays are currently in progress in our
laboratory.
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