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Abstract: A mesoporous silica FSM-16 was found to be a recycla-
ble promoter for the oxidative cleavage of double bonds, which are
conjugated with an aromatic nucleus, to afford the corresponding
carboxylic acid in the presence of catalytic iodine under photoirra-
diation conditions.
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In general, a carbon-carbon double bond is a key function-
al group for transformation in organic synthesis due to its
high reactivity and diversity of transformable property,
and a variety of methods for transformation starting from
double bonds have been developed.1 In this context, oxi-
dative cleavage of the double bond including ozonolysis
and oxidation with a heavy metal such as ruthenium or
NaIO4 to afford the corresponding carboxylic acid or al-
dehydes is an important method.1 Although these methods
have been used for organic synthesis by many workers, it
is difficult to distinguish between the double bonds except
in special cases due to the high reactivity of the oxidants.2

We have investigated the photooxidation with silicas, and
a mesoporous silica FSM-163 was found to promote oxi-
dation reactions at the benzylic position.4 In the course of
our study regarding the substrates and the conditions for
this oxidation, FSM-16 was found to oxidize 4-tert-butyl-
styrene (1) to give 4-tert-butylbenzoic acid (2) exclusive-
ly in the presence of catalytic iodine under
photoirradiation conditions (Scheme 1).

Scheme 1

Since FSM-16 proved to promote oxidation reactions at
the benzylic position selectively in our previous studies,
selective cleavage of double bonds, namely, the distinc-
tion between the double bonds which are conjugated with
an aromatic nucleus and nonconjugated bonds, was ex-
pected. Now, we report our study on the generality of this
oxidative cleavage with FSM-16.

Table 1 shows the results of the transformation of 4-tert-
butylstyrene (1, 50 mg) in the presence of silica (100 mg)
and additives in several solvents using 400-W high-pres-
sure mercury lamps under aerobic atmosphere at room
temperature for 36 h.5,6 Among the solvents examined, i-
Pr2O was found to be suitable for the reaction to afford 2
in 82% yield with FSM-16 (entries 1–10).7 The yield of 2
was slightly increased (87%) when the reaction time was
extended up to 48 h (entry 11). On the other hand, the re-
sult that, without either irradiation, oxygen, FSM-16 or io-
dine, 2 was not obtained or was obtained only in low yield
shows the necessity of all of the foregoing conditions for
this reaction (entries 12–15). Although 0.3 equiv of iodine
was required to give 2 in high yield, an excess amount of
iodine inhibited this oxidation (entries 16–18). Among the
additives used, iodine was found to be superior to others
to afford 2 in high yield (entries 10, 19–21). The results
with other mesoporous silicas, MCM-41,8 HMS,9 and
10%Ti-HMS,10 showed FSM-16 to be better as a promot-
er of the oxidation (entries 22–24).11

Other double bonds, which are conjugated to an aromatic
nucleus, were oxidatively cleaved to the corresponding
carboxyl groups exclusively (Table 2).6 4-tert-Butylsty-
rene (1), 4-methylstyrene (3) and 4-methoxystyrene (7),
which possess an electron-donating group at the aromatic
nucleus, afforded the corresponding benzoic acids (2, 4,
8) in higher yield than that of styrene (5) (entries 1–4). 4-
Nitrostyrene (9), which possesses an electron-withdraw-
ing group, was less reactive than 5, and afforded 4-ni-
trobenzoic acid (10) in moderate yield (entry 5). Although
the size of the aromatic nucleus of the substrates does not
exert any influence on the reactivity, the substituent at the
�- or �-position of the double bonds retarded the reaction:
2-vinylnaphthalene (11), which possesses a large aromat-
ic nucleus, also gave 2-naphthoic acid (12) in 69% yield;
however, �-methylstyrene (13), �-methylstyrene (15),
1,1-diphenylethylene (16) and stilbene (18), which pos-
sess di-substituted double bonds, were found to afford the
corresponding products (14, 6, 17) in low yield or the
starting material was recovered intact even after 48 h, re-
spectively (entries 6–10). A detailed comparison of the re-
sults when using 13 and 16, or 15 and 18 as substrates
suggests that the double bonds are oxidatively cleaved at
the active sites which exist in the pore of FSM-16. A non-
conjugated olefin, 1-dodecene (19), was intact under this
condition (entry 11).
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Furthermore, the distinction between the double bonds
which are conjugated with an aromatic nucleus and non-
conjugated bonds is possible under the same reaction con-
ditions. Scheme 2 shows the result for oxidation of a
mixture of 1 and 19, and 1 was selectively oxidized to 2
and 19 was recovered intact.

Table 1 Study of Reaction Conditions for Oxidative Cleavage of 4-
tert-Butylstyrene (1) with FSM-16

Entry Solvent Silica Additive 
(equiv)

Recovery 
of 1 (%)

Yield of 
2 (%)

1 Hexane FSM-16 I2 (0.3) – 45

2 Benzene FSM-16 I2 (0.3) – 21

3 MeCN FSM-16 I2 (0.3) – 11

4 THF FSM-16 I2 (0.3) – 40

5 t-BuOMe FSM-16 I2 (0.3) – 61

6 MeOH FSM-16 I2 (0.3) – 29

7 CH2Cl2 FSM-16 I2 (0.3) – trace

8 DMF FSM-16 I2 (0.3) 58 0

9 Acetone FSM-16 I2 (0.3) 61 0

10 i-Pr2O FSM-16 I2 (0.3) – 82

11 i-Pr2O FSM-16 I2 (0.3) – 87a

12 i-Pr2O FSM-16 I2 (0.3) 77 0b

13 i-Pr2O FSM-16 I2 (0.3) 64 0c

14 i-Pr2O – I2 (0.3) trace 19

15 i-Pr2O FSM-16 – 71 trace

16 i-Pr2O FSM-16 I2 (0.1) 38 23

17 i-Pr2O FSM-16 I2 (0.5) – 50

18 i-Pr2O FSM-16 I2 (1.0) – 14

19 i-Pr2O FSM-16 Br2 (0.3) 66 9

20 i-Pr2O FSM-16 CsI (0.3) 28 12

21 i-Pr2O FSM-16 CsI (1.0) – 61

22 i-Pr2O MCM-41 I2 (0.3) 8 39

23 i-Pr2O HMS I2 (0.3) 4 54

24 i-Pr2O 10% Ti-
HMS

I2 (0.3) – 63

a The reaction was carried out for 48 h.
b The reaction was carried out in the dark.
c The reaction was carried out under a flow of argon.

tBu tBu

CO2H

silica (100 mg)
   additive
  hν (400 W)

solvent (5 ml)
   r.t., 36 h1 (50 mg) 2

Table 2 Oxidative Cleavage of Double Bonds with FSM-16

Entry Substrate Product (% yield)

1

1 2 (87)
2

3 4 (81)
3

5 6 (68)
4

7 8 (71)
5

9 10 (46)
6

11 12 (69)
7

13 14 (24)
8

15 6 (33)
9

16 17 (12)a

10

18

no reactionb

11

19

no reactionc

a 1,1-Diphenylethylene (16) was recovered in 64% yield.
b Stilbene (18) was recovered in 88%.
c 1-Dodecene (19) was recovered in 57% yield.
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Scheme 2

The promoter FSM-16 was found to be a recyclable pho-
tocatalyst. Thus, the recovered FSM-16, which was dried
at room temperature for 2 h under reduced pressure,
showed no loss of activity for the reaction after being used
three times (Table 3).

Although the mechanism of the interaction between the
substrate and the active site on the pore walls of FSM-16
and the reasons for the promoting effect of a catalytic
amount of iodine are not yet clear, Scheme 3 shows a pos-
sible path by considering both the lack of promoting effect
without oxygen in this reaction and our previous study for
oxidation with FSM-16.4 Benzyl radical species 20 is gen-
erated by addition of an iodine radical, which is formed
under photoirradiation, to the double bond. Radical spe-
cies 20 traps molecular oxygen in air to afford 21, and,
furthermore, hydroperoxide 22 is thought to be formed by
abstraction of the hydrogen atom from a hydrogen source
such as i-Pr2O or FSM-16. We believe �-iodo carbonyl
compound 23 is a key intermediate, since 4-tert-bu-
tylphenacyl iodide (23, R = t-Bu) was detected by NMR
as a by-product in the course of the reaction when using 1
as substrate, and 2 was obtained in 62% yield when using
4-tert-butylphenacyl iodide as substrate under the same
reaction conditions. The intermediate 23 is then trans-
formed to the corresponding carboxylic acid under the
conditions, although the details of the transformation are
not clear.

In conclusion, we have found a useful method for selec-
tive cleavage of double bonds conjugated with an aromat-
ic nucleus with a combination of FSM-16 and catalytic
iodine under photoirradiation.
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Table 3 Recycle of FSM-16

Cycle of FSM-16 1st 2nd 3rd

Yield (%) of 2 80 84 81

FSM-16 (200 mg)
I2 (0.3 equiv.), hν (400 W)

iPr2O (10 ml), 48 h

 1

19

2 (74 %)
(50 mg)

(50 mg)
+ 60 % of 19 

was recovered

+

       FSM-16 
I2  (0.3 equiv.), hν 

iPr2O (5 ml), r.t., 36 h
21

(50 mg)

Scheme 3

R

CO2H

R

I

R

I

O O

R

I

O OH

H

R

I

O

R

I2 2I

I

O2

.
. .

.

1)

2)

23

20

21 22

D
ow

nl
oa

de
d 

by
: C

ol
le

ct
io

ns
 a

nd
 T

ec
hn

ic
al

 S
er

vi
ce

s 
D

ep
ar

tm
en

t. 
C

op
yr

ig
ht

ed
 m

at
er

ia
l.


