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ABSTRACT

This paper describes the selective formation of a cyclic tetramer from a readily synthesized metalloporphyrin with two self-complementary
quadruple hydrogen-bonding units. The extremely strong quadruple hydrogen-bonding unit, 2-ureido-4[1 H]-pyrimidinone, enabled the formation
of a stable cyclic tetramer based on a tetraphenylporphyrin derivative over a wide concentration range. This hydrogen-bonded tetramer is a
new functional unit for use in a higher-ordered architecture of a supramolecular porphyrin assembly.

Much attention has been paid to the covalent architecture of
a porphyrin array, motivated by its functions of biological
importance such as a light-harvesting antenna.1 Unfortu-
nately, a covalent approach2,3 intrinsically involves difficult
synthetic efforts due to the tetrapyrrolic heterocyclic structure
of a porphyrin ring. Therefore, it is quite reasonable to
assume that the noncovalent architecture of a porphyrin array
might be more advantageous because of a preorganized

structure of the rigid porphyrin ring and its capability to be
a molecular junction. Up to now, indeed, a variety of
porphyrin arrays based on a noncovalent strategy mainly via
axial coordination bonds have been extensively studied.4

Compared to a coordination bond, the use of a hydrogen
bond to fabricate a porphyrin array5,6 is, nevertheless, limiting
except for several synthetic porphyrins that are challenging
to make. In general, the elegance of a supramolecule should
be partially ensured by simple building blocks having good
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synthetic accessibility. As the pioneers pointed out, establish-
ing an efficient synthetic method for a porphyrin possessing
multivalent hydrogen-bonding units is a key issue.5b How-
ever, it is inevitable that one would encounter a simple
dilemma when one tries to fabricate a hydrogen-bonded
porphyrin array of significant stability; for the stronger
hydrogen-bonding unit, harder synthetic efforts would be
required. As an antidote against such a perplexing situation,
applying a strong hydrogen-bonding unit,7,8 2-ureido-4[1H]-
pyrimidinone (UPy), is a favorable approach because it has
both the ability to form a strong duplex via a self-
complementary quadruple hydrogen bond (Kass> 107 M-1)9

and synthetic accessibility. Herein, we report the straight-
forward synthesis of a metalloporphyrin1 bearing two UPy
moieties at the 10- and 15-positions (Scheme 1) and its
selective and spontaneous cyclization to a tetramer, which
is stable over a wide concentration range. Simultaneously,
we show the possibility that the present cyclic tetramer can
be a new functional unit toward higher-ordered supramo-
lecular porphyrin arrays.

The porphyrin1(2H) was synthesized by the reaction
between the activated isocytosine10 and 5,10-bis(4-aminophe-
nyl)-15,20-diphenylporphyrin, which can be readily prepared
from a commercially available free-basemeso-tetraphe-
nylporphyrin (TPP).11 The activated isocytosine substituted
by an aromatic ring at the 6-position of the pyrimidinon ring
was not as stable as the one with an aliphatic chain. The
activated isocytosine was partially deactivated by water
during a workup procedure. However, by the simultaneous
and immediate addition of aminoporphyrin and magnesium
sulfate to an organic layer after quenching an excess
carbonyldiimidazole (CDI) by water, deactivation could be
minimized; hence, the porphyrin1(2H) could be synthesized
in good yield.

To estimate the molecular weight of the porphyrin1(2H)
in solution, DOSY (diffusion ordered spectroscopy) was
performed.12,13 The molecular weight could be successfully
calibrated by the normalized diffusion coefficientDnorm of a
polystyrene with regulated molecular weights (Figure 1),
which was defined as the ratio to the diffusion coefficient
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Scheme 1

Figure 1. Calibration curve of molecular weight vs the diffusion
coefficient of a polystyrene (PDI< 1.05, at 7.2 mg/mL) and
determination of the molecular weight of porphyrin1(2H) in
chloroform.
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of an internal standard, heptakis(2,3,6-tri-O-methyl)-â-cy-
clodextrin (â-CD). The data plots for the mono-UPy-
substituted porphyrin2(2H) (which should exist as a dimer)
and TPP were well fitted to the calibration curve. This result
indicated reliability of the calibration curve. The estimated
molecular weight of 8600 g/mol for1(2H) (Dnorm ) 0.38),
given experimental error, was virtually identical to that
calculated as a tetramer (8731 g/mol). It is also noteworthy
that theDnorm values of1(Zn) were almost comparable to
those of1(2H), indicating the selective formation of the
cyclic tetramer of the metalloporphyrin (Table 1).14

The concentration dependency of the diffusion coefficients
of the porphyrin1 was investigated to reveal the ring-chain
equilibrium of the porphyrins (Figure 2).15,16TheDnorm value
of 1(2H) was concentration independent up to a certain
concentration, which is a characteristic behavior of ring
formation. An increase in the concentration should induce a
significant decrease inDnorm due to the polymerization, as
seen in the typical supramolecular polymer3,17,18 whereas
the Dnorm values of the porphyrin1(2H) showed a slightly
gradual decrease that is considered to be due to the
aggregation via theπ-π stacking rather than to the ring-
opening polymerization.19 All these results suggested that a
cyclic tetramer of a porphyrin1(2H) was quite stable in a
wide concentration range up to at least 20 mM.20

To support the tetramer formation by a conventional
analysis, an analogue of1(2H) was synthesized, which
possesses double bonds for the covalent fixation by an olefin
metathesis (Figure 3a). After treating4 with the Grubbs

catalyst in a diluted condition (24µM), the partially cross-
linked porphyrin5aand fully cross-linked porphyrin5b were
obtained.21 Porphyrin5b could be successfully analyzed by
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Table 1. Diffusion Coefficients of Metalloporphyrins1
Relative to Methylatedâ-Cyclodextrin in CDCl3 at Room
Temperature

Dnorm (-) estimated Mw (g/mol) Mw (calcd) (g/mol)

TPP 1.48 630 615
2(2H) 0.65 3000 2792a

â-CD 1.00 1430
1(2H) 0.38 8600 8731b

1(Zn) 0.37c 8900 8992

a Calculated as a dimer.b Calculated as a tetramer.c Measured with the
addition of 10 equiv of 1-(4,4′-dimethoxytrityl)-1H-imidazole to prevent
aggregation.

Figure 2. Concentration dependency of theDnorm value of
porphyrin 1 (red circles) and typical supramolecular polymer3
(green cirlces) in CDCl3.

Figure 3. (a) Covalent fixation of porphyrin4 via olefin metathesis.
Reaction conditions for5a: 24µM, 25 mol % cat., 3 h. For5b:
24µM, 100 mol % cat., 5 h. (b) Elution curves in the size exclusion
chromatography of porphyrin4 (red line),5a (purple), and5b (blue).
Chloroform was used as an eluent.
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size-exclusion chromatography (SEC) without any dissocia-
tion by a continuous dilution during the elution (Figure 3b).
The molecular weight determined from the peak top of the
elution curve was approximately 7000 g/mol for5b. Because
the hydrodynamic volume of a cyclic molecule is smaller
than that of a linear molecule,4b this result strongly supported
the fact that the porphyrin1(2H) and4 formed a tetramer at
24 µM.

We have performed energy-transfer experiments using1-
(Zn) and1(2H) as a donor and an acceptor, respectively, to

demonstrate both the formation of the cyclic tetramer under
very dilute conditions and its potential functions. It is known
that the immediate exchange and equilibration can take place
when two kinds of UPy derivatives are mixed. For example,
in a mixed solution of UPy bound to a donor and UPy bound
to an acceptor, the statistical mixture of the donor-donor,
donor-acceptor, and acceptor-acceptor duplex is quickly
formed, and hence the energy transfer is induced.22 On the
other hand, very interestingly, upon a simple titration of1-
(2H) to 1(Zn), no energy transfer was indicated. At least 12
h was required before the energy transfer was successfully
observed (Figure 4). This extremely slow equilibration
strongly indicated the slow exchange due to the cooperative
hydrogen bond in1(Zn) and 1(2H),20 namely, the ring
formation of 1(Zn) and 1(2H). Despite the relatively low
efficiency of the energy transfer in the ring,23 probably due
to the long distance between the adjacent chromophores and
the uncompleted exchange, the cyclic tetramer consisting of
1(Zn) and/or1(2H) did act as a functional unit for applica-
tions in light-harvesting modules.

In summary, the strong, self-complementary quadruple
hydrogen-bonding unit, UPy, enabled the formation of a
cyclic tetramer from a readily synthesized metalloporphyrin
over a wide concentration range. According to the energy-
transfer measurements, this tetramer would act as a new
functional unit in a higher-ordered metalloporphyrin as-
sembly. The noncovalent architecture using the hydrogen-
bonded cyclic tetramer as a building block is currently in
progress.
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Figure 4. (a) Fluorescence spectra from a titration of1(2H) to
1(Zn) measured in chloroform at room temperature upon illumina-
tion atλexc ) 550 nm, with the constant concentration of1(Zn) at
3.2 µM. Each spectrum was recorded using separate solutions
containing a different ratio of1(Zn) to 1(2H), prepared 12 h in
advance of the measurement. (b) Stern-Volmer plots of energy-
transfer (from1(Zn) to 1(2H)) titrations at [1(Zn)] ) 3.2 µM.
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