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Abstract: Trifluoroacetic acid-catalyzed
condensation of pyrrole with electron-
deficient and sterically hindered 3,5-
bis(trifluoromethyl)benzaldehyde  re-
sults in the unexpected production of a
series of meso-3,5-bis(trifluoromethyl)-
phenyl-substituted expanded porphyr-
ins including [22]sapphyrin 2, N-fused
[22]pentaphyrin 3, [26]hexaphyrin 4,

with the conventional 5,10,15,20-
tetrakis(3,5-bis(trifluoromethyl)phe-

nyl)porphyrin 1. These expanded por-
phyrins are characterized by mass spec-
trometry, '"H NMR spectroscopy, UV/
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Vis/NIR absorption spectroscopy, and
fluorescence spectroscopy. The optical
and electrochemical measurements
reveal a decrease in the HOMO-
LUMO gap with increasing size of the
conjugated macrocycles, and in accord-
ance with the trend, the deactivation of
the excited singlet state to the ground
state is enhanced.

and intact [32]heptaphyrin 5 together

Introduction

Porphyrins contain an extensively conjugated m system, and
such a highly delocalized m system is suitable for efficient
electron-transfer reactions, because the uptake or release of
electrons results in minimal changes of structure and solva-
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tion on electron transfer."¥ Thus, porphyrins have been fre-
quently employed as a component in electron-transfer reac-
tions."”) To optimize the electron-transfer properties or to
shed light on the electron-transfer mechanism, it is essential
to prepare porphyrins with electron-donating or electron-
withdrawing groups, which allows control of the electron-
transfer reactions. For instance, electron-deficient porphyr-
ins with electron-withdrawing groups have been used as cat-
alysts,””! photosensitizers,* and building blocks in supra- and
super-molecular systems” and photonic devices.["!

To satisfy the requirement, various electron-withdrawing
groups have been attached to the porphyrin ring; specific
examples include (- and meso-modified porphyrins bearing
fluoro, chloro, bromo, cyano, nitro, or perfluoroalkyl
groups.” ™ In particular, chemically stable perfluoroalkyl
groups have been introduced into the - or meso-positions
of the porphyrin ring to alter the electronic structure consid-
erably.* 1 510,15,20-Tetrakis(perfluoroalkyl)porphyrinato-
zinc(IT) possesses HOMO and LUMO levels that are stabi-
lized uniformly by nearly 0.7 V relative to 5,10,15,20-tetra-
phenylporphyrinatozinc(II).*) Considering that the widely
used 5,10,15,20-tetraphenylporphyrins (TPP) are synthesized
from the corresponding aryl aldehyde and pyrrole, it is cru-
cial to establish a general route for the introduction of per-
fluoroalkyl moieties into the meso-aryl groups of porphyrins,
which exhibit electron-deficient properties.
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During the course of our studies on the synthesis of elec-
tron-deficient 5,10,15,20-(3,5-bis(trifluoromethyl)phenyl)por-
phyrin 1 from 3,5-bis(trifluoromethyl)benzaldehyde and pyr-
role under acidic conditions, we accidentally obtained a
series of the corresponding expanded porphyrins 2-5 in ad-
dition to conventional porphyrin 1 (Scheme 1). The acid-cat-

sapphyrin 2 (2%), N-fused pentaphyrin 3 (1 %), hexaphyrin
4 (7%), and heptaphyrin 5 (6% ). The molecular structures
were characterized by various spectroscopic methods (see
Experimental Section). The synthesis of meso-aryl-substitut-
ed expanded porphyrins from pyrrole and aryl aldehyde has
been limited to the acid-catalyzed condensation of pyrrole

with 2.6-disubstituted benzalde-

hydes, such as 2,3,4,5,6-penta-

Ar /H A Af>,‘Q:\J(A' fluorobenzaldehyde, 2,6-difluo-
0 TFA )\\ T s Nﬁ @N robenzaldehyde, 2,4,6-trifluoro-
Q + ACHO 3 Chioranil ™ A+ H\WN N\\Vl —y Xf/\r benzaldehyde, 2,6-difluoroben-
H oF Af//TN H\W)\\Ar é/’\li/m\l/; zaldehyde, and 4,6-dichloro-2-
pn O ¢ W \Ar ) phenylpyrimidine-5-carbalde-
[18Jporphyrin 1 [22]sapphyrin 2 [22INFP, 3 hyde."®') On the other hand, it
CFs was reported that benzalde-
- /Ar ”~ hyde, 2-halobenzaldehyde, 2,4-
A e Ar A= N AT dihalobenzaldehyde, and 2,6-di-
2_[ j/\/)\ >\\<Ar B I methylbenzaldehyde failed to
= N N° O\ LN N3
+ LNH Ay HN?/\ * Ar/\i ;iAr give expanded  porphyrins
}\*{Nj}\YNﬁ—/ 2\"“ H }’\“/‘) under similar conditions.'"®!’)
- oA “?=(L~Ai’ Therefore, to the best of our
[26]hexaphyrin 4 [32lheptaphyfin 5 knowledge, this is the first ex-

Scheme 1. Synthesis of a series of meso-3,5-bis(trifluoromethyl)phenyl-substituted expanded porphyrins 2-5

and porphyrin 1.

alyzed one-pot condensation of pyrrole with benzaldehyde
to yield meso-aryl-substituted expanded porphyrins has
been limited to a combination of pyrrole and benzaldehydes,
which bear electron-deficient, bulky substituents at both
ortho-positions."”1 This unexpected finding has led us to
initiate studies on the synthesis and characterization of the
expanded porphyrins 2-5. Herein, we report the structures
and optical, electrochemical, and photophysical properties
of the expanded porphyrins, which were investigated by
using '"H NMR spectroscopy, UV/visible/near-infrared (NIR)
absorption spectroscopy, steady-state fluorescence spectros-
copy, cyclic voltammetry, differential pulse voltammetry,
fluorescence lifetime measurements, and time-resolved tran-
sient absorption spectroscopy. The comprehensive compari-
son of the expanded porphyrins together with the previously
reported analogues and reference porphyrin provides us
basic and valuable information on the chemistry of expand-
ed porphyrins, as well as the synthesis of electron-deficient
porphyrins.

Results and Discussion
Synthesis and Characterization

A solution of 3,5-bis(trifluoromethyl)benzaldehyde and pyr-
role (20 mm each) in CH,Cl, (200 mL) was treated with tri-
fluoroacetic acid (TFA, 4 mmol, 20 mm) for 8 h, followed by
oxidation with chloranil (4 mmol). The resultant mixture
was separated by chromatography on a silica-gel column
with CH,Cly/hexane as eluent to afford porphyrin 1 (5%),

2066

www.chemasianj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ample of meso-aryl-substituted
expanded porphyrins with elec-
tron-deficient and bulky sub-
stituents at both the 3- and 5-
positions from one-pot pyrrole—
aldehyde condensations. These results suggest that the syn-
thesis of meso-aryl-substituted expanded porphyrins requires
aryl aldehyde, which bears strong electron-withdrawing sub-
stituents rather than the sterically hindered ones at the 2-
and 6-positions of the aryl unit. It is noteworthy that the uti-
lization of BF;-OEt, instead of TFA as a catalyst resulted in
the sole production of porphyrin 1 in 18% yield. TFA is a
powerful Brgnsted-acid catalyst in organic medium and the
TFA-catalyzed condensation of pyrrole with aryl aldehyde
to yield expanded porphyrins may originate from the “anion
template effect”, by which the trifluoroacetate ion plays a
crucial templating role, and such effects are rare but are
known in the literature.”™*] Additionally, the amount of
acid catalyst would affect the TFA-catalyzed condensation.
The 'H NMR spectra of the sapphyrin 2 in CD,Cl, show
distinct, sharp peaks for all of the protons at low tempera-
tures (Figure S1 in the Supporting Information). These
chemical shifts are similar to those of the corresponding
protons of previously reported meso-aryl-substituted sap-
phyrins.”! Grazynski and co-workers™™ have reported that
the pyrrole ring opposite to the bipyrrolic unit in meso-aryl
sapphyrins is inverted in its free base form on the basis of
'"HNMR chemical shifts observed for the NH proton and
the B-pyrrole protons of the inverted ring. In the meso-aryl
sapphyrin 2 reported here, such a ring inversion is indeed
observed (Figure S1 in the Supporting Information). With
decreasing temperature from 25°C to —50°C, the broad
peaks arising from some of the ortho-protons gradually
sharpen. The 'HNMR spectrum at —50°C exhibits two
broad singlets at 6=12.02 and —2.59 ppm occurring from

Chem. Asian J. 2008, 3, 2065 -2074
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the outer and inner NH protons. The outer 3-CH protons
appear at low field as four doublet signals at 0 =10.26, 9.15,
9.09, and 8.99 ppm, whereas the inner 3-CH protons emerge
as a singlet at 0=—1.31 ppm. These results indicate that
there is a strong diatropic ring current in 2 because of the
cyclic 22m-electron conjugation.®!

The N-fused pentaphyrin 3 revealed a parent ion at m/z =
1445.1620 (caled for CgH,sFsNs: m/z=1445.1631[M]*) in
its high-resolution FAB (HRFAB) mass spectrum. The
'HNMR spectrum of 3 (Figure S2 in the Supporting Infor-
mation) is similar to that of previously reported meso-aryl
N-fused pentaphyrin.””! The '"H NMR spectrum in CD,Cl, at
—50°C displays two doublets at d =2.01 and 1.62 ppm, and a
singlet at 0 =—2.40 ppm arising from the inner -CH pro-
tons and a broad signal at d=1.05 ppm occurring from the
inner NH proton. The outer $-CH protons appear at low
field as four doublet signals at 6=9.60, 9.15, 8.61, and
8.46 ppm and as a singlet at 6=9.78 ppm. Thus, a maximal
difference in the chemical shifts of the inner and outer pyr-
rolic B-protons (Ad=12.18) is notable for N-fused penta-
phyrin 3, as for the large Ad value (11.57) of 2 arising from
the cyclic 22m-electron conjugation. These results indicate
that 3 possesses a distinct ring current as a result of the 227w-
aromatic-electron network, as described for the meso-aryl
N-fused pentaphyrin®" as well as for the sapphyrins.[*!

The hexaphyrin 4 exhibited a parent ion at m/z=
1736.2121 (caled for C,HzFaNg [M]T: m/z=1736.2114) in
its HRFAB mass spectrum. The "H NMR spectra of 4 are

CeFs CeFs

CeFs CeFs

rectangular conformation of hexaphyrin

found to be critically temperature dependent. Figure 1
shows the '"H NMR spectra in CD,Cl, at various tempera-
tures. At 25°C all the protons appear in a narrow range of
5-9 ppm accompanied by broad signals: d=8.55 (br), 8.24
(s), 8.12 (d, J=4.6 Hz), 7.75 (brs), 7.72 (d, J=1.6 Hz), 7.44
(d, J=4.6 Hz), 6.18 (s), 5.80 (s). These results differ substan-
tially from the previously reported meso-aryl-substituted
[26]hexaphyrins(1.1.1.1.1.1.),””) which have planar and rec-
tangular conformations with two inverted pyrroles. In the
'"HNMR spectrum of meso-pentafluorophenyl-substituted
[26]hexaphyrin(1.1.1.1.1.1.), the inner NH protons and the
inner pyrrolic CH-protons appear as a singlet at 0=
—1.98 ppm and as a doublet at § =—2.43 ppm, respectively,
whereas the outer pyrrolic CH protons are observed as two
doublets at 6=9.11 and 9.44 ppm."**) In contrast, for the
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Figure 1. 'H NMR spectra of hexaphyrin 4 at variable temperatures in
CD,Cl,.

hexaphyrin 4, there exist no sig-
nals at negative 0 values. The
signals at 0=7.75 is attributable
to the NH protons, as it disap-
pears after shaking with D,O.
As the temperature decreases
from 25°C to —50°C, the NH
protons gradually shift to the
downfield with accompanying
line sharpening. Additionally, a
new signal appears at 0=8.16
with the sharpening of signal at
around 6=48.55. This is most
likely caused by the gradual conformational fixation of 4 on
lowering temperature in the NMR time scale. Although the
data were preliminary, the single crystal X-ray diffraction
analysis of 4 displayed that two phenyl groups of 4 were
found to be located above and below the macrocycle with a
planar and rectangular conformation (Figure S3 in the Sup-
porting Information). These results are consistent with the
protons emerging at d=6.18 and 5.8, which can be assigned
to the para- and ortho-protons of the two 3,5-bis(trifluoro-
methyl)phenyl groups arising from the diatropic ring current
of the [26]hexaphyrin macrocycle. Recently, Osuka and co-
worker reported that the introduction of small aryl substitu-
ents, 2-thienyl or 3-thienyl, at both 15- and 30-positions of
meso-aryl-substituted [26]hexaphyrins(1.1.1.1.1.1.) leads to a
stable conformation with all the pyrrole nitrogens pointing

Hexaphyrin 4
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to an inward orientation.”” On the other hand, the hexa-
phyrin 4 also takes a similar conformation with all the pyr-
roles pointing to an inward orientation despite the fact that
all aryl substituents of 4 are rather bulky. These results sug-
gest the structural diversity of expanded porphyrins with in-
creasing m-conjugation pathway.

The heptaphyrin 5 displayed a parent ion at m/z=
2027.2602 (caled for CoHyF,oN; [M]*: m/z=2027.2596) in
its HRFAB mass spectrum. The '"H NMR spectrum of 5 in
CD,Cl, at 25°C exhibits two broad signals at =16.81 and
11.76 ppm arising from the NH protons, which disappear
rapidly upon the addition of D,O, seven broad signals at 6 =
10.57, 8.96, 7.09, 6.79, 6.09, 5.71, and 5.62 caused by the pe-
ripheral B-protons, and eight signals at 0 =8.57-7.39 occur-
ring from the ortho- and para-protons of the phenyl groups
(Figure S4 in the Supporting Information). The observation
suggests a rather rigid, symmetric structure with a nonaro-
matic 32m-electron system. Recently, the concept of Mobius
aromaticity that predicts aromatic nature for [4n] annulenes
lying on a twisted Mobius strip has attracted considerable
interest from the theoretical and experimental viewpoints.*”)
Kim, Osuka, and co-workers reported that heptakis(2,6-di-
chlorophenyl)-substituted [32]heptaphyrin(1.1.1.1.1.1.1.)
shows several conformers with Mobius-type aromatic char-
acter, as revealed by 'HNMR analysis at low tempera-
ture.®™ In contrast, the aromaticity of the [32]heptaphyrin 5
is not detected when the 'HNMR spectra are recorded
from 25°C to —50°C (Figure S4). This implies that the sub-
stituents of meso-phenyl groups in heptaphyrins have a
large impact on the conformation and aromaticity of hepta-
phyrins.

The previously reported meso-aryl-substituted heptaphyr-
ins are not stable in solution and undergo an N-fusion reac-
tion to form N-fused heptaphyrins.*”) Therefore, the chemis-
try of heptaphyrin(1.1.1.1.1.1.1) has been left almost unex-
plored, although the absorption spectra and the X-ray crys-
tal structures of heptaphyrins have been reported. On the
other hand, heptaphyrin 5 is stable in solution, because §
does not have halogen atoms at the 2- and 6-positions of the
meso-aryl groups, which would be susceptible to intramolec-
ular nucleophilic substitution by the nitrogen atoms of the
pyrrole moieties.

N. V. Tkachenko, H. Imahori et al.
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Figure 2. UV/Vis/NIR absorption spectra of a) 1 (——), 2 (-----), 4 (s++=+),

b)3 (—),and 5 (----- ) in toluene.

Optical Properties

The UV/Vis/NIR absorption spectra of 1-5 were measured
in toluene and CH,Cl,. The absorption spectra in toluene
are depicted in Figure 2 and the absorption maxima are
summarized in Table 1. The absorption spectrum of 1 in tol-
uene reveals an intense Soret band at 419 nm and moderate
Q bands at 512, 546, 587, and 644 nm, which are typical
characteristics of 5,10,15,20-tetraphenylporphyrins.'?) The
sapphyrin 2 possesses a split Soret-like band at 496 and
517 nm, indicative of polypyrrolic aromatic macrocycles, ac-
companied by Q bands at 634, 692, 719, and 799 nm.*” The
Soret-like band and Q bands of 2 are relatively red-shifted
than those of corroles and porphyrins. The aromatic N-fused
pentaphyrin 3 exhibits a rather broad absorption with four
peaks at 345, 477, 560, and 1032 nm. The hexaphyrin 4 dis-
plays an intense Soret-like band at 604 nm together with
moderate bands at 328 and 438 nm and weak Q-like bands

Table 1. Band maxima of absorption and fluorescence spectra,* Stokes shifts,/!) and excited-state lifetimes!*! of 1-5.

In toluene In CH,CI,
Aaps ™™ [nm] e [nm] AE e [em™] 7 [ps] Aaps ™™ [nm] g [nm] AE e [em™]
1 419,11 644 647 72 10.2 ns!! 417,11 6420 646 96
2 496,141 517,121 79901 812 200 85041011 492 181 515 [a1 795(0] 808 202
3 47711 560,121 10320 h - ~0.1t 472,181 560,121 102201 h -
4 604,21 963101 998 364 2204201 600,11 961! 994 346
5 628,12 6721 h - 0.3t 626,14 6711 h -
[a] Absorption wavelength maxima at Soret-like bands. [b] Absorption wavelength maxima at lowest energy Q-like bands. [c] Fluorescence wavelength

maxima. [d] Stokes shifts. [e] Excited-state lifetime. [f] Determined by a single photon counting method. [g] Determined by a transient absorption mea-

surement. [h] Not detected.
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at 774, 854, and 963 nm. The absorption spectrum of hepta-
phyrin 5 exhibits split intense bands at 628 and 672 nm as
well as at 407 and 486 nm. In general, the Soret-like bands
of 1-5 show a systematic red-shift with increasing size of the
conjugated macrocycles (Table 1). It is noteworthy that the
absorption band at the longest wavelength of 3 reaches into
the NIR region (1032 nm), which is considerably longer
than those of 4 and 5. A similar absorption trend is noted
for 1-5 in CH,CI, (Table 1). In CH,Cl,, we can compare
these absorption spectra with the previously reported meso-
pentafluorophenyl-substituted expanded porphyrins. The
Soret band (417 nm) and lowest energy Q band (642 nm) of
1 are red-shifted relative to those of the meso-pentafluoro-
phenyl-substituted porphyrin (Soret: 410 nm, Q: 635 nm).!
Such a trend is also seen for N-fused pentaphyrin 3. The
Soret-like bands (472, 560 nm) and lowest energy Q-like
band (1022 nm) of 3 are red-shifted compared to those of
meso-pentafluorophenyl-substituted N-fused pentaphyrin
(Soret: 461, 554 nm, Q: 992 nm).* These trends may be ra-
tionalized by the difference in the electron-withdrawing
abilities of meso-aryl groups. On the other hand, the hexa-
phyrin 4 exhibits a Soret-like band at 600 nm, which is red-
shifted relative to those of meso-pentafluorophenyl-substi-
tuted hexaphyrin, whereas the lowest energy Q-like band at
961 nm is blue-shifted in comparison with those of meso-
pentafluorophenyl-substituted hexaphyrin (1018 nm).*! Fi-
nally, the heptaphyrin 5 reveals split absorption bands at 626
and 671 nm without any low energy bands, while meso-pen-
tafluorophenyl-substituted heptaphyrin discloses similar split
absorption bands at 598 and 641 nm together with a broad,
weak band at 827 nm.?

Steady-state fluorescence spectra of 1-5 were measured in
toluene and CH,CIl,. The expanded porphyrins 3 and § did
not emit under the present experimental conditions.
Figure 3 shows the fluorescence spectra of porphyrin 1 and
the expanded porphyrins 2 and 4 in toluene excited at
510 nm, 550 nm, and 605 nm, respectively. The porphyrin 1
displays two emission bands at 647 and 715 nm, which are
typical characteristics of 5,10,15,20-tetraphenylporphyrins.!-?
The fluorescence spectrum of 2 in toluene shows two peaks
at 812 and 910 nm, while that of 4 reveals intense band at
998 nm together with weak ones at 1106, 1165, and 1210 nm
(Figure 3). The Stokes shift increases with increasing size of
the macrocycles (72 cm™! for 1, 200 cm ™' for 2, and 364 cm™!
for 4 in Table 1). The trend may reflect the conformational
flexibility with increasing size of the macrocyles. The Stokes
shift of 4 is considerably larger than that of meso-pentafluor-
ophenyl-substituted [26]hexaphyrin (94 cm ™), which has
a rather planar and rectangular conformation with two in-
verted pyrroles. Similar fluorescence behavior is noted for 1,
2, and 4 in CH,CI, (Table 1).

Electrochemical Properties

The electrochemical properties of the porphyrin 1 and ex-
panded porphyrins 2-5 were evaluated by using cyclic and
differential pulsed voltammetry. The electrochemical meas-
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Figure 3. NIR fluorescence spectra of a) 1, b) 2, and ¢) 4 in toluene. Exci-

tation wavelengths were chosen as 510 nm for 1, 550 nm for 2, and
605 nm for 4.

urements were performed in CH,Cl, containing 0.1m tetra-
n-butylammonium hexafluorophosphate (TBAPF,) as a sup-
porting electrolyte. The cyclic voltammograms are shown in
Figure 4. For the oxidations, 1, 2, and 4 exhibit quasireversi-
ble oxidation couples, but 3 and 5 reveal irreversible oxida-
tions. For the reductions, 1, 3, 4, and 5 exhibit quasireversi-
ble oxidation couples but not 2. Some of the redox processes
are irreversible and the accurate redox potentials deter-
mined by differential pulse voltammetry are listed in
Table 2. By comparing the redox potentials of TPPF*? and 1,
the porphyrin 1 is more difficult to be oxidized by 0.40 V
and easier to be reduced by 0.25 V than TPP. Except 2 and
3, with increasing size of the macrocycles, the first oxidation
potential is shifted to a negative direction, whereas the first
reduction potential is shifted to a positive direction. Overall,
the difference (A,.q.) decreases with increasing size of the
conjugated macrocycle. This implies a decrease in the elec-
trochemical HOMO-LUMO gap with increasing size of the
conjugated macrocycle. The observed red-shifts of the ab-
sorption and emission (Table 1) are consistent with this
trend. Deviation of 2 and 3 in the trend may result from the
direct connection of the two pyrrole units in 2 and the N-
fused pyrrole moiety of 3, which would influence the elec-
tronic structures of the macrocycles significantly.
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Figure 4. Cyclic voltammograms of a)l, b)2, ¢)3, d)4, and ¢)5 in
CH,CI, containing 0.1 TBAPF, with a scan rate of 0.2 Vs~

Table 2. Redox potentials (versus Fc/Fc*) obtained by differential pulse
voltammetry. !

Compounds  E’e[V]  E'wa[V]  E'w[V]  Eo[V] Ao [V]"
TPPL —1.98 —1.67 0.52 0.82 2.19
1 -1.75 —1.42 0.92 1.08 2.34
2 -1.71 -1.29 0.26 0.64 1.55
3 -1.03 —0.74 0.70 0.95 1.44
4 -1.06 —0.82 0.67 0.80 1.49
5 -1.14 —0.80 0.09 0.31 0.89
[a] in CH,Cl, using 0.1m TBAPF, as a supporting electrolyte with a

sweep rate of 0.01 Vs~ [b] A gox=E'ox—E'rea- [] See Ref. [32].

Photophysical Properties

An understanding of the excited-state properties of expand-
ed porphyrins is an important prerequisite for their possible
applications to materials and biological science and technol-
ogy. Therefore, to disclose the excited-state dynamics of a
series of expanded porphyrins, femto-to-picosecond transi-
ent absorption spectra were recorded following photoexcita-
tion at 420 nm in toluene using the pump-probe technique.

For the sapphyrin 2 in toluene, the pump-probe measure-
ments yield two components (Figure 5). The minor short-
lived component (0.2 ps) is relatively weak and close to the
time resolution of the instrument. This component may cor-
respond to an internal conversion from the higher excited
singlet state (generated by 420 nm light) to the lowest sin-
glet excited state. The major decay component (2 ns) shows
mainly a bleaching of the ground state absorption, which is
similar to conventional porphyrins. The fluorescence lifetime
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Figure 5. Transient absorption component spectra of 2 in toluene ob-
tained from a global two-exponential fit of the data. Lifetimes of the
components are given in the figures.

(ty) of 2 in toluene was measured with the time-correlated
single photon counting apparatus by using an excitation at
650 nm. The fluorescence decay was monitored at 810 nm.
The fluorescence decay is mono-exponential with a lifetime
of 850 ps (Figure S4 and Table 1). This is a more reliable
value for the lifetime of the singlet excited state of 2 than
that estimated from the pump-probe measurements (2 ns),
as the total time-scanning range of the pump-probe instru-
ment is 1 ns, and most of the molecules in the singlet excited
state relax to the triplet excited state, which is also charac-
terized by bleaching of the ground state absorption and is
not spectrally resolved on this time scale. The excited-state
dynamics of p-alkyl-substituted sapphyrin have already been
reported.’ The fluorescence lifetime of 3,8,12,13,17,22-hex-
aethyl-2,7,18,23-tetramethylsapphyrin is 4.7 ns in CH,CL,,*
which is approximately 6 times longer than that of 2. The
reason for the shorter lifetime of 2 may arise from the dif-
ference in molecular conformations, where all the nitrogens
are oriented inward in the case of the f-alkyl-substituted
sapphyrin, whereas 2 undergoes a dramatic 180° flip of the
inverted pyrrole ring (see earlier).

For the pump-probe experiments of the N-fused penta-
phyrin 3, three-exponential fitting gives rise to a reasonably
small mean-square-deviation value (Figure 6a). The fast
component (0.13 ps) is strong but too short to present a reli-
able differential spectrum corresponding to the first reaction
of the excited pentaphyrin. The following decay can be
modeled by two time-resolved components with time con-
stants of 2.2 and 14 ps. It is interesting to note that the tran-
sient spectra repeat the vibrational structure of the ground
state absorption (typical for photo bleaching) following exci-
tation, but at longer delay times, the picture is changed. As-
suming roughly 30 % excitation efficiency, one can calculate
the absorption spectrum at 1 ps delay time (Figure 6b). The
spectrum at 1 ps resembles the ground state absorption but
shows only one maximum. It seems that the N-fused penta-
phyrin 3 relaxes quickly (100-200 fs) to a state similar to the
ground state but with a disturbed conformation (i.e., a non-
relaxed vibrational subsystem).

The fluorescence lifetime (z;) of 4 in toluene was mea-
sured by an up-conversion technique for emission decay
measurements in the NIR region by using an excitation at
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Figure 6. Time-resolved spectroscopy for 3 in toluene: a) Transient ab-
sorption component spectra obtained from a global three-exponential fit
of the data. Lifetimes of the components are given in the figures. b) Nor-
malized transient absorption spectrum of 3 measured at 1 ps delay time
after excitation at 420 nm and ground state absorption spectrum of 3 for
comparison.

410 nm. However, 4 was not stable under the excitation
beam of the femtosecond laser (average excitation power:
~10 mW, excitation pulse width: ~50 fs) and degraded sig-
nificantly during the measurements. Hence, we employed
the pump-probe measurements to determine the lifetime of
the singlet excited state of 4. Transient absorptions of the
hexaphyrin 4 decay almost mono-exponentially with practi-
cally no signal in the near infrared part of the spectrum
(Figure 7a). The fast component (r=4.6ps) has a minor
contribution only, and the main decay component (r=
220 ps) shows a bleaching of the ground state band at
600 nm and formation of a broad absorption in the visible
part of the spectrum. The longer excited singlet state life-
time of 4 (=220 ps) relative to meso-hexakis(pentafluoro-
phenyl)[26]hexaphyrin (z=98 ps)?®! is attributable to the
structural difference between these molecules (see earlier).
The spectrum of the 220 ps component is most probably the
differential spectrum of the singlet excited state. Assuming
30% excitation efficiency, the absorption spectrum of the
singlet excited state can be calculated (Figure 7b).

As described in the '"H NMR studies, the previously re-
ported normal heptaphyrin(1.1.1.1.1.1.1), meso-heptakis-
(pentafluorophenyl)[32]heptaphyrin,® is thermally unsta-
ble. It undergoes an N-fusion reaction to form singly-N-
fused heptaphyrin just upon standing in solution. According-
ly, the excited-state dynamics of heptaphyrins have been ex-
amined for the first time. For the heptaphyrin 5, a three-ex-
ponential fitting yields a reasonably small mean-square-devi-
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Figure 7. Time-resolved spectroscopy for 4 in toluene: a) Transient ab-
sorption component spectra obtained from a global two-exponential fit
of the data. Lifetimes of the components are given in the figures. b) Nor-
malized transient absorption spectrum of 4 measured at 220 ps delay
time after excitation at 420 nm and ground state absorption spectrum of
4 for comparison.

ation value (Figure 8a). The dominating component is the
fast component (0.3 ps), but the 4.6 and 42 ps components
are clearly seen at longer delay times, and can be observed
separately at some wavelengths. At a 1 ps delay time, the
differential spectrum of the sample is the sum of the 4.6 and
42 ps components (cross line in Figure 8b). After 4.6 ps re-
laxation, the spectrum is changed to that of the longest-lived
component (=42 ps). It seems that the electronically excit-
ed state of heptaphyrin 5 has a very short lifetime (7=
0.3 ps) and relaxes to the ground state with a somewhat dif-
ferent configuration or conformation. This “conformational-
ly disturbed” ground state relaxes to the “normal” ground
state in two steps with time constants of 4.6 ps and 42 ps, as
schematically illustrated in Figure 9.

Conclusions

In this paper, we have described the synthesis of a series of
meso-3,5-bis(trifluoromethyl)phenyl-substituted  expanded
porphyrins in addition to 5,10,15,20-tetrakis(3,5-bis(trifluor-
methyl)phenyl)porphyrin. This TFA-catalyzed condensation
route is the first example of a one-pot pyrrole-aldehyde
condensation to a series of meso-aryl substituted expanded
porphyrins without bulky, electron-deficient substituents
both at the 2- and 6-positions of the aryl aldehyde. The spec-
tral, electrochemical, and excited state studies disclosed var-
ious interesting aspects of expanded porphyrins. The optical
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Reaction Coordinate

Figure 9. Schematic representation of the potential energy surface and
the relaxation pathway for heptaphyrin 5.

and electrochemical measurements revealed a decrease in
the HOMO-LUMO gap with the increasing size of the con-
jugated macrocycles. In accordance with the trend, deactiva-
tion of the excited singlet state to the ground state was en-
hanced with increasing size of the conjugated macrocycles.
It is noteworthy that the thermally stable heptaphyrin shows
the unusual nonradiative decay path from the excited singlet
state to the ground state. Finally, with the availability of the
excellent synthetic methodology for expanded porphyrins,
we hope to explore their rich and fascinating chemistry in
the future.
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Experimental Section

General Procedure

Melting points were recorded on a Yanagimoto micro-melting point ap-
paratus and are not corrected. 'H NMR spectra were measured on a
JEOL EX-270 (270 MHz) or a JEOL EX-400 (400 MHz). High-resolu-
tion FAB (HRFAB) mass spectra were recorded on a JEOL JMS-
HX110 A spectrometer using 3-nitrobenzyl alcohol. Electrochemical
measurements were performed on a CH Instruments model 660 A elec-
trochemical workstation using a glassy carbon working electrode, a plati-
num wire counter electrode, and an Ag/Ag® [0.0lm AgNO,; 0.1m
nBu,NPF, (acetonitrile)] reference electrode. The potentials were cali-
brated with ferrocenium/ferrocene [E;q=+0.20 V vs Ag/Ag*]. UV/visi-
ble/near IR absorption spectra were recorded by using a Lambda 900
spectrophotometer (Perkin-Elmer, USA). NIR photoluminescence spec-
tra were recorded by using a SHIMADZU NIR-PL System.

Time-Resolved Spectroscopy Measurements

The time-correlated single photon counting method was used to study
emission decays in pico- to nanosecond time domain in the visible part of
the spectrum. The samples were excited either at 405 nm or 650 nm by
LDH-P-C-405B or LDH-P-650 laser diodes (PicoQuant GmbH), respec-
tively. The emission was detected by a micro-channel photomultiplier
(R3809U-50, Hamamatsu Inc.) coupled with a monochromator. The sig-
nals were processed by PicoHarp 300 electronic module (PicoQuant
GmbH). Typical time resolution of the instrument was 80 ps (FWHM).

Transient absorption and fast emission decays were measured by pump-
probe and up-conversion experiments, respectively, as described else-
where.* In brief, the excitation wavelength was 420 nm (second harmon-
ic of Ti:sapphire laser). A white-light continuum was used as the probe in
pump-probe measurements, and the transient spectra were recorded by a
cooled CCD detector coupled with a monochromator. The transient spec-
tra were measured in the 450-1100 nm wavelength range. The time reso-
lution was roughly 200 fs (FWHM) for both instruments, and the maxi-
mum time scan range was 1 ns.

Materials

All solvents and chemicals were of reagent-grade quality, obtained com-
mercially, and used without further purification unless otherwise noted.
Thin-layer chromatography (TLC) and flash column chromatography
were performed with 25 DC-Alufolien Aluminiumoxid 60 F254 Neutral
(Merck), and Silica gel 60N (Kanto Chemicals), respectively.

Preparation of meso-3,5-Bis(trifluoromethyl)phenyl-Substituted Expanded
Porphyrins

A solution of 3,5-bis(trifluoromethyl)benzaldehyde (0.73 g, 4 mmol) and
pyrrole (0.28 mL, 4 mmol) in CH,Cl, (200 mL) was placed in a 300 mL
round-bottom flask under nitrogen. To the solution, TFA (0.31 mL,
4 mmol) was added, and the resulting solution was stirred for 8 h. After
adding chloranil (0.98 g, 4 mmol), the solution was stirred for 3 h, then
passed through a short alumina column to remove the tar. The reaction
mixture was then separated by silica-gel column chromatography. By
using 10% CH,Cl, in hexane, five different colored fractions, that is,
green (heptaphyrin), violet (porphyrin), blue (hexaphyrin), yellow (sap-
phyrin), red (N-fused pentaphyrin) ones, were obtained. Each fraction
was concentrated, and reprecipitated from CH,Cl/MeOH to afford por-
phyrin 1 (5%), sapphyrin 2 (2%), N-fused pentaphyrin 3 (1%), hexa-
phyrin 4 (7%), and heptaphyrin 5 (6% ). Synthesis and characterization
of porphyrin 1 have already been reported.”®!

[22]Sapphyrin 2: Yellow solid (20 mg, 2% ); m.p.: >300°C; UV/Vis (tolu-
ene): An. (¢)=317 (20000), 389 (17000), 496 (190000), 517 (130000), 634
(10000), 692 (20000), 719 (15000), 799 nm (6100M 'cm™'); 'H NMR
(400 MHz, CD,Cl,, —50°C): 6=12.02 (s, 1H; NH), 10.26 (d, /J=4.4 Hz,
2H; p-H), 10.06 (s, 2H; 0-H), 9.15 (d, /J=4.4 Hz, 2H; B-H), 9.09 (d, /=
4.4Hz, 2H; $-H), 8.99 (d, J=4.4 Hz, 2H; B-H), 8.90 (s, 2H; 0-H), 8.82
(s, 2H; o-H), 843 (s, 2H; p-H), 8.17 (s, 2H; p-H), 7.71 (s, 2H; o-H),

Chem. Asian J. 2008, 3, 2065 -2074



meso-3,5-Bis(trifluoromethyl)phenyl-Substituted Expanded Porphyrins

—1.31 (s, 2H; B-H), —2.59 ppm (s, 2H; NH); MS (HRFAB): m/z (%)
caled for CsgH,sF,,Ns: 1223.1727 [M]7; found: 1223.1724.

[22]N-fused pentaphyrin 3: Purple solid (12mg, 1%); m.p.: >300°C;
UV/Vis (toluene): A, (g)=345 (30000), 477 (58000), 560 (61000),
1032 nm (4500m~'em™"); '"HNMR (400 MHz, CD,Cl,, —50°C): 0=9.84
(s, 1H; phenyl), 9.78 (s, 2H; p-H), 9.60 (d, /=5.2 Hz, 1H; -H), 9.15 (d,
J=5.2Hz, 1H; f-H), 8.74 (m, 3H; phenyl), 8.61 (d, J=4.4 Hz, 1H; $-H),
8.57 (s, 3H; phenyl), 8.46 (d, J=4.4 Hz, 1H; p-H), 8.40 (s, 1H; phenyl),
8.39 (s, 1H; phenyl), 8.26-8.22 (m, 2H; phenyl), 8.19 (s, 1H; phenyl),
8.14 (s, 1H; phenyl), 8.04 (s, 1H; phenyl), 7.38 (s, 1 H; phenyl), 2.01 (d,
J=44Hz, 1H; -H), 1.62 (d, /=4.4Hz, 1H; f-H), 1.05 (s, 1H; NH),
—2.40 ppm (s, 1H; f-H); MS (HRFAB): m/z (%) caled for CgsH,sF3Ns:
1445.1631 [M]*; found: 1445.1620.

[26]Hexaphyrin 4: Blue solid (81 mg, 7% ); m.p.: >300°C; UV/Vis (tolu-
ene): Ay, (8)=328 (53000), 437 (29000), 604 (140000), 774 (8600), 854
(12000), 963 nm (3000m 'cm™'); '"H NMR (270 MHz, CD,Cl,, —50°C):
0=8.62 (s, 4H; o-H), 8.23 (s, 4H; p-H), 8.16 (s, 4H; o-H), 8.14 (d, /=
4.6 Hz, 4H; p-H), 7.81 (d, J=1.6 Hz, 4H; p-H), 7.49 (d, /J=4.6 Hz, 4H,
B-H), 7.25 (brs, 2H; NH), 6.06 (s, 2H; p-H), 5.50 ppm (s, 4H; o-H); MS
(HRFAB): m/z (%) caled for CHjF3Ng: 1736.2114 [M]*; found
1736.2121.

[32]Heptaphyrin 5: Green solid (70 mg, 6%); m.p.: >300°C; UV/Vis
(toluene): A, (e)=407 (63000), 486 (28000), 628 (59000), 672 nm
(69000m'ecm™); '"HNMR (400 MHz, CDCl,, 25°C): 6=16.81 (s, 2H;
NH), 11.76 (s, 2H; NH), 10.57 (s, 2H; p-H), 8.96 (s, 2H; p-H), 8.57 (s,
4H; phenyl), 826 (s, 2H; phenyl), 7.98 (s, 1H; phenyl), 7.94 (s, 2H;
phenyl), 7.79 (s, 4H; phenyl), 7.67(s, 3H; phenyl), 7.62 (s, 3H; phenyl),
7.39 (s, 2H; phenyl), 7.09 (d, J=4.4 Hz, 2H; -H), 6.79 (s, 2H; p-H), 6.09
(br s, 2H; B-H), 5.71 (brs, 2H; p-H), 5.62 ppm (brs, 2H; p-H); MS
(HRFAB): m/z (%) caled for CyHiF,N;: 2027.2596 [M]*; found:
2027.2602.
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