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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 structure of the rigid porphyrin ring and its capability to be

a porphyrin array, motivated by its functions of biological a molecular junction. Up to now, indeed, a variety of
importance such as a light-harvesting antehhnfortu- porphyrin arrays based on a honcovalent strategy mainly via
nately, a covalent approachintrinsically involves difficult axial coordination bonds have been extensively stutlied.
synthetic efforts due to the tetrapyrrolic heterocyclic structure Compared to a coordination bond, the use of a hydrogen
of a porphyrin ring. Therefore, it is quite reasonable to bond to fabricate a porphyrin arfdis, nevertheless, limiting
assume that the noncovalent architecture of a porphyrin arrayexcept for several synthetic porphyrins that are challenging
might be more advantageous because of a preorganizedo make. In general, the elegance of a supramolecule should
be partially ensured by simple building blocks having good
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(4) Selected examples for a porphyrin array fabricated by a coordination
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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 isStiélow-
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 uf#2-ureido-4[H]-
pyrimidinone (UPy), is a favorable approach because it has
both the ability to form a strong duplex via a self-
complementary quadruple hydrogen boKgs(> 10" M~1)°
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mimic. For example: (a) Arai, S.; Ohkawa, H.; Ishihara, S.; Shibue, T
Takeoka, S.; Nishide, HBull. Chem. Soc. Jpr2005 78, 2007. (b) Ohkawa,
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and synthetic accessibility. Herein, we report the straight-
forward synthesis of a metalloporphyrrbearing 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 isocytositiand 5,10-bis(4-aminophe-
nyl)-15,20-diphenylporphyrin, which can be readily prepared
from a commercially available free-basaeso-tetraphe-
nylporphyrin (TPP):! 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 porphyrit(2H) could be synthesized
in good yield.
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Figure 1. Calibration curve of molecular weight vs the diffusion
coefficient of a polystyrene (PDk 1.05, at 7.2 mg/mL) and
determination of the molecular weight of porphyri{2H) in
chloroform.

To estimate the molecular weight of the porphyti2H)
in solution, DOSY (diffusion ordered spectroscopy) was
performedt?13 The molecular weight could be successfully
calibrated by the normalized diffusion coefficiddtom of a
polystyrene with regulated molecular weights (Figure 1),
which was defined as the ratio to the diffusion coefficient

(10) Keizer, H. M.; Sijbesma, R. P.; Meijer, E. \Eur. J. Org. Chem
2004, 2553.

(11) Lugaaya, R.; Jaquinood, L.; Fronczek, F. R.; Vicente, M. G. H.;
Smith, K. M. Tetrahedron2004, 60, 2757.

(12) Mass spectrometry (MALDI-TOF, CSI-TOF) was unsuccessful to
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(13) The evaluation of molecular weight by DOSY has also been reported
in the literature: (a) Viel, S.; Capitani, D.; Mannina, L.; Segre, A.
Biomacromolecules2003, 4, 1843. (b) Zhao, T.; Beckham, H. W.
Macromolecule®003,36, 9859. (c) Zhao, T.; Beckham, H. W.; Gibson,
H. W. Macromolecule2003,36, 4833. (d) Michelsen, U.; Hunter, C. A.
Angew. Chem., Int. EQ®000,39, 764.
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of an internal standard, heptakis(2,3,6@dmethyl)-5-cy-
clodextrin (5-CD). The data plots for the mono-UPy-
substituted porphyri@(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 fat(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 ).

Table 1. Diffusion Coefficients of Metalloporphyring
Relative to Methylategs-Cyclodextrin in CDC4 at Room
Temperature
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Figure 2. Concentration dependency of tHen,m value of
porphyrin 1 (red circles) and typical supramolecular polyngr
(green cirlces) in CDGI

Dyorm (=) estimated My (g/mol) My (caled) (g/mol)
TPP 1.48 630 615
2(2H) 0.65 3000 2792¢
p-CD 1.00 1430
1(2H) 0.38 8600 87310
1(Zn) 0.37¢ 8900 8992

aCalculated as a dimeP.Calculated as a tetramerMeasured with the
addition of 10 equiv of 1-(4/4dimethoxytrityl)-1H-imidazole to prevent
aggregation.

The concentration dependency of the diffusion coefficients
of the porphyrinl was investigated to reveal the ring-chain
equilibrium of the porphyrins (Figure 2516 The Dnorm 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 iDnom due to the polymerization, as
seen in the typical supramolecular polyngY 18 whereas
the Dnorm Values of the porphyriri(2H) showed a slightly
gradual decrease that is considered to be due to the
aggregation via ther—s stacking rather than to the ring-
opening polymerizatiof® All these results suggested that a
cyclic tetramer of a porphyrii(2H) was quite stable in a
wide concentration range up to at least 20 M.

(14) The lifetime of the quadruple hydrogen-bonded di(@n)-2(Zn)
was determined by EXSY (exchange spectroscopy) as 130 ms, which was
comparable to that d2(2H)-2(2H) as well as to the reported value. (See
ref 9b.) The quadruple hydrogen bond could resist a 10 equiv addition of
imidazole, although the lifetime was somewhat shorter (80 ms). A full
investigation about a lifetime in various conditions will be reported
elsewhere.

(15) Keizer, H. M.; Gonzalez, J. J.; Segura, M.; Prados, P.; Sijbesma,
R. P.; Meijer, E. W.; de Mendoza, Chem.—Eur. J2005,11, 4602.

To support the tetramer formation by a conventional

analysis, an analogue df(2H) was synthesized, which
possesses double bonds for the covalent fixation by an olefin
metathesis (Figure 3a). After treatirgwith the Grubbs
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Figure 3. (a) Covalent fixation of porphyrid via olefin metathesis.
Reaction conditions foba: 24uM, 25 mol % cat., 3 h. Fobb:
24 uM, 100 mol % cat., 5 h. (b) Elution curves in the size exclusion

chromatography of porphyrié(red line),5a (purple), ancb (blue).

Chloroform was used as an eluent.

(16) (a) Folmer, B. J. B.; Sijbesma, R. P.; Meijer, E. WAm. Chem.
Soc.2001,123, 2093. (b) Jacobson, H.; Stockmayer, WJHChem. Phys.
1950,18, 1600.

(17) Folmer, B. J. B.; Sijbesma, R. P.; Versteegen, G. M.; van der Rijt,
J. A. J.; Meijer, E. WAdv. Mater.2000,12, 874.

(18) A porphyrin bearing two UPy moieties at the 5- and 15-positions
was also synthesized as a reference, which should tend to form a linear
structure rather than a cyclic structure. However, the porphyrin was insoluble
in any apolar solvents at room temperature, probably because of the
polymerization. This insolubility also supports the ring formation of the
porphyrin1.

(19) The concentration dependency of porphyBasnd5b can also be
seen in the Supporting Information.
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catalyst in a diluted condition (24M), the partially cross-
linked porphyrinsaand fully cross-linked porphyribb were
obtained?! Porphyrin5b could be successfully analyzed by

(20) Templated porphyrigb was able to exist as a tetramer in the solid
phase. The stability of the nontemplated porphyrin tetramer in the solid
phase is under investigation. To our best knowledge, the cooperative
quadruple hydrogen bond was observed in a competition experiment,
intimating its possibility to exist as a tetramer in the solid phase.
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s demonstrate both the formation of the cyclic tetramer under

very dilute conditions and its potential functions. It is known
(a) 1809f 1(Zn) & 1(2H) 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 dondonor,
donor—acceptor, and acceptor—acceptor duplex is quickly
formed, and hence the energy transfer is indiéedin the
other hand, very interestingly, upon a simple titratioriLef
(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
L0 S strongly indicated the slow exchange due to the cooperative
600 mmgﬁglhmzﬂ 760 800 hydrogen bond inl(zZn) and 1(2H),'20 namely, _the ring
®) 4 . formation of 1(Zn) and 1(2H). Despite the relatively low
* 1Zn)+1(2H) efficiency of the energy transfer in the ridgprobably due
* 1(Zn)+ TPP to the long distance between the adjacent chromophores and
al 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.
sk In summary, the strong, self-complementary quadruple
> hydrogen-bonding unit, UPy, enabled the formation of a
. cyclic tetramer from a readily synthesized metalloporphyrin
ihae .. over a wide concentration range. According to the energy-
- TR N S transfer measurements, this tetramer would act as a new
Concentration (M) functional unit in a higher-ordered metalloporphyrin as-

Figure 4. (a) Fluorescence spectra from a titrationig2H) to sembly. The noncovalent architecture using the hydrogen-

1(Zn) measured in chloroform at room temperature upon illumina- Ponded cyclic tetramer as a building block is currently in
tion atlexc = 550 nm, with the constant concentrationlgZn) at progress.

3.2 uM. Each spectrum was recorded using separate solutions . ) .
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We have performed energy-transfer experiments using OL060488U
(zZn) and1(2H) as a donor and an acceptor, respectively, to
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Supporting Information Available: Synthetic details of
all porphyrin derivatives and 2D-NMR experiments, as well
as the additional supporting data. This material is available
free of charge via the Internet at http:/pubs.acs.org.
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