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Abstract

Molecules with one porphyrin and multiple quinone groups are described. The molecules are based on dendritic frameworks, with the quinone
groups attached at the “internal” positions and the porphyrin attached at the focal point, leading to a characteristic layer architecture. When
irradiated with visible light in the presence of 4-tert-butylthiophenol, the quinones were converted to quinols. Such a behavior mimics the function
of quinone pools in photosynthesis.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Mimicking individual processes of photosynthesis by use of
artificial molecules is an interesting approach for chemists to
build up new systems for light-to-chemical energy conversion
[1–6]. It would also be beneficial for research in bioenergetics,
where fundamental understanding of chemical energy conver-
sion is a prerequisite. Particular success was achieved by studies
on photoinduced electron transfer in artificial donor–acceptor
molecules [7–9]. More recently, models of antenna systems
[10–12] and oxygen evolving complexes [13–16] are being
actively studied. However, many other features of photosynth-
esis are still unexplored by model chemists.

The quinone pool is one of such disregarded features. From
the viewpoint of synthetic chemists, the quinone pool has not
been an attractive target, mainly because it consists of a
collection of unspecified number of molecules (quinones and
quinols embedded in membranes) rather than a well-defined set
of characteristic molecules as the reaction center. Nevertheless,
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the quinone pool is a very important and essential component in
biochemical energy conversion. Chemists would find some-
thing to learn by mimicking the quinone pool with artificial
molecules.

In this article, we will report our attempt to build a “single-
molecular” quinone pool by use of synthetic molecules. The
molecules (Fig. 1) are based on dendrimers, which are tree-like
macromolecules with well-defined size and shape [17]. A
porphyrin (photoactive group) is attached at the center, and
multiple quinones are attached at internal positions of the
dendrimer. We already reported similar molecules with attached
ferrocenes [18], in which only photoinduced electron transfer
was observed. This time we use quinones, so that we can expect
real “chemistry” instead of reversible single-electron transfer.
Indeed, we found that the quinones in these molecules were
gradually reduced to quinols by irradiation in the presence of an
electron donor.

2. Materials and methods

2.1. Preparation of the molecules

The target molecules, G1Q2P, G2Q6P, and G3Q14P were synthesized
according to the procedures in [18], with slight modifications. Representative
procedures are described in the Supplementary Materials.
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Fig. 1. The compounds used in this study.
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2.2. Physical measurements

UV/visible absorption spectra and steady-state emission spectra were
measured by a Shimadzu UV-2500PC spectrometer and a Shimadzu RF-
5300PC spectrometer, respectively. A solution of about 1×10−6 mol dm−3 in
CH2Cl2 was placed in a quartz cell (1×1×4 cm). No attempts were made to
degas the solution. The emission intensity was normalized by the optical density
at the excitation wavelength (550 nm).

Electrochemical measurements were carried out with an ALS/CHI Model
660 voltammetric analyzer under the following conditions: 0.1 mmol dm−3 in
CH2Cl2 containing 0.1 mol dm−3 of Bu4NClO4, glassy carbon working
electrode (0.1 mm diameter), platinum wire counter electrode, Ag/AgClO4/
CH3CN reference electrode. The DPV (differential pulse voltammetry)
parameters were as follows: pulse amplitude 50 mV, potential increment
4 mV, pulse width 50 ms, pulse period 200 ms.

2.3. Photoreactions

The photoreactions were performed with a standard “merry-go-round” type
apparatus. Solutions of the porphyrin-quinone molecules (0.5 μmol), 4-tert-
butylthiophenol (50 μmol) in CDCl3 (0.6 mL) were placed in NMR tubes with J-
Young valves. Argon was bubbled through the solutions for 5 min immediately
before photoreaction. A 65-W halogen lamp (Toshiba JDR110V65WN/K5S)
was used, with a colored glass filter (Asahi Techno Glass Y-52, 4×50×50 mm)
that cuts off wavelength shorter than 500 nm. Temperature was kept at 30±1 °C
by circulating water.

The measurements of quantum yield were performed by the following setup.
A DPSS laser (532 nm, 30 mW, Mitsui Chemical Corp. MDS-1000) was
collimated and introduced into a 10×10 mm quartz cuvette, behind which a
power meter was placed. The light intensity at the cuvette was 4.4 mW. The
sample solutions (3 mL, the same concentration as above) were placed in the
cuvette and Ar was bubbled for 20 min. After irradiation the solution was taken
with a syringe and examined by 1H NMR.

3. Results

3.1. Characterization of the target molecules

As we discussed in the previous report [18], the quinones in
the target molecules G1Q2P, G2Q6P, and G3Q14P are arranged
in a layered structure (Fig. 2). The 1H NMR of these compounds
(Fig. 3) revealed that the three layers in G3Q14P were observed
separately. The changes in the peak positions are mainly
attributed to the interaction with the central porphyrin (which
has a large diamagnetic ring current [19]). Consequently, the
observation of the separate signals for the different layers of
quinones implies that the interaction of the quinones and the
porphyrin is dependent on the layer number. This is easily
Fig. 2. A pictorial view of the layered structure of the quinone-dendrimer
molecules. The shaded circle represents the porphyrin at the center. The
symbols, triangle, square, and circle, represent the quinones in the first, second,
and third layers, respectively.



Fig. 3. Parts of the 1H NMR spectra of G1Q2P, G2Q6P, and G3Q14P in CDCl3.
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understood in light of the molecular structure (Figs. 1 and 2).
Such layer-dependence was already observed in our previous
study [18].

3.2. Photoreactions

When these molecules were irradiated with visible light
(λ>500 nm) in the presence of 4-tert-butylthiophenol in CDCl3,
Fig. 4. Time-dependent change of the 1H NMR of G3Q14P during photoreaction wi
belonging to the layer 1, layer 2 and layer 3, respectively.
the quinones were gradually converted to the corresponding
quinols. Fig. 4 shows the time-dependent change of 1H NMR of
G3Q14P under these conditions. The quinones were quantita-
tively converted to the quinols, with concurrent formation of bis
(4-tert-butylphenyl) disulfide. Similar results for G1Q2P and
G2Q6P are shown in the Supplementary Materials. The reaction
is formulated as follows:

Qþ 2ArSH→
hv;Porphyrin

QH2 þ ArSSAr ð1Þ
This reaction did not proceed in the absence of light. Since

the optical density of the quinone was less than 1% of that of the
porphyrin in the region of λ>500 nm, we can conclude that this
reaction is triggered by photoexcitation of the porphyrin. This
was further supported by the control experiment; when a
solution of the quinone 1 and 4-tert-butylthiophenol in CDCl3
(without porphyrin) were irradiated with the same light source,
no quinol was generated after 2 h.

A particularly interesting observation in Fig. 4 is that the
quinones of all layers in G3Q14P were converted to quinols at
similar apparent rates. Fig. 5 shows the time-dependent
conversion from quinone to quinol for each layer in G1Q2P,
G2Q6P, and G3Q14P. The rates of conversion do not vary with
the layer number in one molecule, whereas they do vary with
the total size (or “generation”) of the molecule. The compounds
of higher generation with more quinones showed slower
conversion.

4. Discussion

There were preceding reports on the porphyrin-quinone
molecules containing multiple quinones [20–23]. However,
they were mainly concerned with photoinduced electron
transfer, and no particular attention was paid to the subsequent
chemical reactions. In this sense, this is the first report on
mimicking the function of “quinone pools”, where multiple
th 4-tert-butylthiophenol. The marks “L1”, “L2” and “L3” denote the quinones



Fig. 5. Time-dependent conversion of quinones in each layer in G1Q2P, G2Q6P,
and G3Q14P. The symbols triangle, square, and circle denote the quinones in the
first, second, and third layers, respectively.
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quinones located in confined space are sequentially converted to
quinols by the action of light.

The conversion of quinones to quinols in these reactions is
triggered by photoexcitation of the porphyrin. We can safely
assume that the first photochemical step is the electron transfer
from the excited porphyrin to one of the quinones [23–26]. The
electrochemistry and the fluorescence measurements were
consistent with this assumption (see Supplementary Materials).
The steps following the initial electron transfer can only be
speculated at present. We propose the following reaction
sequence:

P� þ Q→Pþ• þ Q−• ð2Þ

Q−• þ ArSH→QH • þ ArS− ð3Þ

Pþ • þ ArS−→P þ ArS • ð4Þ

QH • þ ArSH→QH2 þ ArS • ð5Þ

2QH •→Q þ QH2 ð5′Þ

2ArS •→ArSSAr ð6Þ

where Q−U and QHU are the anionic and neutral semiquinone
radicals, respectively. When we used 1-dodecanethiol instead of
4-tert-butylthiophenol, the photoreaction was much slower.
This is consistent with the above sequence, where protonation
of the semiquinone anion radical (Eq. (3)) is the key step. Since

1-dodecanethiol (pKa=10.57) is a much weaker acid than 4-
tert-butylthiophenol (pKa=6.76), we expect the protonation of
the semiquinone anion is slower for 1-dodecanethiol.

It is intriguing that there is no apparent layer dependence in
the rates of conversion from quinones to quinols in G3Q14P and
G2Q6P. The interaction between the quinone and the porphyrin
cannot be the same for all layers, as shown in our previous study
on ferrocene–dendrimer–porphyrin compounds [18], where we
observed characteristic layer dependence. This inconsistency is
clarified when we consider another photochemical process, a
photoinduced exchange reaction between quinones and quinols,
as shown in Eq. (7):

Qþ QVH2→
hv;Porphyrin

QH2 þ QV ð7Þ
This type of exchange reaction was indeed observed when a

mixture of G1Q2P (0.5 μmol) and the quinol 2 (2.5 μmol) was
irradiated (λ>500 nm) in CDCl3 (0.6 mL). The quinol form of
G1Q2P and the quinone 1 were generated and reached to a
photostationary state after 10 min. In the absence of light, the
reaction was very slow and completed only after 48 h. These
observations strongly suggest that similar photoinduced
exchange of quinone/quinol is responsible for the apparent
layer independence of the conversion rates in G3Q14P and
G2Q6P.

To our disappointment, the quantum yields of these reactions
were very low. In all three compounds, the quantum yields of a
single quinone/quinol conversion were 2±1%. This is most
likely due to the fast back electron transfer, since we made no
attempts to make the long-lived charge-separated state.
Certainly, there are many possible ways to improve these
compounds [27,28], which should be the subject of our future
research.

5. Conclusion

The molecules with one porphyrin and multiple quinones
groups underwent quinone-to-quinol conversion when irra-
diated with visible light in the presence of thiophenol. Such a
behavior mimics the function of the quinone pool in photo-
synthesis. Although the compounds have layer-like arrange-
ments of the quinones, the apparent rates of conversion did not
depend on the layer. This was ascribed to the photoinduced
exchange of quinones and quinols. These molecules represent a
new type of redox-active molecular devices, and will introduce
an interesting possibility in constructing biomimetic energy-
conversion systems.

Acknowledgments

We thank Dr. Hajime Ito (Hokkaido Univ.) and Dr. Takami
Hino (IMS) for helping initial startup of this work, and Dr.
Takayuki Nagasawa and Prof. Takuji Ogawa (IMS) for valuable
suggestions. We thank Mr. Seiji Makita and Ms. Michiko
Nakano (IMS) for their help in instrumental analysis and
Research Center for Molecular-scale Nanoscience (IMS) for the
use of LA500 NMR instrument. We also thank Prof. Takunori
Taira (IMS) for his permission to use the DPSS laser system and



652 T. Nagata, Y. Kikuzawa / Biochimica et Biophysica Acta 1767 (2007) 648–652
Mr. Takaya Yamanaka (IMS) for his help in setting up the
optical system. This work was supported by the IMS director's
fund, by a Grant-in-aid for Scientific Research in Priority Area,
“Reaction Control of Dynamic Complexes” (No. 16033262) of
the Ministry of Education, Culture, Sports, Science and
Technology (MEXT), Japan, by a Grant-in-aid for Exploratory
Research (No. 15655053) from Japan Society for the Promotion
of Science (JSPS), and “Nanotechnology Support Project” of
MEXT, Japan.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.bbabio.2006.11.006.
References

[1] M. Wasielewski, Energy, charge, and spin transport in molecules and self-
assembled nanostructures inspired by photosynthesis, J. Org. Chem. 71
(2006) 5051–5066.

[2] R. Lomoth, A. Magnuson, M. Sjoedin, P. Huang, S. Styring, L.
Hammarstroem, Mimicking the electron donor side of photosystem II in
artificial photosynthesis, Photosynth. Res. 87 (2006) 25–40.

[3] J.H. Alstrum-Acevedo, M.K. Brennaman, T.J. Meyer, Chemical
approaches to artificial photosynthesis. 2, Inorg. Chem. 44 (2005)
6802–6827.

[4] M.-S. Choi, T. Yamazaki, I. Yamazaki, T. Aida, Bioinspired molecular
design of light-harvesting multiporphyrin arrays, Angew. Chem., Int. Ed.
43 (2003) 150–158.

[5] Y. Kobuke, K. Ogawa, Porphyrin supramolecules for artificial photo-
synthesis and molecular photonic/electronic materials, Bull. Chem. Soc.
Jpn. 76 (2003) 689–708.

[6] H. Imahori, Y. Mori, Y. Matano, Nanostructured artificial photosynthesis,
J. Photochem. Photobiol., C 4 (2003) 51–83.

[7] M.R. Wasielewski, Photoinduced electron transfer in supramolecular
systems for artificial photosynthesis, Chem. Rev. 92 (1992) 435–461.

[8] I. Willner, B. Willner, Artificial photosynthetic model systems using light-
induced electron transfer reactions in catalytic and biocatalytic assemblies,
Top. Curr. Chem. 159 (1991) 153–218.

[9] V. Balzani, F. Scandola, Photoinduced electron transfer in coordination
compounds: ion-pairs and supramolecular systems, in: M.A. Fox, M.
Chanon (Eds.), Photoinduced Electron Transfer, Elsevier, Amsterdam,
1988, pp. 148–178.

[10] F. D'Souza, P.M. Smith, M.E. Zandler, A.L. McCarty, M. Itou, Y. Araki, O.
Ito, Energy transfer followed by electron transfer in a supramolecular triad
composed of boron dipyrrin, zinc porphyrin, and fullerene: a model for the
photosynthetic antenna-reaction center complex, J. Am. Chem. Soc. 126
(2004) 7898–7907.

[11] M. Kunieda, T. Mizoguchi, H. Tamiaki, Diastereoselective self-aggrega-
tion of synthetic 3-(1-hydroxyethyl)-bacteriopyrochlorophyll-a as a novel
photosynthetic antenna model absorbing near the infrared region,
Photochem. Photobiol. 79 (2004) 55–61.

[12] D.M. Guldi, Fullerene-porphyrin architectures; photosynthetic antenna
and reaction center models, Chem. Soc. Rev. 31 (2002) 22–36.

[13] A.K. Poulsen, A. Rompel, C.J. McKenzie, Water oxidation catalyzed by a
dinuclear Mn complex: a functional model for the oxygen-evolving center
of photosystem II, Angew. Chem., Int. Ed. 44 (2005) 6916–6920.

[14] H. Chen, R. Tagore, S. Das, C. Incarvito, J.W. Faller, R.H. Crabtree, G.W.
Brudvig, General synthesis of di-μ-oxo dimanganese complexes as
functional models for the oxygen evolving complex of photosystem,
Inorg. Chem. 44 (2005) 7661–7670.

[15] M.-N.C. Dunand-Sauthier, A. Deronzier, A. Piron, X. Pradon, S.
Menage, New chemical and electrochemical synthesis of the [Mn4

IVO6

(Bpy)6]
4+cluster. Electrochemical interconversion with corresponding bi-

and mononuclear complexes, J. Am. Chem. Soc. 120 (1998) 5373–5380.
[16] C.E. Dube, D.W. Wright, P.J. Bonitatebus Jr., S. Pal, W.H. Armstrong,

Tetranuclear manganese-oxo aggregates relevant to the photosynthetic
water oxidation center. Crystal structure, spectroscopic properties and
reactivity of adamantane-shaped [Mn4O6(Bpea)4]

4+ and the reduced
mixed-valence analog [Mn4O6(Bpea)4]

3+, J. Am. Chem. Soc. 120 (1998)
3704–3716.

[17] G.R. Newkome, C.N. Moorefield, F. Vögtle, Dendrimers and Dendrons,
Wiley-VCH, Weinheim, Germany, 2001.

[18] Y. Kikuzawa, T. Nagata, T. Tahara, K. Ishii, Photo- and redox-active
dendritic molecules with soft, layered nanostructures, Chem. Asian J. 1
(2006) 516–528.

[19] R.J. Abraham, K.M. Smith, NMR spectra of porphyrins. 21. Applications
of the ring-current model to porphyrin and chlorophyll aggregation, J. Am.
Chem. Soc. 105 (1983) 5734–5741.

[20] C.S. Rajesh, G.J. Capitosti, S.J. Cramer, D.A. Modarelli, Photoinduced
electron-transfer within free base and zinc porphyrin containing poly
(amide) dendrimers, J. Phys. Chem. B 105 (2001) 10175–10188.

[21] A. Wiehe, M.O. Senge, A. Schafer, M. Speck, S. Tannert, H. Kurreck, B.
Roder, Electron donor–acceptor compounds: exploiting the triptycene
geometry for the synthesis of porphyrin quinone diads, triads, and a tetrad,
Tetrahedron 57 (2001) 10089–10110.

[22] D. Gust, T.A. Moore, A.L. Moore, S.J. Lee, E. Bittersmann, D.K. Luttrull,
A.A. Rehms, J.M. DeGraziano, X.C. Ma, Efficient multistep photoinitiated
electron transfer in a molecular pentad, Science (Washington) 248 (1990)
199–201.

[23] N. Mataga, A. Karen, T. Okada, S. Nishitani, N. Kurata, Y. Sakata, S.
Misumi, Picosecond dynamics of photochemical electron transfer in
porphyrin-quinone intramolecular exciplex systems, J. Phys. Chem. 88
(1984) 5138–5141.

[24] J.A. Schmidt, J.Y. Liu, J.R. Bolton, M.D. Archer, V.P. Gadzekpo,
Intramolecular photochemical electron transfer. 5. Solvent dependence of
electron transfer in a porphyrin-amide-quinone molecule, J. Chem. Soc.,
Faraday Trans. 1 (85) (1989) 1027–1041.

[25] J.L. Sessler, M.R. Johnson, T.Y. Lin, S.E. Creager, Quinone-substituted
monometalated porphyrin dimers: models for photoinduced charge
separation at fixed orientation and energy, J. Am. Chem. Soc. 110
(1988) 3659–3661.

[26] M.R. Wasielewski, M.P. Niemczyk, W.A. Svec, E.B. Pewitt, Dependence
of rate constants for photoinduced charge separation and dark charge
recombination on the free energy of reaction in restricted-distance
porphyrin-quinone molecules, J. Am. Chem. Soc. 107 (1985) 1080–1082.

[27] I.R. Gould, D. Ege, J.E. Moser, S. Farid, Efficiencies of photoinduced
electron-transfer reactions: role of the Marcus inverted region in return
electron transfer within geminate radical-ion pairs, J. Am. Chem. Soc. 112
(1990) 4290–4301.

[28] T.A. Moore, D. Gust, A.L. Moore, The optimization of photochemical
energy conversion: synthetic supramolecular devices vis a vis photosynth-
esis, NATO Adv. Stud. Inst. Ser., Ser. C Math. Phys. Sci. 371 (1992)
295–311.

http://dx.doi.org/doi:10.1016/j.bbabio.2006.11.006

	An approach towards artificial quinone pools by use of photo- and redox-active dendritic molecu.....
	Introduction
	Materials and methods
	Preparation of the molecules
	Physical measurements
	Photoreactions

	Results
	Characterization of the target molecules
	Photoreactions

	Discussion
	Conclusion
	Acknowledgments
	Supplementary data
	References


