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In order to develop a photocatalyst operating under visible
light irradiation, silica gel-supported dihydroxo(tetraphenylpor-
phyrinato)antimony (V) complex, [SbTPP(OH)2]

þ/SiO2, was
prepared. The photocatalytic oxidation of cycloalkenes with
oxygen molecule was performed on [SbTPP(OH)2]

þ/SiO2 par-
ticles under irradiation of fluorescent light. The photocatalytic
oxidation of cycloalkenes gave the corresponding cis-1,2-epoxy-
cycloalkane, 2-cycloalkene-1-ol, and trans-1,2-cycloalkanediol.

Catalytic oxidations with molecular oxygen have received
much attention as an environmentally friendly material transfor-
mation.1,2 Our attention has paid to the development of the cat-
alyst operating under visible-light irradiation. It has been known
that dihydroxo(tetraphenylporphyrinato)antimony ([SbTPP-
(OH)2]

þ) chromophore can sensitize electron and energy trans-
fers3,4 as well as proton transfer.5 We have elucidated the cata-
lytic activities of silica gel (SiO2)-supported [SbTPP(OH)2]

þ

([SbTPP(OH)2]
þ/SiO2) for the dechlorination of 4-chlorophe-

nol6 as well as the bactericidal effect for E. coli.7 under visi-
ble-light irradiation. However, the photocatalytic activity for ox-
idation of alkenes is still unknown. Here, we report on the
preparative-scale photocatalytic oxidation of cycloalkenes (1)
under visible-light irradiation of [SbTPP(OH)2]

þ/SiO2 catalyst.

A toluene–MeOH solution (4:1 v/v, 200mL) of [SbTPP-
(OH)2]Br (15mg)8 was refluxed with silica gel (0.85–1.7
mm�, 30 g), filtered, and then washed with acetone and water
to give the [SbTPP(OH)2]

þ/SiO2 catalyst (catalyst A) where
the content of SbTPP(OH)2

þ chromophore was 0.05wt%. Irra-
diation of visible light was performed under aerated condition at
room temperature by fluorescent lamp for a spiral glass tube
(4mm�� 2.5m) containing the photocatalyst to which the reac-
tants were fed continuously from the holder (Scheme 1). The
photocatalytic oxidation of cyclohexene (1a) on catalyst A gave
mainly cis-1,2-epoxycyclohexane (2a) and 2-cyclohexen-1-ol
(3a) along with a small amount of 2-cyclohexene-1-one (5a)
in benzene at low conversion (Scheme 2).9 As an increase of
conversion, however, the formation of trans-1,2-cyclohexane-
diol (4a) gradually increased owing to the hydrolysis of 2a on
acidic site of SiO2. In order to reduce the effect of the residual
silanol group, the catalyst A was modified by capping with

(Me3Si)2NH, giving the catalyst B ([SbTPP(OH)2]
þ/SiO2–

OSiMe3).

Figure 1a shows a typical example of time-course plots for
the photocatalytic oxidation of 1a on catalyst B in benzene. After
irradiation for 144 h, the conversion (x) reached to 63%, giving
2a, 3a, 4a, and 5a in ratio of 36:44:14:6. Turnover number
(TON) of the catalyst was calculated to be >2650 by dividing
the total yield by amount of the [SbTPP(OH)2]

þ chromophore
on SiO2 (0.59mmol/g). Similarly, the photocatalytic oxidation
of cyclooctene (1b) gave cis-1,2-epoxycyclooctane (2b), 2-cy-
clooctenol (3b), and trans-1,2-cyclooctanediol (4b). In the case
of 1-methyl-cyclohexene (1c), cis-1,2-epoxy-1-methylcyclo-
hexane (2c), 2-methyl-2-cyclo-hexenol (3c), and trans-2-meth-
yl-1,2-cylcohexenediol (trans-4c) and its cis-isomer (cis-4c)
were formed. Control experiments in the presence of catalyst un-
der dark conditions and in the absence of catalyst gave no oxi-
dized products. The primary products, 2 and 3, were transformed
into 4 and 5 during the further reaction, respectively. It is note-
worthy that epoxidation ratio (�), which is sum of product ratios
of 2 and 4, were relatively high in each case.
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Figure 1. (A) Time-course profile for the photocatalytic oxida-
tion of 1a on catalyst B in benzene: total oxidation products
( ), 2a ( ), 3a ( ), 4a ( ), and 5a ( ). (B) Plots of
� lnð1� xÞ vs time at the initial concentrations of 1.0 ( ) and
0.1M ( ) of 1a in benzene.
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Regardless of the initial concentration of 1a, the plots of
� lnð1� xÞ vs irradiation time (t) laid on common straight line,
showing that the reaction obeyed a pseudo-first-order reaction,
as shown in Figure 1b. Therefore, the rate constants (k) were ob-
tained from the slope of the plots at <5% of conversion. The re-
sults were summarized in Table 1. The photocatalytic oxidation
was investigated in hexane, cyclohexane, toluene, benzene,
CH2Cl2, and CHCl3. As solvent is more polar, ln k increased
whereas � decreased. Indeed, the photocatalytic oxidation of
1a in CH2Cl2 reached 99.8% of conversion, corresponding to
4490 of TON (Table 1).

ICP analysis showed that amounts of antimony in the reac-
tion solution were less than 0.05 ppm that is lower limit of the
detection. It is, therefore, suggested that the [SbTPP(OH)2]

þ

was strongly fixed on SiO2 by strong force such as covalent
Si–O–Sb bond and/or the hydrogen bond through axial OH li-
gands. The catalyst B was analyzed by a microspectrophotome-
ter. The absorption spectra of catalyst B were slightly shifted
from that of [SbTPP(OH)2]Br in MeCN to shorter wavelength,
but both spectra were very similar, regardless of supported by
SiO2 and capping by (Me3Si)2NH (Figure 2). Furthermore, cat-
alyst B after photoreaction was not inactivated for the oxidation
of 1a.

Incident light from the fluorescent light was exclusively ab-
sorbed by the [SbTPP(OH)2]

þ chromophore on SiO2, since the
absorption maxima of [SbTPP(OH)2]

þ chromophore were 419,

550, and 589 nm. Since 1 has much high oxidation potentials
(>1:50V vs Ag/Agþ) than that of [SbTPP(OH)2]

þ chromo-
phore (1.17V)10 and high excitation energy, direct electron
transfer and/or energy transfer between 1 and the excited state
of [SbTPP(OH)2]

þ/SiO2 scarcely occurred. We have previously
elucidated that the excitation of [SbTPP(OH)2]

þ makes the axial
hydroxo ligand more acidic.10 Therefore, [SbTPP(OH)2]

þ/SiO2

in the excited state will undergo the deprotonation from axial hy-
droxo ligand to form the excited state of the oxo-type complex,
[O=SbTPP(OH)]þ/SiO2. It is, therefore, suggested that the oxo-
type complex played as a key intermediate, as reported for the
thermal epoxidation of olefins by iron(III) porphyrin complex
where oxo-iron porphyrin complex was generated by the oxi-
dants.11 The quenching process of the excited oxo-type complex,
[O=SbTPP(OH)], with cyclohexene was observed by a nano-
second laser flash photolysis.12 The oxygen atom incorporated
into substrates should be originated from molecular oxygen,
since the photocatalytic reaction in the presence of H2

18O gave
no oxidation products involving 18O atom. Mechanistic details
are under investigation.

Metalloporphyrin-photosensitized epoxidation previously
reported have usually required such additives as reductants
(e.g. Zn13) and oxidants (e.g. H2O2

14 and t-BuOOH15). Although
another photoepoxidation on TiO2–SiO2 catalyst and thermal
oxidation on isopolyoxometalates without any additives has
been reported, the conversion was still low.16 The present photo-
catalytic epoxidation required no additives and proceeded up to
high conversion.
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Table 1. Photocatalytic oxidation of 1 in spiral apparatusa

1 Solvent t/h (h)b
Product ratio Conv.c k � 10�3 �d

TONe

2:3:4:5 /% /h�1g�1 /%

1a C6H6 144 36:44:14:6 63.2 1.24 50 2650

1a C6H6
f 144 10:17:57:16 40.0 0.09 60 2970

1a CH2Cl2 56 28:38: 27:7 99.8 5.67 55 4490

1b CH2Cl2 72 36:6:58:0 28.0 1.40 94 1185

1c CH2Cl2 20 6:5:88:0 99.0 1.31 94 3300
a Irradiation was performed by the fluorescent light for a spiral reactor
(15mL) packed with the catalyst B (6.0 g). A solution (150mL) of 1
(0.10mol dm�3) was fed to the reactor from the sample holder at
30mL/min by pump. b Irradiation time. c Conversion = amounts of
2–5/initial amounts of 1. d Epoxidation ratio (�) = sum of products
ratio of 2 and 4. e Turnover number (TON) = amount of products
(mol)/amount of SbTPP (mol) on the catalyst that equals to 0:590�
10�6 mol per 1 g of catalyst. f By using catalyst A.
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Figure 2. Absorption spectra of catalyst B before and after photo-
catalytic reaction along with [SbTPP(OH)2]Br in MeCN. Inset was
absorption spectra normalized at Q-band of SbTPP (ca. 550 nm).
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