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We have found that visible light irradiation of a reaction
mixture of dimethoxy-coordinated tetraphenylporphyrinatoan-
timony(V) as a sensitizer, potassium hexachloroplatinate(IV)
as an electron acceptor, and cyclohexene in aqueous acetonitrile
induced formation of cyclohex-2-enol and 3,3′-bicyclohexenyl
with a high quantum yield of around 0.4. The limiting quantum
yield was estimated to be 0.8.
Photochemical redox reactions sensitized by metal complexes

have been extensively studied.1-5 Sensitizers with higher
oxidation potential are expected to incorporate more types of
electron donors such as phosphine, sulfide, alkene, and even
water molecules into the photoredox system.6,7 In general, high-
valent metalloporphyrins have been known to have high
oxidation potentials, though there have been few reports on their
photochemical behaviors.8-10 From these viewpoints, we have
recently focused our attention on some high-valent metallopor-
phyrins having antimony(V), phosphorus(V), germanium(IV),
and tin(IV) as a central metal atom and how oxidation reactions
could be coupled at the oxidation terminal end.7 We have
already reported photochemical epoxidation and oxygenation
of alkenes sensitized by antimony(V) porphyrins.7,11 The water
molecule serves as an oxygen donor in each reaction. In this
paper, we report that dimethoxy-coordinated tetraphenylpor-

phyrinatoantimony(V), ([SbVTPP(OCH3)2]Br), more efficiently
sensitizes the photooxygenation of cyclohexene in the presence
of both water as an oxygen donor and potassium hexachloro-
platinate(IV) (K2PtCl6) as an electron acceptor by visible light
irradiation.
The photoreaction was performed by irradiating visible light

of λ ) 420 or 550 nm to an aqueous acetonitrile solution (33%
H2O) containing the SbVTPP12 (1.1× 10-5 M), K2PtIVCl6 (5×
10-4 M) and cyclohexene (0.1 M) as typical conditions. The
oxygenation products were analyzed by GC-MS spectroscopy
(Shimadzu QP-5000). The practical detection limits of the
possible products were around 10-7 M.
The photoreaction induced formation of cyclohex-2-enol and

3,3′-bicyclohexenyl. Other oxygenation products such as cy-
clohexene oxide, cyclohexane-1,2-diol, and cyclohex-2-enone
were not detected at all in this system. The quantum yields for
the formation of cyclohex-2-enol and 3,3′-bicyclohexenyl under
the above conditions were 0.17 and 0.02, respectively. The
quantum yield was easily improved up to 0.42 for cyclohex-
2-enol formation by increasing the concentration of K2PtCl6 to
2× 10-3 M as a practical solubility limit in the solvent system.
From the analysis of Stern-Volmer plots, the limiting quantum
yield was estimated to be 0.64 at 420 nm (Soret band of SbV-
TPP) irradiation for the formation of cyclohex-2-enol and 0.8
for the total oxidation of cyclohexene involving the dimer
formation. An experiment using H218O revealed that18O atom
was quantitatively incorporated into cyclohex-2-enol under
strictly degassed conditions.13 This clearly indicates that water
molecule serves as an oxygen donor in the photochemical
oxygenation reaction. The decomposition of SbVTPP was
scarcely observed in the visible absorption spectrum during the
irradiation, indicating that the photoreaction proceeds catalyti-
cally. Turnover of the catalytic cycles based on SbVTPP was
more than 20 under the typical condition. The photooxygenation
did not proceed at all without K2PtIVCl6. Other porphyrins such
as zinc(II) tetraphenylporphyrin (ZnIITPP) or free base tetra-
phenylporphyrin also did not sensitize the reaction. Absorbance
at 320 nm due to K2PtCl6 (PtIV) disappeared completely during
the photoreaction, and no photooxygenation was observed when
K2PtCl4 (Pt(II)), a two-electron-reduced product from K2PtCl6,
was employed as an electron acceptor. The sum of quantum
yields for the formation of oxidation products (0.19) is almost
consistent with that for the disappearance of K2PtCl6 (0.17)
under the above typical conditions. This result strongly indicates
that the redox cycles at both the oxidative terminal end and the
reductive one are well balanced in the present case. The net
chemistry of the photoredox reaction in this system, thus, could
be expressed as eq 1.

The equation indicates that hydrochloric acid is generated
during the photooxygenation sensitized by SbVTPP. After light
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irradiation for 1 h, in fact, the pH value of the solution decreased
to 3.2, which corresponds to a stoichiometrical conversion of
Pt(IV) to Pt(II) according to eq 1. Fluorescence of SbVTPP
was not affected at all by K2PtIVCl6 and cyclohexene, indicating
that the excited state responsible for the photooxygenation
should be the triplet state of SbVTPP (3SbVTPP*). The oxidation
potential of3SbVTPP* (+0.13 V vs SCE)14 and the reduction
potential of K2PtIVCl6 (+0.73 V)15 indicate an electron transfer
from 3SbVTPP* to K2PtIVCl6 being sufficiently exoergonic. The
cation radical of SbVTPP (SbVTPP+) (λmax ) 450 nm) was
actually observed in a laser flash photolysis experiment for the
aqueous acetonitrile solution (50% H2O) of SbVTPP and K2-
PtIVCl6. These results strongly suggest the reaction mechanism
for the photooxygenation as shown in Scheme 1. The oxidative
quenching of3SbVTPP* produces the cation radical SbVTPP+

which has highly positive redox potential (Eoxp(SbVTPP)) 1.76
V vs SCE). The one-electron oxidation potential of cyclohexene
(+1.81 V vs SCE)16 suggests a hole transfer from SbVTPP+ to
cyclohexene. The formation of cyclohex-2-enol and 3,3′-
bicyclohexenyl can be plausibly explained as proceeding through
the nucleophilic attack of water on the cyclohexene cation
radical and the following oxidation, and through the corre-
sponding dimerization,17 respectively. We previously reported
that the metal-oxo complex (SbdO) formed by the oxidative
quenching of triplet-excited dihydroxy-coordinated tetraphen-

ylporphyrinatoantimony(V) ([SbVTPP(OH)2]Br) by methyl vi-
ologen as an electron acceptor can induce the photochemical
epoxidation of alkene in the presence of water as both electron
and oxygen donor with visible light irradiation. Since K2PtIV-
Cl6 was revealed to be an efficient electron acceptor for SbV-
TPP, it is expected to generate the metal-oxo complex more
efficiently through oxidative quenching. Investigation along this
line is now in progress.
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