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Oxygen-containing complexes of some metalloporphyrins 
related to cytochrome P-450 have recengy become the subject 
of, great interest and intensitve investigltion.1 A variety of 
chemical oxidants such as peracids,2 alkyl hydroperoxides,' 
iodosylbenzene (PhI0),4 hypochlorite: and a persulfoxide in- 
termediate generated in singlet oxygen ('02) oxidation of sulfide6 
have been used as oxygen donors to form the metal-oxo species 
(M-O); on the other hand, 0 2  has been an oxygen atom source 
by modeling of the reductive dioxygen activation? Meanwhile, 
it is well known that ' 0 2  oxidation of olefin results in the formation 
of allylic hydroperoxide via a perepoxide intermediate.* In ' 0 2  
oxidation of adamantylideneadamantane (Ad=Ad), affording 
the corresponding dioxetane in high yield? a perepoxide inter- 
mediate was trapped by sulfoxide,lO sulfur dioxide," and phos- 
phite12 to give sulfone, sulfur trioxide, and phosphate, respectively. 
To our knowledge, no interaction between a perepoxide and a 
metal io& however, has been known. We describe here a novel 
oxygen-transfer system from 1 0 2  to a hydrocarbon via perepoxide 
and metal-oxo species intermediates owing to the catalytic role 
of the porphyrin-metal complex. 

In a typical experiment, a benzene solution of Ad=Ad (1.9 
X 162 M) and adamantane (17 equiv) was photoirradiated at 
20 "C with tetraphenylporphin (TPP, 3.5 X 10-4 M) as sensitizer 
under an oxygen flow (flow rate; 2 mL/min) in the presence of 
Mn(TPP)Cl (3.2 X 10-4 M)." The resulting mixture was 
submitted to analytical GLC and GC-MS. Both adamantan- 
1-01 and adamantan-2-01 were apparently produced in 62% and 
17% yields, respectively, together with adamantylideneadaman- 
tane oxide (84%) and dioxetane (11%) (Table I, run 1). All 

yields were based on Ad-Ad consumed. Very similar results 
werealsoobtained with cyclohexane (Table I, runs 2,4,6). Control 
reactions reveal that all of the components, Ad-Ad, 102,14 and 
metal porphyrin, are essential for hydroxylation. No degradation 
of the catalyst was observed. An oxygen acceptor such as 
cyclohexane, adamantane, or norbornene is inert toward singlet 
oxygen. The results are summarized in Table I. 

Both PhIO/Mn(TPP)Cl13 and our Ad=Ad/102/Mn(TPP)- 
C1 system give similar kinetic isotope effects in the hydroxylation 
of a mixture of cyclohexane-d12 and cyclohexane (kH/kD = 8.8 
and 8.6, respectively). These observations suggest the interme- 
diacy of the same metal-oxo species (Mn=O(TPP)Cl). 

In order to know the character of the active oxidizing species, 
the steric effects of both an added olefin and a catalyst have been 
investigated. Mn-O(TPP)Cl has a stronger ability for hydrox- 
ylation compared with Fe==O(TPP)Cl (Table I, runs 1-4, 10, 
1 l).16J7 Moreover, Table I (runs 10,ll) reveals that norbornene 
as a less sterically hindered olefin is more easily oxidized to epoxide 
compared with Ad=Ad.l6 Compared with the PhIO system, a 
large steric effect was observed for epoxidation of norbornene 
using a series of iron porphyrins with sterically protected pockets 
in the Ad=Ad/*02 system. The observed selectivity depends on 
the size of the substituents on the porphyrin ring (Table II).5a 
These results with the sterically crowded Ad=Ad perepoxide 
intermediate suggest that the slow step in the mechanism is the 
formation of the metal-oxo species. 

Thianthrene 5-oxide was used as a useful chemical monitor for 
clarifying the electrophilic character of the oxygen-transfer 
agent."#'* The perepoxide intermediate derived from the ' 0 2  
oxidation of Ad=Ad acted completely as a nucleophile (XN" = 
l)(Table 111, run 1).l0J2 As expected, the metal-oxo species 
M=O(TPP)Cl derived from the M(TPP)Cl/PhIO system gave 
an essentially electrophilic attack ( X N ~  0.424.53)(Table 111, runs 
2-4).1v7 In the I 0 2  oxidation of Ad=Ad in the presence of 
M(TPP)Cl, a less nucleophilic oxygen-transfer reaction occurred 
toward thianthrene 5-oxide 0.88-0.96)(Table 111, runs 5-7). 
These results apparently suggest that the oxidant, together with 
the nucleophilic perepoxide intermediate, produced in the I 0 2  

T8bk I. Oxidation of Allcanes with Perepoxide or PhIO Catalyzed by Metal Tetraphenylporphyrin 

products, yieldb (%) 

oxidation W A Ad- catalyste 
run systema substrate Ad-Ad Ad-Ad Ad-OHd 1-AD-OH 2-Ad-OH 2-Ad=OO cyclohexanol tumovcr 

10 

11 

AdmAd/'Oz/ 
Mn(TPP)Cl 

Ad-Ad/'Oz/ 
Fe(TPP)CI 

Ad-Ad 0 2  

lOZ/Mn(TPP)Cl 

Mn(TPP)CI 
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Mn(TPP)CV 
PhIO/ 

Mn(TPP)Cl' 
PhIO/ 

Fe(TPP)Cl' 

olefm"l'Oz/ 

adamantane 

cyclohexane 
adamantane 

cyclohexane 
adamantane 
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adamantane 
adamantane 
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Ad==Ad/ 

Ad-Ad/ 
norbornene 

norbornenc 

11 84 

35 65 
26 72 

9 84 
94 6 
95 5 

12 88 

1 

2 

trace 62 17 

trace 38 5 

ndr nd 

nd nd 
58 15 

56' 17' 

8m exo-norbornene oxide 

3m exo-norbomene oxide 

J 23 

40 13 
J 12 

11 3 

nd 
J 

nd 
10 2 l(241 

9k w01 
57" 

14" 

a The reaction conditions were as fdlows: adamantane/olefin/metalloporphyrin = l000/60/1 in benzene, [metalloporphyrin) = 3.2 X lo-' M; 
cyclohexane/olefm/metalloporphyrin - 6000/60/1 in benzene, [metalloporphyrin] = 6.4 X lo-' M. Yields were based on Ad-Ad consumed. 50% 
of Ad-Ad was converted in all cases. In the presence of metalloporphyrin, dioxetane did not decompose under the experimental conditions. 
Adamantylidcneadamantan-4-01. Alcohols produccd/porphyrin used. 1 Since the dioxetanc was decomposed under GC analysis, yield of adamantan- 

2-one was not determined. Not det&ed. Biscyclo[3.3.l]nonylideneb~yclo[3.3.l]nonane. Alcohols and ketone produced/porphyrin used. Ad- 
amantane/PhIO/metalloporphyrin = 1000/25/ 1 in benzene. ' Yields were based on PhIO consumed. I Thereaction conditions were as follows: norbornene/ 
AdPAd/PhIO/metalloporphyrin = 30/30/10/1 in CHZC12, [metalloporphyrin] = 1.4 X 10-3 M. Other possible products were the hydroxylated 
Ad-Ad. T r a m  of the endo-epoxide, norcamphor, and 3-cyclohcxenc-1-carboxaldehyde were also detected. 
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Table II. Relative Rates of Catalytic Ewxidation of Norbornene Using Iron Porphyrin 

Communications to the Editor 

Iron Porphyrin 

oxidation system Fe(TMP)CI Fe( TPP) C1 Fe(0EP)CI 

Ad=Ad/'Oz' 
PhIOe 

1 .ob 
1 .ob 

3 . e  
0.776 

~~~~~~~~~ ~~ ~ ~ ~ ~ ~ ~ 

a The reaction conditions were as follows: norbornene/Ad=Ad/metalloporphyrin = 7000/60/1 in CH2C12, [metalloporphyrin] = 6 X lo-' M, [TPP] 
= 3.5 X lo-' M. b Relative rates were calculated on the basis of the yields of norbornene oxide p r o d u d  at the stage of 50% conversion of Ad=Ad. 
Norbornene/PhIO/metalloporphyrin = 7000/30/1, [metalloporphyrin] = 6 X lo-' M. Relative rates were calculated on the basis of the yields of 

norbornene oxide produced at  the complete consumption of PhIO. 

Table JII. Nucleophilic Character (XN,,) of Oxygen-Transfer Agents Derived with Thianthrene 5-Oxide 

abs yield (mMIb 
run oxygen-transfer reactions" total yields (%I SSO2, mu SOSO, nE1 SOSOz, mu, nE1 X N , , ~  

1 Ad=Ad/'02/CH2C12/20 "C 3.7 3.53 1 .oo 
3 Fe(TPFP)Cl/Ad=Ad/'02/CH2C12/20 "C 2.5 2.05 0.20 0.09 0.88 
4 Mn(TPP)C1/Ad=Ad/102/CH2C12/20 "C 9.0 7.43 0.54 0.54 0.88 

2 Fe(TPP)Cl/Ad=Ad/'02/CH2C12/20 "C 2.6 2.37 0.1 1 trace 0.96 

5 Mn(TPP)CI/PhIO/CH2C12/20 OC 15.3 8.95 3.36 2.22 0.53 
6 Fe(TPP)Cl/PhIO/CH2C12/20 "C 9.7 2.88 4.36 1.97 0.43 
7 Fe(TPFP)CI/PhIO/CH2C12/20 "C 13.9 3.53 6.17 3.44 0.42 

A trace of oxidized products of thianthrene 5-oxide was obtained in PhIO/CH2C12/20 "C, 102/CH$212/20 O C ,  and Fe(TPFP)C1/'02/CH2C12/20 
OC systems. The typical ratio of reactants, thianthrene S-oxide/Ad=Ad/PhIO/porphyrin, is 80/30/20/1, [porphyrin] = 1.2 X lo-'. Amount of 
conversion of thianthrene 5-oxide into SSO2, SOSO, and SOSO2 products determined by GLC. Mole fraction of amount of nucleophilic attack, Le., 
m,,/(mu + ne,); SOSO2 represents double oxygen-transfer product either via the sequence SSO SOSO Ox" SOSO2 or SSO OX" SSO Ox, SOSO2, 
so that the yield of SOSO2 is equally added to mu and to nu. 

OXNU 0 0 9 P  9 P  

O X E l H  ** sso 
a:o a:o 

SOSOz(E1, NU) 

0:o 
b SOSO(El) SSOdNU) 

6:o 
Scheme I 

Ad =Ad 

oxidation of Ad=Ad in the presence of M(TPP)Cl should have 
an essentially electrophilic character. 

On the basis of these observations, the primary perepoxide 
intermediate is likely to transfer an outer oxygen atom to 
M(porph)Cl to afford M=O(porph)Cl, which can oxidize 
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