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Tris(2,2’-bipyridine)ruthenium(Il) and partially quaternized
poly(1-vinylimidazole)-bound ruthenium(Il) complexes have
excellent stability during the photo-oxidation of 1,3-
cyclopentadiene and can be sufficiently and repeatedly used as
photosensitizers.

The photo-oxidation of organic and inorganic compounds by
activated oxygen such as singlet oxygen and the superoxide
anion generated by various photosensitizers is of considerable
interest. Generally, rose bengal, methylene blue, chlorophyll,
porphyrins and phthalocyanines, which have a strong absorption
in the visible region, have been used as the photosensitizers for
the photo-oxidation of sulfides,” thiols,* phenols™’ and other
organic compounds.”"' One of the most reactive substrates for
the endoperoxide formed by the photo-oxidation reaction is 1,3-
cycloalkadiene, and many studies have been reported using
various photosensitizers.'"
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Although such systems frequently demonstrate high reaction
activity, their investigations rarely focused on the stability of the
photosensitizers. On the other hand, the tris(2,2’-
bipyridine)ruthenium(II) complex [Ru(bpy)f] is a very famous
photosensitizer for water oxidation and photo-reduction
reactions.”” Furthermore, we have reported the photo-reduction
reaction using partially quaternized poly(1l-vinylimidazole)-
bound ruthenium(II) complexes (RuQPIms) as
photosensitizers.”* Though the ruthenium(IT) complexes have a
high quantum yield of the singlet oxygen formation, particularly
Ru(bpy),”,* these ruthenium(Il) complexes have little been
applied to photo-oxidation reactions. We now describe the
photo-oxidation of 1,3-cyclopentadiene (CP) using Ru(bpy),”
and RuQPIms in ethanol as the photosensitizers and their
excellent stability during the reaction.

RuQPIms and Ru(bpy),” were prepared according to the
literature.™” The photo-oxidation experiments were carried out
at 25 °C in a 50 ml ethanol saturated by oxygen. The sample
solutions were adjusted to 5.0 x 10° M photosensitizer and 2.5 x
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Figure 1. Chemical structure of polymer-bound Ru(1)
complexes.

10> M CP* The light irradiation used visible light at 180 mW
cm” (halogen lamp, 250 W). The reactions were monitored by
the change in the oxygen consumption during visible light
irradiation.

When an oxygen saturated ethanol solution containing
photosensitizer and CP was irradiated by visible light, the
oxygen in the reaction cell was consumed. Since the oxygen
was not consumed in the absence of the photosensitizer and the
quenching reaction of the photoexcited photosensitizers with CP
did not take place under an argon atmosphere, the CP would be
oxidized by singlet oxygen generated by energy transfer from
the photoexcited photosensitizer to the triplet molecular oxygen.
Furthermore, the saturated oxygen consumption was about 25.5
ml, indicating that most of CP reacted with the singlet oxygen at
1:1 according to Scheme 1. Figure 2 shows the change in the
oxygen consumption during visible light irradiation for the
Ru(bpy),” and C,RuQPIm systems.” The Ru(bpy),”
photosensitizer demonstrated excellent stability for the repeated
experiments; in addition, it was confirmed by absorption
spectrum measurements that the Ru(bpy),” photosensitizer was
not decomposed during the repeated experiments. On the other
hand, the reaction activity of the polymer-bound ruthenium(II)
complex photosensitizers gradually decreased with repeated
reactions. When the irradiation time was changed from 20 min
to 30 min for the 10th and 11th runs, however, the reaction
activity was similar to that of the 1st and 2nd runs. During the
reaction, the absorption maximum of the polymer-bound
ruthenium(Il) complexes changed from 490 nm to 510 nm,
indicating that these ruthenium(II) complexes changed to
Ru(CHQPIm complexes in which one imidazolyl ligand was
substituted by a chloride ion.”® Therefore, the decrease in
reaction activity is caused by the formation of new polymer
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Figure 2. Repeated experiments of photo-oxidation
reaction of CP using (A) Ru(bpy),** and (B) C,,RuQPIm
as photosensitizers at [Ru(Il)] = 5.0 x 10° M and [CP] =
2.5 x 10° M x runs in ethanol. Irradiation time of one
cycle is 15 min for Ru(bpy),™* system and 20 min in Ist to
9th cycles and 30 min for 10th and 11th cycles for
C,,RuQPIm system.

ruthenium(II)  complexes.  Although the Ru(C)QPIm
photosensitizers have a low reaction activity comparable to the
original complexes (RuQPIms), however, they demonstrate the
same maximum oxygen consumption when changing the
irradiation time to 30 min and have an excellent stability for the
photo-oxidation reaction.

In summary, we find that Ru(bpy),” and polymer-bound
ruthenium(I) complexes can be sufficiently used as
photosensitizers for the photo-oxidation of 1,3-cyclopentadiene.
Furthermore, these ruthenium(II) complexes, which have
excellent stability for the photo-oxidation reaction, can be
repeatedly used. We have now confirmed that these
ruthenium(Il) complex photosensitizers barely lose the reaction
activity after 50 cycles. Further studies on the detailed reaction
mechanism and application of these photosensitizers to the
photo-oxidation reactions of other substrates are now in progress
in our laboratory.

References and Notes
1111 Research Fellow of the Japan Society for the Promotion of
Science (JSPS Research Fellow)

1 W. Spiller, D. Wohrle, G. Schulz-Ekloff, and I. Stark, J.

Photochem. Photobiol., 95, 161 (1994).

2 D. Wahrle, W. Spiller, G. Schneider, G. Schulz-Ekloff, and
J. Stark, J. Inf. Rec. Mats., 21, 1 (1994).

3 G. Schneider, D. Wohrle, W. Spiller, J. Stark, and G.
Schulz-Ekloff, Photochem. Photobiol., 60, 333 (1994).

4 D. Wéhrle, G. Schneider, 1. Stark, and G. Schulz-Ekloff, J.
Mol. Catal., 75,139 (1992).

10

11

12

13
14

15

16
17

18

19

20

21

22

23

24

25

26

27

28

29

30

Chemistry Letters 1999

H. E. Gsponer, C. M. Previtali, and N. A. Garcia, Toxicol.
Environ. Chem., 16, 23 (1987).

M. C. Palumbo and N. A. Garcia, Toxicol. Environ. Chem.,
17, 103 (1988).

R. Gerdes, D. Wohrle, W. Spiller, G. Schneider, G.
Schnurpfeil, and G. Schulz-Ekloff, J. Photochem.
Photobiol. A: Chem., 111, 65 (1997).

R. C. Straight and J. D. Spikes, “Singlet Oxygen, Vol. IV,”
ed. By A. A. Frimer, CRC Press, Boca Raton, Florida,
(1985), p. 91.

J. —-L. Ravanat, M. Berger F. Benard, R. Langlois, R.
Ouellet, J. E. van Lier, and J. Cadet, Photochem.
Photobiol., 55, 809 (1992).

X. ~F. Zhang and H. -J. Xu, J. Photochem. Photobiol. B:
Biol., 24, 109 (1994).

J. D. Spikes, J. E. van Lier, and J. C. Bommer, J.
Photochem. Photobiol. A: Chem., 91, 193 (1995).

A. A. Gorman, G. Lovering, and M. A. J. Rodgers, J. Am.
Chem. Soc. 101, 3050 (1979).

B. M. Monroe, J. Am. Chem. Soc., 103, 7253 (1981).

G. O. Schenck and D. E. Dunlap, Angew. Chem., 68, 248
(1956).

K. H. Schulte-Elte, B. Willhalm, and G. Ohlof, Angew.
Chem., 81, 1045 (1969).

G. O. Schenck, Angew. Chem., 64, 12 (1952).

A.C. Cope, T. A. Liss, and G. A. Wood, J. Am. Chem. Soc.,
79, 6287 (1957).

A. Horinaka, R. Nakashima, M. Yoshikawa, and T
Matsuura, Bull. Chem. Soc. Jpn., 48, 2095 (1975).

P. Esser, B. Pohlmann, and H.-D. Scharf, Angew. Chem.,
106, 2093 (1994).

A. Juris, V. Balzani, F. Barigelletti, S. Campagna, P. Belser,
and A. von Zelewsky, Coord. Chem. Rev., 84, 85 (1988)
and references therein.

A.J]. Bard and M. A. Fox, Acc. Chem. Res., 28, 141 (1995)
and references therein.

W. Riittinger and G. C. Dismukes, Chem. Rev., 97, 1
(1997) and references therein

M. Suzuki, Y. Mori, M. Kimura, K. Hanabusa, and H.
Shirai, J. Chem. Soc. Faraday Trans., 92, 3599 (1996).
M. Suzuki, S. Kobayashi, M. Kimura, K. Hanabusa, and H.
Shirai, Chem. Commun., 1997, 227.

M. Suzuki, M. Kimura, K. Hanabusa, and H. Shirai,
Macromol. Chem. Phys., 199, 945 (1998).

W. Spiller, H. Kliesch, D. Wohrle, S. Hackbarth, B. Roder,
and G. Schnurpfeil, J. Porphyrins Phthalocyanines, 1997,
1,159

P. A. Palmer and T. S. Piper, Inorg. Chem., 5, 864 (1966).
CP used in the present experiments was obtained by
heating dicyclopentadiene at 170 °C just before use.

For all the polymer systems, the same results were
obtained. Therefore, only one result, which was the
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During the repeated experiments, absorption band around
510 nm, corresponding to the [Ru(Cl)QPIm] complex,
increased and that at 490 nm decreased during the
repeated experiments. Furthermore, Ru(C1)QPIm was very
stable, and a further ligand substitution reaction did not
occur even when repeated experiments were continued.



