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Abstract

‘We have explored a variety of self-assembled cyclic porphyrin arrays mainly as biomimetic models of light harvesting antenna in photosynthetic
systems. The key reaction is Ag(I)-promoted coupling reaction of 5,15-diaryl zinc(II) porphyrin that provides a meso—meso linked diporphyrin.
meso-Pyridine-appended zinc(Il) porphyrins M1-M3 and their meso—meso linked dimers D1-D3 assemble spontaneously in non-coordinating
solvents into tetrameric porphyrin squares S1-S3 and porphyrin boxes B1-B3, respectively. In the latter case, it has been demonstrated that four
molecules of R-diporphyrin assemble into R-box and four molecules of S-diporphyrin assemble into S-box via rigorous homochiral self-sorting
process. Efficient excitation energy transfer along these cyclic porphyrin arrays has been revealed by the time-resolved transient absorption and
fluorescence measurements. We have also demonstrated that the meso-cinchomeronimide appended Zn(II) porphyrin CIM forms a cyclic trimer,
while the corresponding diporphyrins CID exhibit high-fidelity self-sorting assembling to form discrete cyclic trimer, tetramer, and pentamer
with large association constants, through perfect discrimination of enantiomeric and conformational differences of the meso-cinchomeronimide
substituents.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Photosynthesis starts by the absorption of a photon by light-
harvesting (antenna) complexes that usually comprise of a large
number of pigments embedded in protein matrices [1]. This pro-
cess is followed by a rapid and efficient energy migration over
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many pigments within the antenna system until a reaction cen-
ter is encountered. At the reaction center charge separation takes
place for fixation of the solar energies harvested. Photosynthetic
organisms often utilize electronically coupled chromophores to
capture dilute sunlight as well as enhance the energy transfer
efficiency as seen in chlorosomes [2], LH1 [3], and LH2 [4] in
bacterial antenna systems. In these cases, photosynthetic pig-
ments form aggregates whose excitation leads to the formation
of excitons with quantum-mechanical coherence extending over
many chromophores.


mailto:osuka@kuchem.kyoto-u.ac.jp
dx.doi.org/10.1016/j.ccr.2007.02.017

2744 C. Maeda et al. / Coordination Chemistry Reviews 251 (2007) 2743-2752

Scheme 1. Tetrameric aggregates of 4-pyridyl and 3-pyridyl porphyrins [14].

For model systems of the photosynthetic systems, in the
last two decades, covalently and non-covalently linked multi-
(metallo)porphyrin arrays have been extensively explored [5,6].
The covalent approach to construct multi-porphyrin arrays has
advantages of robust stability and precise control in the spatial
arrangement. The judicious choice of a spacer will allow fine
control of electronic interactions between chromophores. How-
ever, in general, as the size and complexity of these systems
grow, the covalent strategy becomes increasingly inefficient and
tedious.

Supramolecular chemistry, using a strategy of non-covalent
self-assembly of molecular units, has been developed as a
highly promising means for the construction of two- or
three-dimensional architectures. Those supramolecules have
specific structures, properties, and functions [7]. Inspired by
the non-covalent nature of natural photosynthetic systems, the
self-assembly approach has been increasingly attempted in the
mimicry of light-harvesting and charge separation systems [8].

Recently, our group has reported a variety of meso-meso
linked porphyrin arrays, in which rapid energy transfer was
achieved. Here we described the self-assembling behaviors
of metalloporphyrins, especially focusing on our work that
achieves high fidelity self-sorting assembling.

2. Self-assembly of metalloporphyrins

Molecules having both coordinating donor and acceptor in
themselves can show self-assembled behavior. Especially, the
coordination interaction between zinc(Il) porphyrin and pyri-
dine is particularly useful for its easy manipulation, relatively
large association, and a favorable tendency not to spoil the photo-
excited-state dynamics of porphyrins [9]. Interesting examples
so far reported include oligomeric conjugated porphyrin ladders
developed by Anderson and co-workers that exhibit very large
two-photon absorption cross-section [10], energy-transfer and
electron-transfer assemblies reported by Hunter and co-workers
[11] and giant porphyrin arrays and large porphyrin wheels as a
model of light-harvesting antenna reported by Kobuke and co-
workers, where an imidazolyl substituent is used instead of a
pyridyl substituent [12]. Fujita et al. reported a porphyrin-based
hollow framework which can accommodate neutral organic
molecules in an aqueous solution [13]. Tsuda et al. reported
a thermochromic system, via the self-assembly of a m-extended
zinc porphyrin complex with a metal ligating 3-pyridyl group

[14]. This system exhibits a multicolor thermochromism upon
heating by taking advantage of the absorption spectral change
capability due to thermal-induced axial coordination dynam-
ics. There are also several reports for the assembly of infinite
structures [15].

Spatial control of porphyrinic pigments is crucial in
supramolecular design, since it directly leads to control of the
electronic interactions between chromophores. In this respect,
a precise spatial control of porphyrin pigments with ample
electronic interactions still remains challenging. For use as
light-harvesting antennae, careful avoidance of energy sink that
deactivates the excited state is another important requirement.
Molecular self-assembly can translate the covalent connectivity
and molecular shape of the components into tertiary structure.

3. Key features for molecular design of self-assembly

To construct desired molecular assembly, an inclination
between the porphyrin plane and the ligand plays a key role.
Changing the geometry of the monomer unit can have dramatic
effects on the structure and self-assembly properties. Another
important point is favorable entropic factors for formation of
discrete cyclic aggregates rather than polymeric aggregates.

For example, 4-pyridyl porphyrin which has an inclination
of 90° between the planes of the two porphyrins tends to form a
square assembly, while 3-pyridyl porphyrin which has an incli-
nation of 30° or 150° between the two porphyrin planes forms
a rhombus one (Scheme 1) [14].

In the case of 2-pyridyl porphyrin, it is hard to make assembly
if we consider its rigid structure. In real, it can deform to form
a dimeric aggregate (Scheme 2) [16].

One of the most elegant examples is a dodecameric por-
phyrin ring synthesized by Hunter and co-workers [17]. A cobalt

Scheme 2. A dimeric aggregate of 2-pyridyl porphyrin [16].
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Scheme 4. Synthesis of meso—meso linked porphyrin arrays [19].

porphyrin equipped with two different but geometrically com-
plementary pyridine ligands self-assembles to form a stable
complex with 12 porphyrin monomers arranged in a macrocyclic
array (Scheme 3). The two kinds of pyridyl arms are attached
trans across the porphyrin with a strain-free conformation, and
so the 30° bend at the level of the monomer—-monomer interac-
tion must propagate in the same direction along the oligomer,
leading to a macrocyclic structure.

4. meso-meso Linked porphyrin arrays

During the past decade, we have explored various porphyrin
arrays on the basis of the Ag(I)-promoted meso—meso coupling
reaction of 5,15-diaryl Zn(II)-porphyrins, which includes 3D-
extending windmill arrays [18], extremely long arrays [19],
and cyclic arrays [20] (Scheme 4). We have also reported
that further oxidation of single meso—meso linked porphyrin
arrays under stronger conditions (DDQ and Sc(OTf)3) provided
meso—meso, 3—3, B—B, triply linked porphyrin arrays (porphyrin
tapes) [21], whose Q-like bands, the lowest electronic absorp-
tion bands, exhibit continuous red-shifts, reaching deeply into
the infrared region due to the extensive m-conjugation over the
molecules.

The molecular component of a meso—meso linked dipor-
phyrin is quite attractive because of its perpendicular

conformation, which leads to unique architectures (Fig. 1). In
addition, the two porphyrins in the component are strongly cou-
pled mainly with Coulombic interaction but not m-conjugation
[19]. This encourages the possibility that properly self-

Fig. 1. Crystal structure of meso—meso linked Cu(Il) porphyrin dimer [19e].
Substituents of phenyl groups are omitted for clarity.
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assembled meso—meso linked zinc(Il) porphyrins serve as a
model for light-harvesting antennae. We have investigated rigid
and three-dimensional self-assembling behaviors of zinc(Il)
diporphyrin having pyridyl derivatives as mentioned below.
Complementary multiple coordination interactions arising from
meso—meso linked diporphyrin framework help increase the
association constants, such that the aggregates can be manip-
ulated like covalently linked molecules.

Ar ﬁ
=

|

=

M1

5. Self-sorting

Self-sorting is high fidelity recognition of self from non-
self and is a common and fundamental property in biological
systems [22]. Self-sorting assembling process with discrimina-
tion of subtle structural differences among similar isomers may
lead to largely different tertiary architectures of variable func-
tions. Structural diversity thus attained plays an important role in

Scheme 5. Construction of self-assembled porphyrin squares S1-S3. Ar = 3,5-dioctyloxyphenyl [28].
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many biological processes. Protein and DNA build complicated
system to pass through a precisely correct molecular recogni-
tion process and find out a partner. In particular, a complex
formed via self-assembly process among the living bodies makes
very complicated and precise structure, and plays an important
role in life activity. Aggregates formed via self-sorting pro-
cess are mainly built thermodynamically through non-covalent
bond such as hydrogen bonds, metal coordination interactions,
or hydrophobic interactions. In recent years, therefore, diverse
efforts have been made towards synthetic supramolecular sys-
tems that achieve such high fidelity self-sorting assembling
[23-26].

Metalloporphyrins bearing a coordinating sidearm have been
used as an effective platform to build various supramolecular
structures with aids of multiple coordination interactions of cen-
tral metal ions with coordinating sidearms as already mentioned
above. However, such metalloporphyrins have been scarcely
tested for self-sorting process.

6. Porphyrin boxes constructed from meso—meso linked
diporphyrins

Recently, we have explored three-dimensional porphyrin
boxes that are formed via rigorous enantiomeric self-sorting
assembling of racemic 4-pyridine-appended meso—meso linked
Zn(II) diporphyrins, in which the structural matching of 90°
dihedral angle between the diporphyrin and the 4-pyridyl group
plays a key role towards the formation of box-shaped assemblies
[27-29].

First, we showed that a series of 5-p-pyridyl-15-(3,5-
dioctyloxyphenyl) zinc(Il) porphyrin M1-M3 form cyclic
porphyrin tetramer S1-S3 in non-coordinating solvents such
as chloroform or benzene, which was confirmed by 'y NMR
spectra and UV-vis absorption spectra (Scheme 5). The related
structure of 5-p-pyridyl-15-(3,5-di-tert-butylphenyl) zinc(II)
porphyrin was also confirmed by X-ray crystal structure analysis
(Fig. 2) [27].

The Ag(I)-promoted coupling reaction of M1-M3 gave
meso—meso coupled diporphyrin D1-D3 along with higher
oligomers. D1 also aggregated to form tetrameric conformation
with the larger association constant and rigidity (Scheme 6).
Quantitative self-assembly of D1 as its tetramer B1 was con-
firmed by 'H NMR spectroscopy in CDCl3 and cold spray
ionization mass spectroscopy (CSI-MS) [27]. On the basis of the
practical concentration independence of its fluorescence spec-
tral shape (up to 1.0 x 1073 M), the association constant of B1
was estimated to be at least >10%° M3 in CHCl3. Formation
of porphyrin boxes B2 and B3 from D2 and D3 was similarly
indicated by '"H NMR spectra in CDCl3. Complementary mul-
tiple coordination interactions arising from meso—meso linked
diporphyrin framework help increase the association constants,
such that the boxes can be manipulated like covalently linked
molecules.

Owing to the different meso-aryl substituents, D1-D3 are all
chiral, and hence, two enantiomers are present in equal abun-
dance in solution, since a free rotation around the meso—meso
linkage is strictly prohibited [30]. Accordingly, the chiral por-

Fig.2. Crystal structure of 5-p-pyridyl-15-(3,5-di-tert-butylphenyl) zinc(II) por-
phyrin [27].

phyrin boxes B1-B3 are formed by homochiral self-sorting
assembly of the respective (R)- and (S)-isomers of D1-D3.
Actually the optical resolution of B1 and B2 has been accom-
plished with a chiral HPLC setup. In the case of B2, the first
fraction exhibited Cotton effects, negative at 469 nm, posi-
tive at 454 nm, and negative at 435nm, and second fraction
exhibited the reverse Cotton effects at the same wavelengths.
The CD spectra of optically separated B1 are similar to those
of B2, but the intensity at 450nm is doubled reflecting a
shorter pyridyl arm, thus providing evidence for the exci-
ton coupling between the non-covalent neighboring porphyrin
rings.

Excitation energy migration processes within B1-B3 have
been investigated by the steady-state and time-resolved spec-
troscopic methods. Both the pump-power dependence on the
femtosecond transient absorption and the transient absorption
anisotropy decay profiles have been directly associated with the
excitation energy migration process within the B1-B3 boxes.
Consequently, the excitation energy hopping rates between the
zinc(IT) diporphyrin units have been estimated for B1 (48 ps)~!,
B2 (98 £3ps)~!, and B3 (361 £ 6ps)~!.

7. meso-Cinchomeronimide appended meso—meso
linked diporphyrin

As mentioned in Section 3, one strategy to create assemblies
of different shape is to displace the positions of coordi-
nating nitrogen atoms from the porphyrin plane. This idea
drove us to examine self-sorting assembling behaviors of
10,10’-cinchomeronimide-appended meso—meso linked Zn(II)
diporphyrin CID (D represents dimer) [31].

First, 10-cinchomeronimide-substituted 5,15-bis(3,5-di-tert-
butylphenyl) Zn(II)-porphyrin CIM (M represents monomer)
was prepared. 'H NMR spectrum of CIM in CDCl3 is very
simple, featuring a simple set of peaks with large upfield shifts
for the imide protons, which indicates the coordination of the
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Scheme 6. Construction of self-assembled porphyrin boxes B1-B3 [28].

pyridyl group to Zn(II) porphyrin (Scheme 7). X-ray-quality
crystals of CIM were grown by vapor diffusion of acetonitrile
into its toluene solution. The crystal structure revealed a tri-
angular complex formed by complementary coordination of the
cinchomeronimide group to the Zn(II) atom with a dihedral angle
of 61° between the porphyrin mean planes (Fig. 3). The pyridyl
group is coordinated to the Zn center with an angle of 88.8° and
the Zn center is displaced 0.272 A out of the N4 plane that is
slightly domed.

Next, meso-meso linked diporphyrin CID bearing two
cinchomeronimide groups at 10,10'-positions was prepared
from 5,10-bis(3,5-di-tert-butylphenyl)porphyrin. Importantly,
the free rotation of the cinchomeronimide group is considerably
restricted due to the steric hindrance of the two imide-carbonyl
groups, which gives rise to three different stable atropisomers
(in—in, in—out, and out—out) with respect to the orientation
of the nitrogen atom in the pyridine moiety. In addition, a
free rotation around the meso—meso linkage is severely pro-
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Ar

Ar

Scheme 7. Construction of self-assembled porphyrin triangle CIM [31].

hibited, thus making all the isomers to be chiral (R and ).
Therefore, six isomers are present in a solution of CID; R-
CIDjp_in, S-CIDjp_in, R-CIDip—out» S-CIDin—out, R-CIDout—out,
and S-CIDgyt_out (Scheme 8).

Gel permeation chromatography (GPC) of this mixture
revealed three distinct fractions (I, II, and III) in a 1:2:1 ratio
in the order of increasing molecular weight. GPC analysis
with polystyrene standards indicated the molecular weights
of the fractions I, II, and III to be 4.8 x 103, 6.1 x 103, and
7.6 x 103 Da, which roughly correspond to trimeric, tetrameric,
and pentameric aggregates of CID, respectively.

I'H NMR spectra of the fractions I, II, and III are different
from one another. It is important to note that only single sets of
the signals were observed for the fractions I and III, while two
sets of the signals were detected for fraction II. '"H NMR spec-
trum of as-prepared CID is a simple sum of those of the fractions
I, II, and III in a ratio of ca. 1:2:1, indicating that these aggre-

Fig. 3. Crystal structure of CIM [31].

gates are stable in CDCl3 solution and there is no scrambling of
diporphyrin fragments.

We have found that chiral separation of the fraction I was
possible through a chiral HPLC column and reasonably nice
crystals of the fraction I were obtained by slow diffusion of
acetonitrile into a toluene solution of the chiral fraction I (Fig. 4).
X-ray diffraction analysis on this crystal provided preliminary
data, which indicated a pair of trimers in the unit cell. Each
trimer was constructed by complementary coordination of three
molecules of an in—in conformer (R-CIDjy,_j,). Largely due to
the disorder of many solvent molecules contained in the crystal,
the X-ray data remain preliminary level but the main skeletal
structure should be certain.

As more convincing information, we have succeeded in X-
ray crystal diffraction analysis of the fraction IIl. After many
attempts, X-ray-quality crystals were obtained by slow diffu-
sion of acetonitrile into a toluene solution of optically pure
R-CIDgyout- The crystal structure thus determined shows a
symmetric pentameric aggregate consisting of five molecules
of R-CIDgy_out (Fig. 5). The aggregate (R-CIDgyt—out)5 exhibits

Fig. 4. Crystal structure of R-CIDj,_in [31].
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Fig. 5. Crystal structure of R-CIDgyi—out [31]. meso-Aryl groups are omitted.

a Cs symmetric pentagonal cylindrical structure with sides of
ca. 11.5A and internal angles of ca. 108°. In the crystal, the
aggregates (R-CIDgyout)s5 are stacked in a tubular manner to
form an infinite channel of ca. 10 A diameter. Each pentagonal
channel unit contacts through CH—1r interactions between 3,5-
di-tert-butylphenyl groups and Zn(II) porphyrin planes to form
a linear zigzag network. Then, the fraction II has been ratio-
nally assigned as a tetrameric aggregate (CID;p—out)4 composed
of four molecules of an in—out conformer on the basis of its GPC
retention time that indicated its molecular size to be larger than
(CIDj;_in)3 and smaller than (CIDgyt_out)s-

8. Conclusions

In the perspective of metal-mediated assembly, the zinc
porphyrins appending pyridine moieties are attractive building
blocks, because of relatively large association and a favorable
tendency not to spoil the fluorescence of porphyrins. The discrete
self-assemblies can be promising molecular architectures for the
application of molecular photonic and electronic devises, since
they have well-defined rigid structures and ample electronic
interactions. We reviewed the self-assemblies of meso—meso
linked Zn porphyrin having 4-pyridyl group and cinchomeron-
imide group at meso positions. Their assemblies have chirality
and show self-discriminating nature. The porphyrin boxes have
been shown to serve as a platform to enable very efficient EET
processes along the ring circuit with rates that rival those of nat-
ural cyclic photosynthetic antenna. We have also demonstrated
that the meso-cinchomeronimide appended Zn(II) porphyrin
CID exhibit high-fidelty self-sorting assembling to form dis-
crete cyclic trimer, tetramer, and pentamer with large association
constants through perfect discrimination of enantiomeric and
conformational differences of the meso-cinchomeronimide sub-
stituents. Exclusive formation of the discrete cyclic aggregates
without appreciable amount of polymeric aggregate is also

notable, which is probably driven by favorable entropic factors
for formation of cyclic aggregates. Future studies will focus on
incorporation of these functional units into more elaborate model
systems and exploration of larger cyclic porphyrin arrays.
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