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Light-Harvesting Supramolecular Porphyrin Macrocycle Accommodating a
Fullerene-Tripodal Ligand

Yusuke Kuramochi,”™ Akiharu Satake,”! Mitsunari Itou,”” Kazuya Ogawa,

Yasuyuki Araki,” Osamu Ito,” and Yoshiaki Kobuke*!® ¢!

Abstract: Trisporphyrinatozinc(II) (1-
Zn) with imidazolyl groups at both
ends of the porphyrin self-assembles
exclusively into a light-harvesting cyclic
trimer (N-(1-Zn);) through comple-
mentary coordination of imidazolyl to
zinc(IT). Because only the two terminal
porphyrins in 1-Zn are employed in
ring formation, macrocycle N-(1-Zn),
leaves three uncoordinated porphyrina-
tozinc(II) groups as a scaffold that can
accommodate ligands into the central
pore. A pyridyl tripodal ligand with an
appended fullerene connected through
an amide linkage (Cg-Tripod) was syn-
thesized by coupling tripodal ligand 3
with  pyrrolidine-modified fullerene,
and this ligand was incorporated into
N-(1-Zn);. The binding constant for
Cg—Tripod in benzonitrile reached the

Introduction

Photosynthetic organisms have developed characteristic
light-harvesting antenna (LH) systems to capture weak
energy from sunlight and efficiently transfer it to the reac-

order of 10°m". This value is ten times
larger than those of pyridyl tetrapodal
ligand 2 and tripodal ligand 3. This be-
havior suggests that the fullerene
moiety contributes to enhance the
binding of Cy—Tripod in N-(1-Zn);.
The fluorescence of N-(1-Zn); was
almost completely quenched (x97 %)
by complexation with Cg-Tripod, with-
out any indication of the formation of
charge-separated species or a triplet
excited state of either porphyrin or
fullerene in the transient absorption
spectra. These observations are ex-
plained by the idea that the fullerene
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[a]

moiety of Cyq—Tripod is in direct con-
tact with the porphyrin planes of N-(1-
Zn); through fullerene—porphyrin m—x
interactions. Thus, C4—Tripod is accom-
modated in N-(1-Zn); with a i—x inter-
action and two pyridyl coordinations.
The cooperative interaction achieves a
sufficiently high affinity for quantita-
tive and specific introduction of one
equivalent of tripodal guest into the
antenna ring, even under dilute condi-
tions (~107"M) in polar solvents such
as benzonitrile. Additionally, complete
fluorescence quenching of N-(1-Zn),
when accommodating Cg,—Tripod dem-
onstrates that all of the excitation
energy collected by the nine porphyrins
migrates rapidly over the macrocycle
and then converges efficiently on the
fullerene moiety by electron transfer.

tion center (RC).[" LH systems in purple bacteria, in partic-
ular, have been extensively studied and fully characterized.

Purple bacteria have two types of cyclic antenna, LH1? and
LH2.P! They operate in biological membranes to transport
the energy captured by LH2 to the RC located in LH1 with
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Supporting information for this article is available on the WWW

under http://www.chemeurj.org/ or from the author. It contains
MALDI-TOF mass spectral and GPC analyses of C-(1-Zn);, GPC
analyses of 9 and 10; an HMQC spectrum of N-(1-Zn);, Q band curve
fitting of N-(1-Zn); by N-(5-Zn), and 6-Zn, UV/Vis titration spectra

of 2 in benzonitrile, time-resolved spectra (fluorescence decay and

transient absorption) of the complex of N-(1-Zn); and Cy-Tripod, and
'H and *C NMR spectra of Cg-Tripod.
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high efficiency.! Excitation of the special pair initiates
charge separation followed by multistep electron-transfer re-
actions in the RC to give a transmembrane proton gradient
that is coupled with adenosine triphosphate (ATP) produc-
tion through an ATP-synthase enzyme.["! This is the primary
energy source of all of the living organisms on earth, and ap-
plication of the photosynthetic-energy-conversion system
has great potential to resolve energy and environmental
problems in the world.

A number of researchers have attempted to construct arti-
ficial light-harvesting systems by covalent®® or noncova-
lent®7 approaches. Both approaches provide important con-
tributions not only to understanding the natural system, but
also in creating efficient energy-harvesting systems. The
noncovalent self-assembly approach has the merit of using
simple construction units with minimum synthetic effort. It
also allows us to mimic the sophisticated construction princi-
ples of nature.

Mimicking the RC is also im-
portant for further conversion
of the captured energy into
electrochemical potential. Full-
erene has been widely used for
various  synthetic  porphyrin
models as an electron acceptor
because of its small reorganiza-
tion energy (1) in photoinduced
electron-transfer ~ reactions.®”
In these studies, the porphyrin
and the fullerene units were
also connected through either
covalent’” or noncovalent link-
ers.'” Polar solvents, such as
benzonitrile, are often used in
the study of photoinduced elec-
tron transfer of covalently
linked systems because they
stabilize the charge-separated
species and can maintain a
long-lived charge-separated
state. However, the use of polar
solvents produces difficulties
for noncovalent linker systems
because coordination and hy-
drogen-bonding interactions are
weakened, which leads to cleav-
age of the conjugates in polar
solvents. To overcome this diffi-
culty, multipoint binding be-
tween the porphyrin and the
fullerene units was used,'*? but
addition of excess amounts of
ligand was necessary to obtain
significant amounts of the por-
phyrin—fullerene conjugate in
benzonitrile.

2828 —— www.chemeurj.org

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

We previously reported that bis(imidazolylporphyrinato-
zinc) linked through an m-phenylene or m-bis(ethynylene)-
phenylene moiety afforded a macrocyclic hexamer and pen-
tamer by complementary coordination of imidazolyl to
zinc(IT) (Figure 1).'123] These macrocycles mimicked the
structure of LH2 and achieved rapid energy transfer in por-
phyrinic pigments without losing their fluorescence proper-
ties.'>" In a previous communication,™ this supramolec-
ular methodology was applied to 1-Zn, which had imidazol-
yl groups at both porphyrin ends and exclusively gave mac-
rocyclic trimer N-(1-Zn); (Figure 1). In this macrocycle, the
two terminal porphyrins in 1-Zn participated in ring-form-
ing complementary coordinations, and the uncoordinated
central porphyrinatozinc(II) provided the scaffold to specifi-
cally accommodate a ligand, such as tetrakis{4-[(4-pyridyl)-
ethynyl]phenyl}jmethane (2), in the pore of N-(1-Zn); by
three-point coordination from pyridyl to the zinc moieties.
In composite 2/N-(1-Zn),, ligand 2 possesses a fourth arm

Treatment with Zn(OAc),
Reorganization

Modeling for LH2"" Modeling for LH1

Ry = -(CH,);0CH,CH=CH, __
R, = -(CH,),CO,Me —

Figure 1. Structures of the porphyrin macrocycles. Arrows indicate the uncoordinated porphyrinatozinc sites.
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that does not participate in conjugate formation and can be
modified with energy or an electron-acceptor unit. Although
various types of light-harvesting and RC models that use
porphyrins and electron-acceptor molecules have been re-
ported independently, their combined architectures have
been constructed in only a limited number of cases to
date."! Herein, we report the synthesis of a fullerenetripo-
dal ligand (Cy4Tripod) by modifying one arm of the tetra-
podal ligand with a fullerene moiety (Figure 2) and incorpo-
rated it into N-(1-Zn); with three-point binding of the pyr-
idyl to the zinc moieties. The multipoint binding enabled us
to investigate the photochemical properties of the antenna/
electron acceptor composite, even in benzonitrile. Herein
we also describe detailed structural studies of the free-base
trisporphyrin (1), ring formation behavior of 1-Zn, and the
incorporation of trispyridine derivatives into N-(1-Zn);.

Results

Synthesis of 1: Free base 1 was synthesized by two porphy-
rin condensation reactions based on Lindsey’s method
(Scheme 1).' The first condensation of 1-methylimidazole-
2-carboxaldehyde, 3-(4,4-dimethyl-2,6-dioxane-1-yl)benzal-
dehyde, and meso-(3-allyloxypropyl)dipyrromethane afford-
ed monomeric porphyrin 5 in a yield of 13 %! accompa-
nied by two porphyrin by-products, bis(3-(4,4-dimethyl-2,6-
dioxan-1-yl)phenyl)porphyrin 6 and bis(1-methylimidazol-2-
yl)porphyrin. Porphyrin by-product 6 was also isolated for
use as the reference material. The second condensation of 4,
which was obtained by deprotecting 5, and meso-methoxy-
carbonylethyldipyrromethane!™® gave 1 in a yield of 24%
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(based on 4). Because the second condensation did not
afford porphyrin by-products except for tarry materials, the
purification of 1 was easily achieved by means of silica gel
column chromatography.

The '"H NMR spectrum of 1 in CDCl, showed signals of a
slightly complex nature (Figure 3). The Im-4, Im-5, and N-
Me protons had four nonequivalent signals (at 6=7.681,
7.677, 7.65, and 7.64 ppm for Im-4; 7.47, 7.45, 7.44, and
7.41 ppm for Im-5; 3.40, 3.37, 3.36, and 3.30 ppm for N-Me,
respectively) with the same integration values. On the other
hand, the Ph-2 protons had six nonequivalent signals be-
tween 6 =8.97 and 9.13 ppm, in which the two signals indi-
cated by e had an integration value twice as large as the
four signals indicated by o. Because each porphyrin is ori-
ented perpendicularly to the m-phenylene and N-methylimi-
dazolyl moieties to reduce steric hindrance, there is a possi-
bility that 1 has several atropisomers unless free rotation is
allowed. These nonequivalent signals for the imidazolyl and
phenyl moieties suggest the existence of their isomers.

Synthesis of Cg—Tripod: The tripodal ligand Cy—Tripod,
which is connected to a fullerene moiety through amide
bonding, was synthesized according to Scheme 2. 4-(Triphe-
nylmethyl)benzoic acid was synthesized according to a pub-
lished procedure.'”) The iodination of 4-(triphenylmethyl)-
benzoic acid was carried out by using bis(trifluoroacet-
oxy)iodobenzene (5 equiv) and I, (5 equiv) at 60°C in CCl,
to give a mixture of 7 and tetraiodo-substituted 7 in a molar
ratio of 1:1. When smaller equivalents of bis(trifluoroacetox-
y)iodobenzene (2.5 equiv) and I, (2.5 equiv) were used, a
mixture of 7 and the meta-iodo compound (see Scheme S1
in the Supporting Information) was formed in a molar ratio

N-(1-Zn)s / tripodal ligand

Figure 2. Structures of tripodal ligands 2, 3, and Cy—Tripod.

Chem. Eur. J. 2008, 14, 2827 -2841
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Scheme 1. Synthetic routes for trisporphyrin 1-Zn, reference dimer N-(5-Zn),, and monomer 6-Zn.
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Figure 3. a) "H NMR spectrum of 1 in CDCl, at room temperature. Magnifications of the signals for Ph-2 (b),

Im-4 and Im-5 (c), and Im N-Me (d) are also shown.

of 1:1. Further iodination of this mixture with bis(trifluoroa-
cetoxy)iodobenzene (3 equiv) and I, (3 equiv) gave a mix-
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ture of 7 and tetraiodo-substitut-
ed 7 in a molar ratio of 1:1,
which indicated that the iodina-
tion of meta-iodo-substituted
phenyl occurred selectively. In
this step, the use of an excess
amount of bis(trifluoroacetoxy)-
iodobenzene and I, is necessary
because the meta-iodo-substi-
tuted compound cannot be re-
moved even after the next cou-
pling reaction. The coupling re-
action of the mixture of 7 and
tetraiodo-substituted 7 with 4-
ethynylpyridine was carried out
in the presence of [Pd(PPh;),CL,]
and Cul.™ Tetraiodo-substituted
7 was also coupled with 4-ethy-
nylpyridine to afford the corre-
sponding  tetrapyridyl com-
pound, which could be easily re-
moved by means of silica gel
column chromatography. The
desired tripyridyl derivative 3
was isolated in a yield of 57 %
based on 7 as the starting mix-
ture. The Cg—Tripod ligand was

obtained in a yield of 21 % by condensation of 3 with pyrro-
lidine—Cg,*! by using BOP as the coupling agent.

Chem. Eur. J. 2008, 14, 28272841
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Pd(PPh;),Cl, Cul
THF / diethylamine

Scheme 2. Synthetic route of Cy—~Tripod. BOP: 1H-benzotriazol-1-yloxytris-(dimethylamino)phosphonium hex-

afluorophosphate.

Reorganization of 1-Zn into a macrocycle: Treatment of 1
with Zn(OAc), in CHCI; quantitatively afforded the corre-
sponding zinc complex 1-Zn (Scheme 3). During zinc inser-
tion, insoluble material that resulted from a polymeric spe-
cies of 1-Zn was partially generated. This insoluble material
was dissolved in CHCI;, in which it was solubilized by the
addition of a mixture of pyridine and toluene (1:2), and
evaporated. This procedure converted the insoluble polymer
into oligomeric assemblies of smaller molecular weights
(Figure 4a). To convert the linear oligomers and any large
ring compounds into macrocyclic species, the as-prepared
mixture of 1-Zn was subjected to a reorganization proce-
dure in which a solution of the as-prepared mixture was di-
luted to 0.02 mm in CHCl;/MeOH (9:1, v/v) and allowed to
stand at 27°C for one day in the dark. The solvent was care-
fully evaporated at 30°C under reduced pressure.”? The
equilibrium of the complementary coordination of imidazol-
yl to zinc(II) under dilute conditions drives linear oligomers

Chem. Eur. J. 2008, 14, 2827 -2841
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and larger ring compounds to
converge into a single product
that shows a sharp signal at
12.8 min in the gel permeation
chromatogram  (Figure 4b)."!
When the reorganization was
performed wunder a higher
methanol composition (CHCly/
MeOH 7:3)1¢ or at lower tem-
perature (=17°C), another as-
sembly appeared at 12.3 min as
a small signal in the gel perme-
ation chromatogram (Figure 4b,
inset). To obtain the single
product appearing at 12.8 min,
careful control of the solvent
composition  (methanol and
chloroform) and temperature is
required.

To determine the number of
1-Zn units in the assembly, the
MALDI-TOF mass spectrum of
the assembly was measured.
Even though the assembly was
very stable in noncoordinating
solvents, the assembled struc-
ture did not appear under the
mass spectrometer conditions
and predominantly showed a
signal for monomeric 1-Zn. To
prevent the dissociation of the
assembly under the mass spec-
trometer conditions, multisite
ring-closing metathesis reac-
tions!''“¥ of the meso-olefinic
groups were carried out by
using first-generation Grubbs
catalyst.”” The MALDI-TOF
mass spectrum of the covalently
linked assembly showed a signal corresponding to C-(1-Zn);
(caled for [M+H]: m/z: 5816.5; found: 5816.4), which is the
covalently linked trimer of 1-Zn (Figure S1 in the Support-
ing Information). The coincidence between the theoretical
and the observed molecular weights further supports the hy-
pothesis that this assembly has no terminal olefinic groups,
that is, it is the ring structure. The gel permeation chroma-
tography (GPC) trace of C-(1-Zn); also gave a sharp signal
at a slightly longer retention time (12.9 min) than that of N-
(1-Zn);, which reflects the loss of three ethylenic parts by
the metathesis reaction (Figure S2 in the Supporting Infor-
mation).

Tetraiodo compound

GPC analysis of the macrocycles and noncyclic oligomers:
The GPC retention time gives information about the hydro-
dynamic volume, which reflects the molecular shape. To
obtain further evidence for the ring structure of N-(1-Zn);,
a series of noncyclic porphyrin arrays was prepared and

2831
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1) Zn(OAc),

2) reorganization

Im-5 N%N -Nz
Im-4 H'

R" = -(CH,)s0CH,CH=CH;
R? = -(CH,),CO,Me

Scheme 3. Formation of the self-assembled macrocycle.
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as-prepared

ocy 128
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b)
reorganized
(27 °C)
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Retention time / min ——»
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Figure 4. Gel permeation chromatograms of a) the as-prepared mixture
and b) the reorganized sample of trisporphyrinatozinc(II) 1-Zn treated
with CHCly/MeOH =9:1 and [1-Zn]=0.02 mm at 27°C. The inset shows
the reorganized sample of 1-Zn treated with CHCl/MeOH =9:1 and [1-
Zn]=0.02 mm at 17°C.

compared with the cyclic porphyrins by using GPC. Two
types of noncyclic porphyrin arrays were prepared, array 9,
which has dimeric porphyrin units at both ends, and array
10, which has monomeric units at the ends. They were pre-
pared by mixing N-(1-Zn); with N-(5-Zn), or monoimida-
zolyl gable porphyrin 81 in pyridine, followed by solvent
evaporation. Dissolution of the residue in chloroform af-
forded a series of noncyclic porphyrin arrays (Scheme 4).
The GPC charts of 9 and 10 are shown in Figure 5. Each

2832
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Cj;, symmetric Asymmetric

N-(1-Zn);

signal in Figure 5a corresponds to noncyclic arrays 9 (n=0,
1, 2, 3, and 4). Similarly, arrays 10 (n=0, 1, and 2) were ob-
served separately in Figure 5b. Figure 6 shows logarithmic
plots of the molecular weights of the cyclic (@) and noncy-
clic (a and 2) porphyrin arrays as a function of their reten-
tion times. The authentic cyclic gable pentamer and hexa-
mer!*® were also plotted (0). A dotted straight line was
drawn connecting the open and filled triangles. Two series
of the noncyclic arrays are on the straight line, which indi-
cates that the hydrodynamic volume behaves similarly for
different porphyrin ends. Cyclic arrays (N-(1-Zn)s,, its cova-
lently linked derivative C-(1-Zn);, and the authentic gable
pentamer and hexamer) are located above the line in an
almost linear fashion. This result indicates that the cyclic
arrays have smaller hydrodynamic volumes than the noncy-
clic arrays. The longer retention times observed for N-(1-
Zn); and C-(1-Zn); compared with the noncyclic arrays (9
and 10) are fully consistent with the general tendency of the
cyclic structures.6s2+2°]

Structural analysis of the macrocycle by NMR spectroscopy:
The unambiguous proof of the cyclic structure of N-(1-Zn),
was obtained by NMR spectroscopy analysis. Although the
proton NMR spectrum of noncovalently linked cyclic trimer
N-(1-Zn); was complicated, most of the signals were assign-
able with support of 2D NMR measurements (COSY,
TOCSY, and HMQC). COSY NMR spectroscopy showed
that one set of four signals was correlated with another set
of four signals (i.e., between 0=4.55-4.82 and 1.69-

Chem. Eur. J. 2008, 14, 28272841
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pyridine

R" = -(CH,);0CH,CH=CH,
R?= -(CH,),CO,Me

Scheme 4. Formation of the noncyclic porphyrin array.

10(n=01,2)
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Figure 5. Gel permeation chromatograms of a series of noncyclic porphyrin arrays 9 (a) and 10 (b).

1.89 ppm, Figure 7) and HMQC (Figure S3 in the Support-
ing Information) showed that these signals were correlated
with the signals of imidazolyl carbons (6 = =120 ppm). For
all of the Im-4 and Im-5 protons, one set of four signals con-
sisted of one big (0) and three small (@) signals with an in-
tegration ratio of 2:1, irrespective of “in” and “out” configu-
rations (Figure 7). This signal integral ratio can be explained
by assuming that there is a mixture of two topological iso-
mers (Cy, symmetric® and asymmetric) in a ratio of 2:3.
For each in and out proton, the signals of the C;,-symmetric
macrocycle exhibit only a single set of trisporphyrin signals
because the three trisporphyrins are in the same environ-
ment. On the other hand, the signals of the asymmetric mac-

Chem. Eur. J. 2008, 14, 2827 -2841
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rocycle show three sets of trisporphyrins because the three
trisporphyrins are all in different environments. Thus, the
one big (0) and three small (@) signals in Figure 7 can be
assigned to the C;,-symmetric and asymmetric macrocycles,
respectively. The ratio (o/3 @) corresponds to the formation
ratio of the asymmetric and symmetric macrocycles.

The key signals that prove the cyclic structure are the imi-
dazolyl protons inside and outside the ring. In the reference
dimer, N-(5-Zn),, the Im-4 protons were observed at
around 2.1 ppm because of the shielding effect of the coor-
dinating porphyrin. For N-(1-Zn);, the Im-4 protons ap-
peared in two different positions for the symmetric and
asymmetric ring isomers. One of the groups of Im-4 protons

— 2833
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Figure 6. Plots of the retention time versus log M,, for cyclic and noncy-
clic porphyrin arrays. The dashed line is configured by a least-mean-
squares approximation of the plots of noncyclic porphyrin arrays 9 (a)
and 10 (2). The hexameric and pentameric macrocycles of gable porphyr-
ins!"'*®) are plotted as authentic samples of the cyclic structure.

Im-5 out Im-5in

M

0.1 ppm (0=2.2-2.3 ppm; Figure 7). The larger shift range
for the inner protons reflects the fact that the inner protons
are influenced more strongly by the macrocycle topology. In
addition, all of the outside N-Me protons of Cj,-symmetric
and asymmetric macrocycles appeared at the same position
(6=1.69 ppm), which reflects the weak influences from the
macrocycle topology. The difference in magnitude of the
topological influence between inside and outside is also ob-
served in the B-pyrrole proton adjacent to the imidazolyl
group and the Im-5 protons.””! The clear differentiation of
these protons into a single signal or three different signals
allows the assignment of the ring structures as Cy,-symmet-
ric and asymmetric topological isomers, respectively.

Absorption and fluorescence properties of the macrocycle
and complexation with a tetrapodal ligand: The absorption
spectrum of macrocycle N-(1-Zn); in toluene is shown in
Figure 8 (solid line), and the peak positions of the Soret and
Q bands are listed in Table 1.
The Soret band exhibited a
large split (at 411 and 443 nm;
AE=1760cm™") by dipole-

A

. T :
50

o ,N\LL.)./V“\)AM*WMM ﬂW‘l
I ‘ 5 .|5 ‘

dipole exciton coupling®®” from

slipped-cofacial and m-phenyl-
ene-bridged interactions. The
shape of the Q band was close
to the sum of N-(5-Zn), and 6-
Zn in a ratio of 1:1, and a negli-
gibly small excitonic coupling
was observed (Figure S4 in the
Supporting Information) be-
cause the Q bands of porphyrin
have much smaller oscillator
strengths than the Soret

[\ T
L]

v Y
ul -

iF

no -w|

band.”® The peaks at 565 and
619.5 nm correspond to the co-

Figure 7. Correlation of the proton signals for Im-4 and Im-5 in N-(1-Zn); on the COSY spectrum recorded at

600 MHz in CDCl,.

appeared at d=2.26 ppm in the C;,-symmetric ring and at
0=2.30, 2.23, and 2.20 ppm in the asymmetric ring, and the
other Im-4 protons appeared at d=1.72 ppm in the Cj,-sym-
metric and 0=1.89, 1.86, and 1.69 ppm in the asymmetric
rings. Whereas the former set of Im-4 protons was shifted to
a similar position to that of N-(5-Zn),, the latter protons
were further shifted to higher fields. Therefore, the former
and latter signals can be assigned to the Im-4 protons out-
side and inside the ring, respectively. The inner protons
should receive further upfield shifts of 6=0.4-0.5 ppm by
anisotropic effects from other porphyrins of the ring compo-
nents. A similar behavior was observed for the Im-5, N-Me,
and B-pyrrole protons adjacent to the imidazolyl group.
Four signals for the inner Im-4 protons ranged over ap-
proximately 0.2 ppm (6=1.7-1.9 ppm) in contrast to the
outside protons, in which the range is approximately

2834 ——
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ordination dimer parts, whereas
the peak at 556 nm is contribut-
the

ed from uncoordinated

0.8

T T T T T T
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Figure 8. UV/Vis absorption spectra of N-(1-Zn); (—) and N-(1Zn),

with of 2 (1.5 equiv; gray line) in toluene (5.6 x 10~"m). The inset shows a
magnification of the Q band region.
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Table 1. Absorption and fluorescence spectral data in toluene. quantitatively under dilute con-

ditions.*¥ A '"H NMR spectros-

Absorption [nm] Fluorescence!® [nm)] Storks shift B

Soret Q(1,0) Q(0,0) Q(0,0) Q(0.,1) [em™] [%] copy titration of 2 with N-(1-
6-Zn 423 553 592 601 651 253 34 Zn); was also performed in
6-Zn/Im' 431 569 611 620 673 238 37 CDCl, (IN-(1-Zn)5] =2.6 x
N-(5-Zn), 413.5, 437 566.5 618.5 622 681 91 49 4 . )
N-(1-Zn); 411, 443 556, 565 619.5 623 680 91 5.1 10 M) to ﬁ,nd the structure of
N-(1-Zn),2 4125446 567 620 624 679 103 so the composite of 2 and N-(1-

[a] Excited at 550 nm. [b] ¢; values were determined by using ZnTPP ¢:=3.3% as the standard value.*

[c] In the presence of an excess amount of N-methylimidazole.

monomeric porphyrin units. The shift of the peak at 556 nm
to a longer wavelength can be useful in monitoring coordi-
nation on the free porphyrinatozinc.

The steady-state fluorescence spectrum of N-(1-Zn); was
similar to that of dimer N-(5-Zn), (Table 1). The fluores-
cence quantum yields (@;) of monomer 6-Zn, dimer N-(5-
Zn),, and macrocycle N-(1-Zn); were 3.4, 4.9, and 5.1 %, re-
spectively. The quantum yield of N-(5-Zn), is higher than
that of 6-Zn, and its Stokes shift is smaller (91 cm™' for N-
(5-Zn), and 253 cm™" for 6-Zn), which indicates that the co-
ordination dimer provides a more rigid structure and higher
fluorescence intensity compared with 6-Zn. The fluores-
cence quantum yield of N-(1-
Zn); was still maintained even

Zn);. However, the NMR spec-
tra became very complex and
broad upon the addition of 2
and it became difficult to assign
the signals.

Complexation of the macrocy-
cle with Cg-Tripod in benzonitrile: Photoinduced-electron-
transfer experiments are usually conducted in polar solvents,
such as benzonitrile, to stabilize the charge-separated state.
Macrocycle N-(1-Zn); is extremely, stable even in benzoni-
trile, as determined by the fact that the UV/Vis spectral
shapes were unchanged in the concentration range of 10~
to 10~*m at 25°C even after standing for several days. There-
fore, it was not necessary to covalently connect the trispor-
phyrin units by a metathesis reaction for the following pho-
tochemical measurements.

Table 2. Absorption and fluorescence spectral data in benzonitrile.

though three monomeric por-

. . . Absorption [nm] Fluorescence [nm] ¢ Binding constant®
phyr%ns and three dimeric por- Soret 0(10) Q00 Q0.0 0(0.1) (%] (]
phyrins were accumulated in
| imitv. The hich fl N-(1-Zn); 412.5,445 565 619.5 624! 675! 39 -
close proximuty. The fugh O N (1_7n),2 413,445 567 6195 - - - 12x107
rescence quantum yield is fa-  N.(1-zn)y3 413,4455 567 619.5 6241 6771 396 21x107
vorable for the long-range exci- N-(1-Zn)y/Cq-Tripod 414, 446 567 620 6251 676! 0.111  3.1x10°

tation-energy transfer among
the macrocycles by a singlet—
singlet energy-transfer process.
We previously synthesized
tetrapodal ligand 2 and studied
its complexation with N-(1-
Zn),. Judging from the CPK model®" of the composite N-
(1-Zn)4/2, three pyridyl arms of 2 can adjust to fit the cavity
of N-(1-Zn); in both Cj,-symmetric and asymmetric isomers
because of the flexibility of the carbon core that connects
the four pyridyl arms. During a UV/Vis titration of 2 with
N-(1-Zn); in toluene, the Soret and Q bands were shifted
towards longer wavelengths and the peak at 556 nm derived
from the uncoordinated porphyrin disappeared.”! This be-
havior indicates that 2 was accommodated in the ring of N-
(1-Zn); by three coordination bonds between pyridyl and
zinc (Figure 8, gray line). The clear bending behavior ob-
served at the point of [2]/[N-(1-Zn);]=1 in the titration
study and the Job plotP™ of the UV/Vis analysis also indicat-
ed the formation of a stable 1:1 complex between 2 and N-
(1-Zn); (Figure 1 and Figure S6 in ref. [15]). No heterogene-
ity of topological isomers was observed in these titrations.
The binding constant was estimated to be 8x10°m™! in tolu-
ene by curve-fitting analysis of the UV/Vis titration.®® This
large binding constant enables us to obtain the complex
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[a] Fluorescence quantum yields were determined by using ZnTPP ¢;=3.3% as the standard value.”** [b] Es-
timated from UV/Vis titration. [c] Excited at 427 nm. [d] Excited at 566 nm. [e] These values were calculated
by assuming complexation of 100%.

The UV/Vis spectrum of N-(1-Zn); in benzonitrile
showed slight redshifts of the Soret and Q bands (Table 2)
compared with those in toluene and disappearance of the
peak at 556 nm, which indicated that benzonitrile is coordi-
nated to the uncoordinated porphyrinatozinc(II) sites.* Ti-
tration of 2 with N-(1-Zn); in benzonitrile showed that the
Soret and Q bands were slightly redshifted with a decrease
in the intensities. The binding constant was estimated to be
1.2x10"m™! by curve fitting of the plot of change in absorb-
ance at 444 nm as a function of the ratio of [2]/[N-(1-Zn);]
(Figure S5 in the Supporting Information). Tripodal ligand
3, which is the precursor for Cg-Tripod, was also titrated
with N-(1-Zn); in benzonitrile. The binding constant was es-
timated from the UV/Vis spectra to be 2.1x10’m™". This
value is of the same order of magnitude as that of 2. The ex-
tremely high affinity of both 2 and 3, even in the polar ben-
zonitrile environment, must be achieved by three-point
binding between pyridyl and zinc(IT). Furthermore, the com-
plexation of 3 did not affect the fluorescence of N-(1-Zn),
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(Table 2), which indicated that the tripyridyl ligand moiety
did not work as an acceptor for the excited energy of N-(1-
Zn);.

Incorporation of Cg—Tripod into the ring of N-(1-Zn);,
was examined by UV/Vis absorption and fluorescence titra-
tions. The UV/Vis absorption spectral changes by complexa-
tion of Cg—Tripod with N-(1-Zn); are shown in Figure 9.
The Soret and Q bands were slightly redshifted with a de-
crease in intensities by the addition of Cq—Tripod. The fluo-
rescence of N-(1-Zn); was efficiently quenched by 85%
with the addition of an equimolar amount of Cg-Tripod,
and by 95% with fourequivalents of Cy—Tripod
(Figure 9).% The binding constant of Cg-Tripod to N-(1-
Zn); was estimated to be 3.1x10°m ' from UV/Vis absorp-
tion and 3.4x10°mM™* from fluorescence titrations, respective-
ly.*"" The value of 3x10°m™' is approximately ten times
larger than the values for tetrapodal ligand 2 and tripodal
ligand 3 without the fullerene moiety, which suggests that
the fullerene moiety significantly contributes to enhancing
the binding of C4—Tripod in N-(1-Zn);.

Time-resolved photophysical properties of the macrocycle
and Cg-Tripod: To investigate the photophysical dynamics
of the macrocycle/Cy—Tripod composite, time-resolved fluo-
rescence decay and transient absorption were measured.
Time-resolved fluorescence decay profiles of N-(1-Zn); ([N-
(1-Zn);]=1.4x10°m) in the absence and presence of Cg—
Tripod (4 equiv) are shown in Figure S6 in the Supporting
Information. Under these conditions, it is estimated that
99.92% of the macrocycle exists as the complex with Cg—
Tripod. The fluorescence—time profile of N-(1-Zn); decayed
monoexponentially with a lifetime of 2100 ps, whereas that
of the macrocycle/Cy—Tripod composite decayed biexponen-
tially with time constants of 164 ps (62%) and 2100 ps
(38%). A significant contribution of the longer lived compo-
nent from free N-(1-Zn); was observed. The quenching rate
(ky) and quantum yield (®,) were evaluated to be 5.6x

L
(=
S
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Figure 9. a) UV/Vis spectroscopy titration for the binding of N-(1-Zn); with Cg—Tripod in benzonitrile. [N-(1-
Zn);] =7.2x1075m, [Cg~Tripod] =0-1.8, 4 equiv, 25°C. The inset shows the titration plot at 412.5 nm (e) and

10°s7! and 0.92% from the shorter 7; component of the Cg—
Tripod /N-(1-Zn); composite according to Equations (1) and

2):

kq = (1 /Tf ) composite ( 1 /Tf ) macrocycle (1 )
(1 /Tf)composite - (1 /Tf) macrocycle
@, = 2
! (1/Tf)composite ( )

The quantum yield of the steady-state fluorescence
quenching was estimated to be 0.97, which is compatible
with the value of 0.92 calculated from the fluorescence
decay when considering the errors associated with the re-
spective measurements. The slow fluorescence decay was
observed under the conditions in which complexation must
be almost complete, which suggests that empty N-(1-Zn),
was regenerated under the high-laser-power conditions used
for the lifetime measurements.

The nanosecond transient absorption spectra of N-(1-
Zn); in the absence and presence of Cy—Tripod in benzoni-
trile are shown in Figures S7 and S8 in the Supporting Infor-
mation, respectively. The spectrum of N-(1-Zn); after 50 ps
(Figure S7) exhibited an absorption peak at 700 to 900 nm,
which corresponded to the triplet excited state of zinc por-
phyrin. The nanosecond transient absorption spectra (Fig-
ure S8) of the complex between N-(1-Zn); and Cg—~Tripod
did not show any clear peaks in the region from 700 to
1200 nm, which indicated that species from charge-separated
and excited states were not detected on this timescale. To
detect the short charge-separated state, picosecond transient
absorption measurements of the complex were also exam-
ined in benzonitrile (Figure S9). However, the transient ab-
sorption spectra did not show apparent charge-separated
species of either a porphyrin cation radical or a fullerene
anion radical, but a broad and featureless absorption band
was observed in the 600 to 800 nm region that extended
over 1000 nm. The decay-time profile of the absorbance at
600 to 750 nm showed a life-
time of 77ps (k=13x10"s",
Figure S10), which may corre-
spond to the charge-recombina-
tion rate. Although the steady-
state fluorescence and the time-
resolved fluorescence decay in-
dicated an efficient quenching
of the singlet excited state of
N-(1-Zn),, neither the nanosec-
ond nor picosecond transient
absorption spectra showed any
detectable peaks of the radical
ions, which suggested that the
charge-recombination rate is as
fast as the charge-separation
rate.

Fluorescence intensity
.

0 1 2
[Cgo-Tripod]/[macrocycle]

680 730
Alnm ——

the theoretical curve for K=3.1x10°m™"' (—). b) Steady-state fluorescence quenching of N-(1-Zn); by Cg—
Tripod in benzonitrile. Excited at 427 nm. [N-(1-Zn);]=7.2x 107%™, [Cg—Tripod] =0-1.8, 4 equiv, 25°C. The
inset shows a plot of the change in the fluorescence intensity with the signal integration (580-750 nm; @) and

the theoretical curve for K=3.4x10°m~' (—).
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Discussion

Atropisomers of 1: The '"H NMR spectrum of 1 exhibited
nonequivalent signals for imidazolyl and phenyl moieties
(Figure 3). The number of the signals for the imidazolyl part
(four) and the Ph-2 part (six) and their integration ratios are
reasonably explained by considering the atropisomers
(Figure 10): Two imidazolyl groups of 1 are separated at the

FULL PAPER

affords an ideal complementarity to form a dimer with a
binding constant that reaches 10'm~! in toluene. Even
though the dimer is stabilized by complementary coordina-
tion coupled with m—m interactions in nonpolar solvents, the
structure can be easily dissociated into the monomer by
adding coordinating solvents, such as MeOH or pyridine.
The combination of formation and dissociation enables us to
construct macrocyclic structures by a reorganization process.

Because zinc insertion into 1
was performed at a relatively

Boat shape

N

E

Z:E=4:4

77.7E(EZ):EE=2:4:2

EE EE high  concentration  ([1]=
1.44 mm),1! self-assembled
polymers of 1-Zn were formed
along with cyclic species. To
eliminate the polymers, we ap-
plied the reorganization process
by using a mixed solvent of
CHCIy/MeOH (9:1, v/v) and a
low concentration ([1-Zn]=
0.02 mm). Formation of poly-

mers is entropically unfavora-

N~
N\%
E

]

Chair shape

Z:E=4:4

Z27:ZE(EZ):EE=2:4:2

NN

ble, and the polymers turn into
Z\Nh\v smaller molecular species under

N dilute conditions. In addition,

7z / the cyclic structures satisfy all
§—tm——C of the complementary coordi-
z= nations of imidazolyl to zinc

and are enthalpically favorable.

Combined factors drive small
oligomers into cyclic structures.
When the reorganization pro-
cess was performed at a re-
latively low temperature
(~17°C), GPC analysis showed
a small signal at 12.3 min along

Figure 10. Schematic structure of atropisomers in 1. The isomers ZZ, ZE (EZ), and EE were named according

to the conformation of the imidazolyl moiety (Z and E).

terminal ends and the conformational differences at the op-
posite terminal imidazolyl group are negligible. Thus, the
imidazolyl environments are affected by the relative confor-
mation of N-Me to the central porphyrin (Z and E) and of
the two terminal porphyrin planes (chair and boat), which
results in four different environments (Z and E for the boat
and chair conformers) for the imidazolyl group (Im-4, Im-5
and N-Me). In the case of the Ph-2 protons, their environ-
ments are affected by the two N-Me directions at both ends
to afford six combinations of ZZ, ZE (=EZ), EE (1:2:1) of
chair and boat conformers. Although 1 has several atro-
pisomers as a result of their slow exchange rate on the
NMR timescale, isomerizations among atropisomers took
place under reorganization conditions in the ring-forming
procedure.'!*!

Selective formation of the macrocycle: The coordination of
imidazolyl to zinc(I) in imidazolyl-substituted porphyrins

Chem. Eur. J. 2008, 14, 2827 -2841
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with a major signal for N-(1-
Zn); (Figure 4b, inset). The
signal at 12.3 min is assigned as
the cyclic tetramer of 1-Zn (N-
(1-Zn),).”® When a higher temperature (27°C) was used in
the reorganization process, formation of N-(1-Zn), was sup-
pressed and cyclic trimer N-(1-Zn); was formed exclusively.
Negative enthalpy and entropy changes (AH and AS) are
expected on formation of macrocycles from 1-Zn. Because
the larger cyclic oligomers presumably have a more negative
AS than the smaller macrocycles, the smaller rings are pref-
erentially obtained, which was demonstrated in the case of
ferrocene-bridged trisporphyrin.®! It is the same reason that
a higher temperature makes the formation of N-(1-Zn), un-
favorable by the more negative entropy term (—7AS) than
that of N-(1-Zn);. In this case, the formation of a cyclic
dimer was not observed because of unfavorable strain ener-
gies.

Cyclic trimer N-(1-Zn); possesses two topological iso-
mers, Cy, symmetric and asymmetric, in a ratio of 2:3. The
statistical distribution should give a ratio of 1:3 for the Cj;-
symmetric and asymmetric isomers, which means that the
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Cy,-symmetric isomer is favored by a factor of two. Of
course, the C;,-symmetric isomer is free from angle strain
for the formation of the cyclic trimer. Because these isomers
behave similarly when accommodating tetrapodal and tripo-
dal ligands, the structural heterogeneity of the isomers does
not seem to produce any problems.

Complexation of the tripodal ligand with the macrocycle:
We previously reported that a slipped-cofacial dimer at-
tached to a fullerene afforded a stable charge-separated
state by photoexcitation of the porphyrins.*”! Because the
first one-electron oxidation potential of pyridine-coordinat-
ed porphyrinatozinc is similar to that of the complementary
coordination dimer™! and the energy gap between the
ground and the lowest excited states is also almost the
same,*!! both of the excited porphyrin units in the composite
of N-(1-Zn); and Cy—Tripod are considered to have a simi-
lar ability for electron donation. Thus, the fullerene unit in
Cg—Tripod can accept an electron from all of the porphyrin
components in the ring. The center-to-center distance from
each porphyrin in N-(1-Zn); to the fullerene moiety of Cgy—
Tripod in the complex is estimated to be 15 to 20 A by as-
suming three-point coordination from the tripodal pyridyl li-
gands to the uncoordinated porphyrinatozinc(Il) sites (Fig-
ure 11a). Judging from this distance (15-20 A), we reasona-
bly expected that the complex of N-(1-Zn); and Cg~Tripod
would have a long lifetime for the charge-separated state by
photoexcitation of the porphyrins in N-(1-Zn);. Efficient
fluorescence quenching of N-(1-Zn); observed in the
steady-state fluorescence titration studies clearly showed
that fast electron transfer from the excited porphyrin to the
fullerene occurred in the complex in which all of the por-
phyrin pairs act as one fluorescence chromophore. However,
the transient absorption spectra of nano- and picosecond
timescales were featureless, which showed that there was no
definitive charge-separated species nor any triplet excited
state of either porphyrin or fullerene. This strongly indicates
that fast charge recombination to the ground state occurs
after the initial charge separation, which suggests that the
fullerene and the porphyrin are closely positioned in the
macrocycle.

Ceo—Tripod
= npe Side view

T

Macrocycle

fullerene

The binding constant of Cy—Tripod to N-(1-Zn); in ben-
zonitrile was determined to be 3x10°m ™', which was approx-
imately ten times larger than the values for tetrapodal
ligand 2 and tripodal ligand 3 without the fullerene moiety
(Table 2). This larger binding constant indicates that the
binding mode of Cy4—Tripod to N-(1-Zn), is different from
that expected for three-point coordination from pyridyls to
uncoordinated porphyrinatozinc sites. These results suggest
that the fullerene moiety in Cy4—Tripod has fallen down into
the inner surface of N-(1-Zn); to make direct contact be-
tween the fullerene and the porphyrin through n—m interac-
tions,?! which is a structure that is acceptable according to
the CPK model (Figure 11b). In this conformation the fuller-
ene moiety of Cg—Tripod is in direct contact with and
strongly interacts with one or two porphyrins of N-(1-Zn);.
Actually, Hirsch et al. reported porphyrinatozinc(II)—fuller-
ene m-stacked dyads, which formed the charge-transfer state
by strong m—m interactions.”**! Their transient absorption
spectra showed broad and featureless absorption bands in
the wide range of 600 to 1000 nm with a decay time of 38 ps
in benzonitrile, which is attributed to the exciplex* and is
comparable to the lifetime (77 ps) of the charge-separated
state or exciplex of N-(1-Zn); and Cg-Tripod. Furthermore,
the fluorescence quenching rate of N-(1-Zn); by Cy—Tripod
does not appreciably change in toluene and benzonitrile.
This would be compatible with the explanation that charge
separation occurs without bridging solvent molecules, that
is, through a direct pathway between the porphyrin and the
fullerene [

We have reported that the excitation energy hopping
times through m-phenylene linkages were 8.0 and 5.3 ps in
pentameric and hexameric macrocycles of gable porphyrin,
respectively.'¥ In the complex of N-(1-Zn); and Cg—Tripod,
comparable energy hopping times are expected because the
coordinated monomeric porphyrin has a similar excited
energy level to that of the dimeric porphyrin. Actually, on
complexation of Cy4—Tripod, the fluorescence of N-(1-Zn),
from both monomeric and dimeric porphyrin units was com-
pletely quenched, which demonstrated that the excitation
energy migrates rapidly among the porphyrins and then con-
verges on the fullerene moiety by electron transfer.

Top view

Figure 11. The CPK model of C4-Tripod /N-(1-Zn),, which was created by using Cerius? software,*!! based on a) three pyridyl coordinations and b) two

pyridyl coordination and fullerene—porphyrin - interactions.
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Conclusion

Cyclic trimer N-(1-Zn); could be obtained exclusively from
trisporphyrinatozinc(II) 1-Zn appended with imidazolyl
groups at the terminal porphyrins when the appropriate con-
ditions were applied in the reorganization process. Macrocy-
cle N-(1-Zn); accommodated tripodal ligands with two
kinds of binding modes. Model ligand 2 and the tripodal
ligand without fullerene (3) were bound by using three-
point coordinations from the pyridyl ligands to uncoordinat-
ed porphyrinatozinc(II) sites of N-(1-Zn)s, the binding con-
stants of which are estimated to be 1-2x10"mM™" in benzoni-
trile. The fullerene—tripodal ligand (Cg-Tripod) was bound
by using two-point coordinations from the pyridyl ligands to
uncoordinated porphyrinatozinc(II) sites of N-(1-Zn); and
fullerene—porphyrin s—m interactions, the binding constant
of which was estimated to be 3x10°M~' in benzonitrile.
Direct contact of the fullerene moiety to porphyrin pro-
duced a binding constant ten times larger than the values
for three-point coordinations, and complete quenching of
the fluorescence of N-(1-Zn);. The large binding constant
enabled us to quantitatively obtain the complex of Cy—
Tripod with N-(1-Zn); by the addition of equivalent tripodal
ligands under dilute conditions (~10°M) even in benzoni-
trile, and to utilize Cy—Tripod as a fluorescence quencher
for investigations into the energy-transfer process among
the macrocycles. Because displacement of the fourth arm of
the tripodal ligand is easily achieved, the present method is
applicable for introducing various types of functional
groups, and to construct their composites with porphyrin
macrocycles.

Experimental Section

General procedure: The syntheses of porphyrins 1, N-(1-Zn);, C-(1Zn)s,
2, 4, 5, N-(5-Zn),, 6, and 6-Zn have been previously reported.'” All
chemicals and solvents were of commercial reagent quality, and used
without further purification unless otherwise stated. Dry THF was pre-
pared by distillation over benzophenone-Na. Dry DMF, Et,NH, and
Et;N were prepared by distillation over CaH,. First generation Grubbs
catalyst (benzylidene-bis(tricyclohexylphosphine)dichlororuthenium) was
purchased from Aldrich. '"H NMR spectra were recorded by using a
JEOL ECP-600 (600 MHz) spectrometer and chemical shifts were re-
corded in parts per million (ppm) relative to tetramethylsilane. UV/Vis
absorption spectra were recorded by using a Shimadzu UV-3100PC spec-
trometer. Steady-state fluorescence emission spectra were recorded by
using a Hitachi F-4500 spectrometer and corrected for the response of
the detector system. The fluorescence intensities were normalized at the
absorption of their excitation wavelength. UV/Vis 4, values are report-
ed in nm. Fluorescence quantum yields were determined by corrected in-
tegrated ratios of steady-state fluorescence spectra relative to that of tet-
raphenylporphyrinatozinc (ZnTPP; &;=3.3%).”! UV/Vis and fluores-
cence titrations were performed by adding a solution of pyridyl ligand to
a solution of N-(1-Zn); in a quartz cuvette (1 cm path length) by using
microliter syringes. MALDI-TOF mass spectra were obtained by using a
PerSeptive Biosystems Voyager DE-STR instrument with dithranol (Al-
drich) as the matrix. Analytical gel permeation chromatograms were ob-
tained by using a Hewlett Packard HP1100 series instrument equipped
with an analytical JAIGEL 3HA column (Japan Analytical Industry,
8 mm x 500 mm, exclusion limit=70,000 Da). Reactions were monitored
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on silica gel 60 Fy, TLC plates (Merck). The silica gel utilized for
column chromatography was purchased from Kanto Chemical (Silica Gel
60N (Spherical, Neutral) 60-210 um).

4-Tris(4-iodophenyl)methylbenzoic acid 7: 4-(Tripenylmethyl)benzoic
acid™ (123 mg, 3.18x107*mol), bis(trifluoroacetoxy)iodobenzene
(684 mg, 1.59x107> mol) and iodine (404 mg, 1.59x10~* mol) were dis-
solved in CCl, (3 mL). The mixture was stirred for 3 h at 60°C. After the
mixture was cooled to room temperature, the reaction mixture was dilut-
ed with CHCI; (~50 mL), and then washed successively with aqueous
sodium bisulfite and water. The organic layer was evaporated to dryness
and the residue was purified by means of a short column (SiO,: CHCI; to
CHCly/MeOH 9:1). The invisible second fraction, which eluted with 10 %
MeOH/CHCI;, was collected and evaporated to afford a pale yellow
solid (234 mg). The integral values of '"H NMR signals indicated that the
solid was a mixture of 7 (108 mg, 46%) and tetraiodo-substituted 7
(126 mg) in a molar ratio of 1:1. 7: 'H NMR (600 MHz, CDCl,): 6=7.98
(d, /=8.5Hz, 2H; Ph'), 7.61 (d, J=8.8 Hz, 6H; Ph), 7.28 (d, /=8.5 Hz,
2H; Ph'), 6.89 (d, J=8.8 Hz, 6H; Ph). Tetraiodo-substituted 7: '"H NMR
(600 MHz, CDCl;): 6=8.00 (d, /=8.2Hz, 2H; Ph’), 7.74 (d, J=8.5 Hz,
1H; Ph-5), 7.67, (d, J=2.2 Hz, 1H; Ph-2), 7.60 (d, /=8.8 Hz, 4H; Ph),
7.26-7.27 (d, 2H; Ph’), 6.90 (d, J=8.8 Hz, 4H; Ph), 6.81 ppm (dd, J=8.5,
2.2 Hz, 1H; Ph-6).

4-Tris[4-{2-(4-pyridyl)ethynyl}phenyllmethylbenzoic acid 3: 4-Tris(4-iodo-
phenyl)methylbenzoic acid (32 mg, 4.3 x 107> mol, the amount of tetraio-
do-substituted 7 (38 mg) was subtracted from 70 mg of the impure
sample), 4-ethynylpyridine!® (40 mg, 3.9x10"*mol), Pd(PPh,),Cl,
(13 mg, 1.9x107° mol), Cul (4 mg, 1.9x 107> mol), dry Et,NH (0.5 mL),
and dry THF (0.5 mL) were placed in a Schlenk flask under an argon at-
mosphere. The mixture was degassed by freeze—thaw cycles and stirred
for 12 h at room temperature under argon. The reaction mixture was di-
luted with CHCI; and washed with saturated aqueous NaCl and water.
The solvent was evaporated and the residue was purified by means of
column chromatography (SiO,; CHCL,/MeOH 99:1 to 93:7). The third
fraction was collected and evaporated to afford 3 (16.5 mg, 57%).
'H NMR (600 MHz, CDCL,): 6=8.62 (d, J=5.9 Hz, 6H; Py), 8.03 (d, J=
8.2 Hz, 2H; Ph'), 7.49 (d, /=82 Hz, 6H; Ph), 7.39 (d, /=59 Hz, 6H;
Py), 7.33 (d, J=82Hz, 2H; Ph’), 7.25 (d. J=8.2 Hz, 6H; Ph), 1.94 ppm
(brs; COOH); MALDI-TOF: m/z: 668.0 [M+H].

Cg—Tripod:  4-Tris[4-{2-(4-pyridyl)ethynyl}phenyl|methylbenzoic  acid
(11 mg, 1.7x107° mol) and BOP (7 mg, 1.7x 107> mol) were placed in a
20 mL flask and purged with argon gas. CHCL; (2.5mL) and pyridine
(0.5mL) were added to the mixture, and the mixture was stirred for
10 min at room temperature. Pyrrolidine-Cq, TFA salt® (13 mg, 1.5x
10~ mol) was then added and the reaction mixture was stirred at room
temperature. The reaction progress was monitored by MALDI-TOF
mass spectrometry. After stirring for 24 h, further BOP (14 mg, 3.2x 10>
mol) was added to the reaction mixture to promote the reaction, and stir-
ring was continued for another 24 h. The solvent was evaporated to give
a crude residue. The residue was purified with by column chromatogra-
phy (SiO,; CHCl/MeOH 95:5) and the brown band was collected. This
fraction was evaporated and further reprecipitated with hexane to give
Cg—Tripod as a brown solid (4.8 mg, 21%): R,=0.6 (SiO,; CHCly/MeOH
9:1); 'HNMR (600 MHz, CDCL): 6=38.61 (brs, 6H; Py), 7.85 (d, J=
8.5Hz, 2H; Ph'), 7.51 (d, J=8.5Hz, 6H; Ph), 7.46 (d, /=8.5Hz, 2H;
Ph'), 7.37 (brd, J=49Hz, 6H; Py), 730 (d, /J=8.5Hz, 6H; Ph),
5.56 ppm (brs, CH,); "CNMR (150 MHz, CDCL): 6=169.8, 149.8,
148.6, 147.4, 146.43, 146.40, 146.2, 145.6, 145.53, 145.45, 145.40, 144.5,
143.2, 143.1, 142.8, 142.2, 142.1, 142.0, 140.2, 133.2, 131.6, 131.3, 131.2,
131.0, 128.1, 125.5, 120.6, 93.3, 87.3 ppm; UV/Vis (CHCL): 4., (¢): 432
(2900), 698.5nm (290 mol 'dm’cm™'); MALDI-TOF: m/z: 1414.0
[M+H].

Noncyclic porphyrin array 9 (10): Pyridine (0.5 mL) was added to a mix-
ture of N-(1-Zn); (1.2 mg, 2.0x107" mol) and N-(5-Zn), (1.0 mg, 6.0x
10" mol) in CHCl; (10 mL), and then the solvents were evaporated to
dryness under reduced pressure. The residue was dissolved in CHCl; and
subjected to GPC analysis. The preparation of series 10 were performed
with the same procedure as that used for 9 except 8 was used instead of
N-(5-Zn),.
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Time-resolved emission and transient absorption measurements: The
fluorescence lifetimes were measured by using an argon-ion pumped Ti/
sapphire laser (Tsunami) and a streak scope (Hamamatsu Photonics).
The nanosecond transient absorption spectra in the NIR region were
measured by means of laser-flash photolysis; 565 nm light from Nd/YAG
laser was used as the exciting source, and a Ge-avalanche-photodiode
module was used for detecting the monitoring light from a pulsed Xe
lamp. The picosecond transient absorption spectra were measured by the
pump and probe method by using a Ti/sapphire regenerative amplifier
seeded by the SHG of an Er-doped fiber laser (Clark-MXR CPA-2001
plus). The details of the experimental setup are described elsewhere.*!
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