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Introduction 
Elucidation of the mechanism of oxygen atom-transfer reactions 

by monooxygenase enzymes has been a major goal of biological 
and bioinorganic chemistry.1 Intensive study of cytochrome P-450 
and its model compounds such as metalloporphyrins has resulted 
in a proposed catalytic cycle which involves a high-valent iron oxo 
species as the oxygenating agent. lc'd'2 Although high-valent iron 
oxo species have been widely proposed as the oxygenating in­
termediates in the catalytic cycle of heme and non-heme iron-
containing monooxygenase enzymes and their model compounds, 
direct evidence for the high-valent iron oxo species has frequently 
been difficult to obtain. 

Several reports have appeared suggesting that high-valent metal 
oxo complexes exchange oxygen atoms rapidly with H2

18O when 
labeled water is added to such complexes after they have been 
generated in organic solvents. Thus, it has been found that (1) 
the oxygen atom in Crv(TPP)(O)Cl exchanged with the labeled 
oxygen of H2

18O,3* (2) (TMP)-Fe ,v(0)Cl, generated in situ from 

Hong Ik University. 
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X-ray study, labeled ORTEP drawing, final positional parameters, 
and final thermal parameters for la (6 pages); final observed and 
calculated structure factors for la (21 pages). Supplementary 
material for 5b is available elsewhere.37 Ordering information 
is given on any current masthead page. 

Scheme I 

LMn+ + X16O •" [LM(n+2, +=160] 

[LM(n+2) +=160] " " [LM(n+2l + = 180] 
f a s t 

[LM(n+2)+ = 180] - •- S(18O) + LMnt 

(S = s u b s t r a t e ) 

the reaction of Fe(TMP)Cl and MCPBA at -78 0C, epoxidized 
norbornene in the presence of H2

18O, resulting in the formation 

(1) (a) Dix, T. A.; Benkovic, S. J. Ace. Chem. Res. 1988, 21, 101. (b) 
Walsh, C; Chen, Y.-C. J. Angew. Chem., Int. Ed. Engl. 1988, 27, 333. (c) 
Guengerich, F. P.; Macdonald, T. L. Ace. Chem. Res. 1984, 77, 9. (d) White, 
R. E.; Coon, N. J. Annu. Rev. Biochem. 1980, 49, 315. (e) Ullrich, V. Angew. 
Chem., Int. Ed. Engl. 1972, //, 701. 

(2) (a) Ortiz de Montellano, P. R., Ed. Cytochrome P-450: Structure, 
Mechanism, and Biochemistry; Plenum: New York, 1985. (b) White, W. 
Bioorg. Chem. 1990, 18, 440. (c) Tabushi, I. Coord. Chem. Rev. 1988, 86, 
1. (d) Mansuy, D. Pure Appl. Chem. 1987, 59, 759. 
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Abstract: We have measured the extent of 18O incorporation into the products of metal complex-catalyzed oxygenations of 
organic compounds when H2

18O is added to the reaction mixture. The oxidants studied were hydrogen peroxide, tert-butyl 
hydroperoxide, m-chloroperbenzoic acid (MCPBA), and iodosylbenzene, and the reactions were carried out in organic solvents. 
In reactions of hydrogen peroxide, /erf-butyl hydroperoxide, and MCPBA, no or at most a small amount of 18O was incorporated 
into the products in either olefin epoxidation or alkane hydroxylation reactions catalyzed by (/ne,so-tetrakis(2,6-dichloro-
phenyl)porphinato)iron(III) chloride (Fe(TDCPP)Cl), (meso-tetrakis(2,6-dichlorophenyl)porphinato)manganese(III) chloride 
(Mn(TDCPP)Cl) with imidazole added, iron(II) cyclam (cyclam = 1,4,8,11-tetraazacyclotetradecane), manganese(II) cyclam, 
and nickel(II) cyclam. Assuming that high-valent metal oxo intermediates are generated in all of the reactions of iron and 
manganese porphyrin complexes with the oxidants PhIO, H2O2, ferf-butyl hydroperoxide, and MCPBA, we conclude that 
the high-valent iron oxo and manganese oxo intermediates do not exchange or slowly exchange with labeled H2

18O during 
the course of these catalytic oxygenation reactions under our reaction conditions. Several different iron(III) and manganese(III) 
porphyrin complexes such as Fe(TDCPP)Cl, (me$o-tetraphenylporphinato)iron(III) chloride (Fe(TPP)Cl), (mejo-tetra-
mesitylporphinato)iron(III) chloride (Fe(TMP)Cl), and Mn(TDCPP)Cl were used to catalyze cyclohexene epoxidation by 
MCPBA at low temperature (-78 0C) in the presence of H2

18O. The epoxide obtained in the epoxidation of cyclohexene catalyzed 
by Fe(TDCPP)Cl, Fe(TPP)Cl, Fe(TMP)Cl, and Mn(TDCPP)Cl contained 0%, 4%, 22%, and 0% 18O, respectively. By contrast, 
in the iodosylbenzene reactions, oxygen from labeled H2

18O was fully incorporated into products in aprotic and protic solvents 
in olefin epoxidation and alkane hydroxylation reactions catalyzed by either iron(III) porphyrin, manganese(III) porphyrin, 
or metallocyclam (M = Fe, Mn, Ni) complexes. Labeled oxygen from H2

18O was also fully incorporated into cyclohexene 
oxide in the epoxidation of cyclohexene catalyzed by a zinc complex which is not able to form a high-valent zinc oxo species 
as an intermediate. We conclude from these results that, in the case of iodosylbenzene, the mechanism for oxygen exchange 
does not involve metal oxo intermediates and that the observation of incorporation of labeled oxygen from H2

18O into products 
does not provide evidence for the intermediacy of metal oxo complexes in iodosylbenzene reactions. In the case of oxidants 
other than iodosylbenzene, our results also suggest that reactions of high-valent metal oxo complexes with organic substrates 
in catalytic oxygenation reactions are often comparable in rate to or faster than the reactions with isotopically labeled water 
that lead to oxygen exchange. 
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Table I. Previous Studies of Labeled H2
18O Exchange in Monooxygenases and Model Systems 

oxidant catalyst substrate 18O incorp ref 

OIPh 

cumene-OOH 

02 /NADPH 

0 2 /NADH 
02/ascorbic acid 
O2 

MCPBA 

H2O2 

NaIO4 

LiOCl 
KHSO5 

Crv(TPP)(0)Cl 
[FeIV(TMP)-(0)] + 

[Fe(TPP)(O2)]-
[(L)Mnv(0)]+ 

[(L'+)Fe'v(0)]3+ 

MnIV(TMP)(0) 
[Fe , v(TMP)-(0)]+ 

FeIV(0)(HRP compd II) 
V(OEP)-(O) 
Mn lv(0)(HRP compd I) 
FeIV(0) (cytochrome c peroxidase) 
(SALPN)Mnv(0) 

P-450 
P-450LM2 

P-450,., 
Fe bleomycin 
Mn(TPP)Cl 
Ni(cyclam)2+ 

Mn(salen)+ 

Co(salam) 
[RUCI(DPPP) 2 ] + 

Zn(II) bleomycin 
Zn2(L)4+ 

P-450 
P-450LM! 

P-450Mn, 
P-450LM2 

Fe bleomycin 
P-450 
P-450LM2 

P-450Mm 

Fe bleomycin 
Fe bleomycin 
MMO" 
propyl hydroxylase 
DBM* 
PAHC 

P-450,^ 
Fe(ClO4J2 

Fe(TPA)Cl2
+ 

Mn(TMP)Cl 
Mn(TMP)Cl'' 
Fe bleomycin 
Fe bleomycin 
Mn(TPP)OAc'' 
Mn(TPP)OAc'' 

cyclohexane 
cyclohexane 
camphor 
ris-stilbene 
norbornene 
norbornene 
norbornene 
norbornene 
norbornene 
stilbene 
cyclohexene 
cyclohexane 
cyclohexane 
camphor 
cyclohexane 
cw-stilbene 
cyclohexane 
cyclohexane 
camphor 
cw-stilbene 
d(CGCGCG) 
methane 
proline 
dopamine 
phenylalanine 
camphor 
cyclohexanol 
cyclohexane 
/3-methylstyrene 
/3-methylstyrene 
rij-stilbene 
cw-stilbene 
p-methoxystyrene 
cyclohexene 
norbornene 
norbornene 
cyclohexane 

yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
yes 
no 
no 
no 
8.5% 
no 
no 
no 
no 
no 
yes 
no 
<7% 
no 
no 
no 
9% 
10% 
40% 
no 
no 
no 
no 
no 
yes 
yes 
yes 
yes 
yes 
yes 
no 
yes 
yes 
no 
yes 
yes 

4 
5 
6 
7 
3c 
8a 
8b 
8c 
10 
9a 
9b 
4 
5 
6 
11 
7a 
4 
5 
6 
7a 
12 
13 
14 
15 
15 
6 
16 
17 
18a 
18b 
7a 
7a 
19 
20 
3a 
3b 
21 
22 
23 
24 
25a 
25b 
26 
27 
28 
29 

"Methane monooxygenase. 'Dopamine /S-monooxygenase. 'Phenylalanine hydroxylase. ''Reaction was carried out in the presence of pyridine. 

of norbornene oxide with the incorporation of 1 8 0 , 3 b and (3) a 
manganese porphyrin complex prepared by reacting Mn(TPP)Cl 
with iodosylbenzene in the presence of H2

18O epoxidized nor­
bornene to norbornene oxide with 80% incorporation of the 18O 
label.3c On the basis of these and similar experiments, it has often 
been suggested that the observation of substantial levels of 18O 
incorporation from labeled H2

18O into the oxygenated organic 
products is sufficient evidence for the intermediacy of high-valent 
metal oxo complexes (see Scheme I). 

As shown in Table I, a large number of experiments of this 

(3) (a) Groves, J. T.; Kruper, W. J., Jr. / . Am. Chem. Soc. 1979, 101, 
7613. (b) Groves, J. T.; Haushalter, R. C; Nakamura, M.; Nemo, T. E.; 
Evans, B. J. J. Am. Chem. Soc. 1981, 103, 2884. (c) Groves, J. T.; Kruper, 
W. J., Jr.; Haushalter, R. C. J. Am. Chem. Soc. 1980, 102, 6375. 

(4) Macdonald, T. L.; Burka, L. T.; Wright, S. T.; Guengerich, F. P. 
Biochem. Biophys. Res. Commun. 1982, 104, 620. 

(5) White, R. E.; McCarthy, M.-B. J. Am. Chem. Soc. 1984, 106, 4922. 
(6) Heimbrook, D. C; Sligar, S. G. Biochem. Biophys. Res. Commun. 

1981, 99, 530. 
(7) (a) Heimbrook, D. C; Carr, S. A.; Mentzer, M. A.; Long, E. C; 

Hecht, S. M. Inorg. Chem. 1987, 26, 3835. (b) Murugesan, N.; Hecht, S. 
M. J. Am. Chem. Soc. 1985, 107, 493. 

(8) (a) Koola, J. D.; Kochi, J. K. Inorg. Chem. 1987, 26, 908. (b) Sri-
nivasan, K.; Michaud, P.; Kochi, J. K. J. Am. Chem. Soc. 1986, 108, 2309. 
(c) Koola, J. D.; Kochi, J. K. J. Org. Chem. 1987, 52, 4545. 

(9) (a) Moriarty, R. M.; Penmasta, R.; Prakash, I. Tetrahedron Lett. 1985, 
26, 4699. (b) Nam, W.; Valentine, J. S. J. Am. Chem. Soc. 1990, 112, 4977. 

(10) Bressan, M.; Morvillo, A. J. Chem. Soc., Chem. Commun. 1988, 650. 

nature measuring 18O incorporation from H2
18O have been re­

ported in the literature. When the oxygenated products were found 

(11) Nordblom, G. D.; White, R. E.; Coon, M. J. Arch. Biochem. Biophys. 
1976, 175, 524. 

(12) Rabow, L. E.; McGaIl, G. H.; Stubbe, J.; Kozarich, J. W. J. Am. 
Chem. Soc. 1990, 112,3203. 

(13) (a) Higgins, I. J.; Quayle, J. R. Biochem. J. 1970, 118, 201. (b) 
Ruzicka, F.; Huang, D.-S.; Donnelly, M. I.; Frey, P. A. Biochemistry 1990, 
29, 1696. 

(14) (a) Fujimoto, D.; Tamiya, N. Biochim. Biophys. Acta 1963, 69, 559. 
(b) Prockop, D.; Kaplan, A.; Udenfriend, S. Arch. Biochem. Biophys. 1963, 
101, 499. 

(15) Kaufman, S.; Bridgers, W. F.; Eisenberg, F.; Friedman, S. Biochem. 
Biophys. Res. Commun. 1962, 9, 497. 

(16) Groves, J. T.; McClusky, G. A. J. Am. Chem. Soc. 1976, 98, 859. 
(17) Leising, R. A.; Norman, R. E.; Que, L., Jr. Inorg. Chem. 1990, 29, 

2553. 
(18) (a) Groves, J. T.; Stern, M. K. J. Am. Chem. Soc. 1988,110, 8628. 

(b) Groves, J. T.; Stern, M. K. J. Am. Chem. Soc. 1987, 109, 3812. 
(19) Meunier, B.; Guilmet, E.; De Carvalho, M.-E.; Poilblanc, R. /. Am. 

Chem. Soc. 1984, 106, 6668. 
(20) Robert, A.; Meunier, B. New J. Chem. 1988, 12, 885. 
(21) Khenkin, A. M.; Shteinman, A. A. /. Chem. Soc, Chem. Commun. 

1984, 1219. 
(22) Collins, T. J.; Powell, R. D.; Slebodnick, C; Uffelman, E. S. / . Am. 

Chem. Soc. 1990, //2,899. 
(23) Leising, R. A.; Brennan, B. A.; Que, L., Jr. J. Am. Chem. Soc. 1991, 

//5,3988. 
(24) Czernuszewicz, R. S.; Su, Y. O.; Stern, M. K.; Macor, K. A.; Kim, 

D.; Groves, J. T.; Spiro, T. G. J. Am. Chem. Soc. 1988, 110, 4158. 
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Table II. Percent of Oxygen in Epoxide Incorporated from H2
18O in 

the Epoxidation of Cyclohexene Catalyzed by Various Metal 
Complexes Using Different Oxidants" 

'8O (%) 
in water 

catalyst oxidant added'' 

18O (%) 
in epoxide 

yield (%) 
of epoxide 

product' product'' 
Fe(TDCPP)Cl 

Mn(TDCPP)Cl 

Fe(cyclam)(OTf)2 

Mn(cyclam)(OTf)2 

Ni(cyclam)(N03)2 

Zn2(L)(OTf)4 

"See Experimental 
418O percent of H2

18O 
hexene oxide. d Based 

PhIO 
H2O2 

J-BuOOH 
MCPBA 
PhIO 
H2O2 

PhIO 
H2O2 

MCPBA 
PhIO 
MCPBA 
PhIO 
MCPBA 
PhIO 

76 
76 
76 
76 
76 
76 
76 
76 
97 
76 
90 
76 
90 
97 

77 
<0.5 
<0.5 

2.5 
75 

0 
76 
0 
0 

71 
0 

73 
2.5 

90 

60 
21 
10 
60 
80 
43 
63 
30 
38 
23 
33 
18 
18 
22 

Section for detailed experimental procedures, 
in the reaction medium. c 18O percent in cyclo-
on amounts of oxidants added. 

to contain labeled oxygen, it was generally concluded that the 
oxygenating species was a metal oxo complex. Therefore, the 
labeled H2

18O experiments in iodosylbenzene reactions always led 
to the conclusion that high-valent metal oxo species were the 
oxygenating species on the basis of the observation of labeled 
oxygen incorporation from water into products. 

In this paper, we report the results of a study of metal com­
plex-catalyzed oxygenation reactions in which several oxidants, 
i.e. iodosylbenzene, H2O2, terf-butyl hydroperoxide, and MCPBA, 
were reacted with organic substrates to which H2

18O had been 
added. The catalysts used were iron and manganese metallo-
porphyrin complexes, iron, manganese, and nickel cyclam com­
plexes, and a non-redox zinc complex. The purpose of the study 
was to gain a more complete understanding of the significance 
of 18O exchange in catalytic oxygenation reactions. The results 
of this study indicate (1) that 18O from H2

18O exchanged rapidly 
with 16O derived from PhI16O during metal-catalyzed oxygenation 
reactions by a mechanism that did not involve high-valent metal 
oxo intermediates and (2) that, in the case of the metal complexes 
we examined, exchange of 18O from H2

18O with the oxygenation 
intermediates generated from oxidants other than PhIO (e.g. H2O2, 
ROOH, and MCPBA) was comparable in rate or slow relative 
to reactions of such intermediates with substrates in catalytic 
oxygenation reactions. 

Results 
Epoxidation of Cyclohexene by Various Oxidants Catalyzed by 

(meso -Tetrakis(2,6-dicMorophenyl)poiphinato)iron(III) Chloride 
(Fe(TDCPP)Cl) and (meso-Tetrakis(2,6-dichlorophenyl)por-
phinato)manganese(III) Chloride (Mn(TDCPP)Q) in the Presence 
of H2

18O. Epoxidation of cyclohexene was carried out in a 
CH2C12/CH30H mixture containing 4.8% H2

18O and 1.5% H2
16O 

by volume, using conditions similar to those developed by Traylor 
et al.30 (see Experimental Section for details). The yields of 
cyclohexene oxide and the percentage of 18O incorporation into 
the epoxide product are listed in Table II. In all of the reactions, 
cyclohexene oxide was the predominant product. The data indicate 
that labeled oxygen incorporation occurred in the case of the 

(25) (a) Hashimoto, S.; Tatsuno, Y.; Kitagawa, T. J. Am. Chem. Soc. 
1987, 109, 8096. (b) Hashimoto, S.; Tatsuno, Y.; Kitagawa, T. Proc. Natl. 
Acad. Sci. U.S.A. 1986, 83, 2417. 

(26) Su, Y. O.; Czernuszewicz, R. S.; Miller, L. A.; Spiro, T. G. J. Am. 
Chem. Soc. 1988, 110, 4150. 

(27) Nick, R. J.; Ray, G. B.; Fish, K. M.; Spiro, T. G.; Groves, J. T. J. 
Am. Chem. Soc. 1991, 113, 1838. 

(28) Hashimoto, S.; Teraoka, J.; lnubushi, T.; Yonetani, T.; Kitagawa, T. 
J. Biol. Chem. 1986, 261, 11110. 

(29) Larson, E. J.; Pecoraro, V. L. J. Am. Chem. Soc. 1991, 113, 3810. 
(30) Traylor, T. G.; Fann, W.-P.; Bandyopadhyay, D. J. Am. Chem. Soc. 

1989, / ; ; , 8009. 

Table III. Percent of Oxygen Incorporated into Cyclohexanol from 
Added H2

18O in the Hydroxylation of Cyclohexane Catalyzed by 
Mn(TDCPP)Cl" 

oxidant 

18O (%) in 
added water 

18O (%) in 
cyclohexanol 

product 

yield (%) of 
cyclohexanol 

product4 

PhIO 
H2O2 
MCPBA 

76 
76 
76 

77 
0 
O 

25 
28 
42 

"See Experimental Section for detailed procedures, 
amounts of oxidants added. 

'Based on 

reaction in which iodosylbenzene was the oxidant, but only a trace 
or small amount of labeled oxygen was incorporated into cyclo­
hexene oxide in the case of the reactions of hydrogen peroxide, 
/erf-butyl hydroperoxide, and MCPBA. 

Epoxidation of Cyclohexene by Various Oxidants Catalyzed by 
M(cyclam)2+ (M = Mn, Fe, Ni; cyclam = 1,4,8,11-Tetraazacy-
clotetradecane) in the Presence of H2

18O. The epoxidation re­
actions were carried out in CH3CN in hydrogen peroxide and 
iodosylbenzene reactions and in mixtures of CH3OH and CH3CN 
in the case of the MCPBA reaction (see Experimental Section). 
Cyclohexene oxide was the predominant product with trace 
amounts of allylic oxidation products in the reactions.31 As with 
the iron and manganese porphyrin complex-mediated epoxidation 
reactions, the labeled oxygen from solvent water was fully in­
corporated into cyclohexene oxide in the iodosylbenzene reactions 
catalyzed by iron, manganese, and nickel cyclam complexes but 
not at all in the hydrogen peroxide and MCPBA reactions cat­
alyzed by iron or manganese cyclam complexes (see Table II). 
In the cyclohexene epoxidation by Ni(cyclam)2+ and MCPBA, 
a small amount (2.5%) of 18O was found in the cyclohexene oxide 
product. A control reaction was carried out for the MCPBA 
reaction at -23 0C in the absence of the metallocyclam complex 
which showed that only a negligible amount (<4% based on 
MCPBA added) of epoxide was formed during the time period 
of the reaction. 

Epoxidation of Cyclohexene by PhI16O Catalyzed by the 
Zinc(II) Complex Zn2(jji-XYL(py)2)(CF3S03)4 in the Presence 
of H2

18O. The incorporation of oxygen-18 into products from 
labeled water was examined in the oxygenation of cyclohexene 
by iodosylbenzene catalyzed by a binuclear zinc complex Zn2 

(m-XYL(py)2)(CF3S03)4 in acetonitrile solution. Analysis of the 
cyclohexene oxide product showed that a significant amount of 
18O label was incorporated into the product (see Table II). 

Control experiments were carried out to ensure that the oxygen 
of iodosylbenzene was not scrambling with labeled water in aprotic 
solvents prior to the reaction with the zinc complex. A mixture 
of solid iodosylbenzene and H2

18O was stirred in acetonitrile for 
30 min in the presence or absence of the binuclear zinc complex. 
Unreacted solid iodosylbenzene was isolated from the reaction 
mixture and dried in vacuo. The infrared spectrum of the iodo­
sylbenzene showed only bands attributable to PhI16O and not to 
PhI18O. Moreover, this solid was reacted with cyclohexene, and 
the resulting cyclohexene oxide was shown to contain less than 
10% 18O. Cyclohexene oxide, which was stirred in the presence 
of the zinc complex and H2

18O for 1.5 h in acetonitrile, was also 
found not to exchange with H2

18O. 
Hydroxylation of Cyclohexane by PhIO, H2O2, or MCPBA 

Catalyzed by Mn(TDCPP)Cl in the Presence of H2
18O. Cyclo­

hexanol was the major product in the hydroxylation of cyclohexane 
by various oxidants such as hydrogen peroxide, iodosylbenzene, 
and MCPBA catalyzed by the Mn(III) porphyrin complex in the 
presence of 35 equiv of 4-methylimidazole in a solvent mixture 
of CH2Cl2 and CH3OH. Only a small amount (less than 10%) 
of cyclohexanone was formed. The data in Table III indicate that 
18O from labeled water was incorporated into the cyclohexanol 
product in the case of the iodosylbenzene reaction but not in either 
the hydrogen peroxide or the MCPBA reaction. 

(31) (a) Nam, W.; Valentine, J. S. J. Am. Chem. Soc. 1991, 113, 7052. 
(b) Nam, W.; Valentine, J. S. Manuscript in preparation. 
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Table IV. Cyclohexene Epoxidation by MCPBA and 
Metalloporphyrin (M = Fe, Mn) Complexes in the Presence of 
H2

18O at -78 0 C 

metalloporphyrins 

18O (%) in 
epoxide product6 

yield (%) of 
epoxide product' 

Fe(TDCPP)Cl 
Fe(TPP)Cl 
Fe(TMP)Cl 
Mn(TDCPP)Cl 

<1 
4 

22 
<1 

50 
31 
36 
30 

"See Experimental Section for detailed procedures. b 18O percent in 
cyclohexene oxide. ' Based on amount of MCPBA added. 

Epoxidation of Cyclohexene by MCPBA Catalyzed by Iron(m) 
Porphyrin and Manganese(III) Porphyrin Complexes in the 
Presence of H2

18O at - 7 8 0 C . The epoxidation of cyclohexene 
by MCPBA and metalloporphyrin complexes such as Fe(TDC-
PP)Cl, Fe(TMP)Cl, Fe(TPP)Cl, and Mn(TDCPP)Cl was studied 
at - 78 0 C in a solvent mixture of CH 2 Cl 2 and C H 3 O H in the 
presence of H 2

1 8O. The results listed in Table IV demonstrate 
that the percentage of 18O in the epoxide formed depended on the 
nature of the porphyrin ligand bound to iron. In the case of 
Mn(TDCPP)Cl as a catalyst, the epoxide product did not contain 
18O. A control reaction in which cyclohexene was stirred with 
MCPBA in the absence of metalloporphyrins at - 7 8 0 C showed 
that only a small amount (less than 5%) of cyclohexene oxide was 
produced. 

Discussion 
The oxidation of cyclohexene and cyclohexane by iodosyl-

benzene, hydrogen peroxide, tert-butyl hydroperoxide, and 
M C P B A catalyzed by either Fe(TDCPP)Cl , Fe(TPP)Cl , Fe-
(TMP)Cl , Mn(TDCPP)Cl , Fe(cyclam)2 + , Mn(cyclam) 2 + , Ni-
(cyclam)2+, or a binuclear zinc complex was studied in the presence 
of labeled H 2

1 8O. Tables II and III unambiguously show that 
labeled oxygen incorporation into the oxygenated products oc­
curred whenever iodosylbenzene was used as an oxidant in the 
alkene epoxidation and alkane hydroxylation reactions but only 
infrequently when the other oxidants, i.e. H 2 O 2 , f-BuOOH, and 
MCPBA, were used. 

substrate + PhI 1 6O + H 2
1 8 O 

catalyst 
product( 1 80) (1) 

catalyst 
substrate + R O 1 6 O H + H 2

1 8O • product( 1 60) (2) 
18O Incorporation in Iodosylbenzene Reactions. There has not 

been general agreement in the literature concerning the nature 
of oxygen exchange of iodosylbenzene with labeled water in cy­
tochrome P-450 or metal complex-mediated oxygenation reactions 
of organic substrates. Some of the experiments reported are as 
follows: (1) The oxygen atom in iodosylbenzene was reported not 
to exchange in water in the absence of metal catalysts.6 (2) 
Iodosylbenzene was reported not to undergo prior isotopic ex­
change with labeled water in the presence or absence of metal 
catalysts in aprotic solvent.8 (3) In contrast to (2), iodosylbenzene 
was reported to exchange rapidly with labeled water in acetonitrile 
in the absence of metal catalysts.32 This conclusion was reached 
on the basis of a study of the oxidation of C H 3 S C H 3 by PhI1 6O 
in the presence of H2

1 8O at 60 0 C in CH 3 CN. (4) Iodosylbenzene 
was reported to exchange rapidly with labeled water in a solvent 
mixture of methanol and water in the absence of metal ions.7,33 

(5) The oxygen atom derived from iodosylbenzene was found to 
exchange with labeled water prior to oxygen transfer to the 
substrate in the cytochrome P-450 system.4 This oxygen exchange 
was reported to be the result of the formation of a high-valent 
iron oxo intermediate which exchanged its oxygen with water. (6) 
The oxygen of iodosylbenzene was reported to exchange with the 
oxygen of labeled water coordinated to the cytochrome P-450 prior 
to the formation of iron oxo species.34 These apparently con­

tradictory results can now be resolved on the basis of the results 
we describe in this paper. 

Our control experiments, in which solid iodosylbenzene was 
stirred with labeled water in acetonitrile in the presence or absence 
of a catalyst and then reisolated and analyzed, demonstrated that 
the solid iodosylbenzene polymer itself did not exchange oxygen 
atoms with labeled water in the absence or presence of the catalyst 
in aprotic solvent. Iodosylbenzene is an insoluble polymer which 
apparently dissociates irreversibly when it reacts with the metal 
complex catalyst. The reisolated iodosylbenzene was the intact 
polymer iodosylbenzene, and its oxygen atoms had not been 
scrambled by exposure to labeled water in our experiments. This 
observation is consistent with results 1 and 2 above, which showed 
that the oxygen of solid iodosylbenzene polymer does not exchange 
with the oxygen of water in the absence or presence of metal 
catalyst (see eq 3). 

(PhI 1 6O), H2
18O ^ ^ 

7V 
(PhI 1 8O), H2

16O (3) 

In a methanolic solution, iodosylbenzene and its derivatives were 
reported to exchange with solvent water (point 4 above).35 In 
this case, the iodosylbenzene dissolves in the methanolic solution, 
unlike the situation described above where the virtually insoluble 
iodosylbenzene polymer was stirred in water. Under these con­
ditions, iodosylbenzene is believed to react with methanol to give 
PhI(OMe)2 , PhI (OMe)(OH) , or related species.33 Thus, oxygen 
exchange of PhIO may occur readily under such conditions by 
a mechanism involving methanolysis followed by hydrolysis. This 
is in fact the method used to prepare 180-labeled iodosylbenzene.33 

Other evidence for the hydrolysis of hypervalent iodine compounds 
in an aqueous methanolic solution is obtained from the reaction 
of the tosylimine analogue of iodosylbenzene, M e C 6 H 5 S O 2 N = 
IC 6H 5 , and cytochrome P-450.5 3 6 The product in the reaction 
with cyclohexane is cyclohexanol, not the amide, and this result 
is rationalized by the hydrolysis of the tosylimine analogue of 
iodosylbenzene in the methanolic solution. This explanation is 
consistent with points 3 and 4 above, from which it can be con­
cluded that monomerized products formed when iodosylbenzene 
goes into solution can readily exchange with labeled water (eq 
4). 

P h I - 16OH 
I 
X 

H2
18O 

H2
16O 

P h I - 18OH 
I 
X 

(PhI18O)n (4) 

in solution 

In the case of the observed oxygen atom exchange between 
iodosylbenzene and water in the presence of metal catalysts, the 
most likely explanation is that oxygen exchange occurs after 
iodosylbenzene is dissolved and is coordinated to a metal complex 
but before the oxygen atom is transferred to the substrate. In 
support of this hypothesis is the observation by Hill and his co­
worker of oxygen atom exchange between a manganese porphyrin 
iodosylbenzene complex dissolved in acetone and labeled water 
added to the solution.37 This result indicates that the iodosyl­
benzene coordinated to a metal complex can readily exchange with 
labeled water (eq 5). 

M1^-16O-I-Ph + H2
18O 

M ^ - 1 8 O - I - P h • H2
16O (5) 

We found from our experiments that a small amount of labeled 
H2

1 8O present in the reaction medium caused significant 18O 

(32) Kinneary, J. F.; Albert, J. S.; Burrows, C. J. J. Am. Chem. Soc. 1988, 
HO, 6124. 

(33) Schardt, B. C; Hill, C. L. lnorg. Chem. 1983, 22, 1563. 
(34) In ref 2a, p 233. 

(35) Gragerov, I. P.; Levit, A. F. / . Gen. Chem. USSR (Engl. Transl.) 
1963, 33, 536. 

(36) White, R. E. Fed. Proc. 1986, 45, 1747. 
(37) Smegal, J. A.; Hill, C. L. J. Am. Chem. Soc. 1983, 105, 3515. 
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Scheme II 
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incorporation into products in aprotic or protic solvents in all of 
the iodosylbenzene reactions regardless of which catalyst was 
present. Even when the catalyst was a non-redox-active zinc 
complex, which cannot form high-valent metal oxo intermediates, 
a high percentage of 18O was incorporated into the epoxide 
product. These results clearly demonstrate that the incorporation 
of labeled oxygen from H2

18O into products is not occurring via 
high-valent metal oxo intermediates in the iodosylbenzene reac­
tions. On the basis of these observations, we propose a mechanism 
for the labeled oxygen incorporation into products in the iodo­
sylbenzene reactions (see Scheme II). In this mechanism, the 
metal complex and iodosylbenzene polymer react to form a 
metal-iodosylbenzene complex, LM"+-OI(Ph)(X) (1). This 
species has been isolated in a manganese porphyrin reaction37 and 
also proposed in a Lewis acidic metal-catalyzed epoxidation re­
action.38 We propose that oxygen exchange occurs between this 
complex and labeled water. This species then directly transfers 
an oxygen atom to a substrate in the case of a non-porphyrin metal 
complex, as described in Yang et al.,38 or forms a high-valent metal 
oxo complex. 

18O Study in Metal Complex-Catalyzed Oxygenations by H2O2, 
f-BuOOH, and MCPBA. It has been known for a long time that 
the origin of the oxygen in oxygenated products in monooxygenase 
enzyme systems is dioxygen, not solvent water. In iron bleomy-
cin-mediated ci's-stilbene epoxidation reactions, Hecht and co­
workers reported a detailed labeling study designed to ascertain 
if the oxygen in the epoxide product was similarly derived directly 
from the oxidant or whether it was scrambled when the reaction 
was carried out in the presence of labeled water.7 Using hydrogen 
peroxide, cumene hydroperoxide, ascorbic acid/02, iodosylbenzene, 
and NaIO4 as oxidants, they found that the epoxide oxygen was 
derived from the oxidant in the hydrogen peroxide, cumene hy­
droperoxide, and ascorbic acid/02 reactions but that the source 
of oxygen in the iodosylbenzene and NaIO4 reactions was the 
labeled water. They proposed that the labeled oxygen in cis-
stilbene oxide obtained from the iodosylbenzene and NaIO4 re­
actions was due to preequilibration of the oxidant with labeled 
water prior to the oxygen atom transfer to iron bleomycin. In 
support of this conclusion, they showed that iodosylbenzene and 
NaIO4 gave exchange with labeled water in the absence of iron 
bleomycin under their reaction conditions. They concluded from 
their study that a high-valent iron oxo species was the epoxidizing 
agent in the case of all of the oxidants. They attributed the lack 
of exchange in the case of the hydrogen peroxide, cumene hy­
droperoxide, and ascorbic acid/02 reactions to a mechanism 

(38) (a) Yang, Y.; Diederich, F.; Valentine, J. S. / . Am. Chem. Soc. 1991, 
113, 7195. (b) Yang, Y.; Diederich, F.; Valentine, J. S. / . Am. Chem. Soc. 
1990, 112, 7828. 

Scheme III 
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whereby a high-valent iron oxo intermediate transferred its oxygen 
directly to cw-stilbene at a rate faster than that of oxygen exchange 
with labeled water. 

Another example of a system in which high-valent metal oxo 
species did not exchange rapidly with labeled water was reported 
by Meunier and his co-workers, who studied catalytic epoxidations 
of p-methoxystyrene and cyclohexene by LiOCl and KHSO5 
catalyzed by the Mn(TPP)OAc complex in the presence of ni­
trogen base.19,20 They showed that oxygen atom transfer from 
the oxidizing intermediate to olefin was faster than the oxygen 
exchange between the oxidizing intermediate and labeled water. 
By contrast, Groves and his co-worker showed that the oxygen 
of a high-valent manganese oxo species was exchangeable with 
H2

18O in the /S-methylstyrene epoxidation by MCPBA and Mn-
(TMP)Cl in the absence of pyridine but there was no 18O in­
corporation into the product in the presence of pyridine.18 

By utilizing well-studied Fe and Mn porphyrin systems in which 
high-valent metal oxo complexes are generally accepted to be the 
active oxygen atom-transfer reagents,30,39 we have been able to 
assay the extent of oxygen exchange between some high-valent 
metal oxo complexes and labeled water in catalytic oxygenation 
reactions. As shown in Table II for the cyclohexene epoxidations 
by H2O2, f-BuOOH, or MCPBA catalyzed by Fe(TDCPP)Cl or 
Mn(TDCPP)Cl complexes and in Table III for the cyclohexane 
hydroxylations by H2O2 or MCPBA catalyzed by the Mn(TDC-
PP)Cl complex, we find that no or at most a small amount of 18O 
was incorporated into the products from labeled water under our 
reaction conditions. The active oxidants in these reactions have 
been suggested to be [(Porph)-Felv(0)]+ and [(Porph)Mnv(0)]+ 

formed via the heterolytic cleavage of the O-O bond in MOOR 
(R = H, CR'3, C(O)R').30'39 If the intermediates are high-valent 
metal oxo species as suggested, then we can conclude that oxygen 
exchange between the high-valent metal oxo species and labeled 
water (Scheme III, pathway D) is slower than oxygen transfer 
from the high-valent metal oxo intermediate to organic substrates 
(Scheme III, pathway C) under our reaction conditions. Another 
possible explanation for the absence of 18O incorporation from 
H2

18O into products is that the substrate may in some cases react 
directly with the MOOR species, which is generally presumed 
to be the precursor to the high-valent metal oxo complexes. This 
is the case when pathway A is faster than pathway B in Scheme 
III. In such a case, we also would not observe oxygen exchange 
with labeled water. Although we have suggested the possibility 
of an iron-hydroperoxide species as an intermediate in the iron 
cyclam complex-catalyzed epoxidation reaction,31 there is no direct 
evidence for such a mechanism in the metalloporphyrin systems 
nor in the non-porphyrin metal systems at present. Another 
possibility is that the oxidizing species formed from the reaction 
is an alkyl radical (ROO"), as suggested by Bruice and co-workers 

(39) Battioni, P.; Renaud, J. P.; Bartoli, J. F.; Reina-Artiles, M.; Fort, M.; 
Mansuy, D. / . Am. Chem. Soc. 1988, UO, 8462. 
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in the case of the Fe(TDCPP)Cl plus r-BuOOH reaction.40 If 
this species is generated under our reaction conditions, we also 
would not observe any labeled oxygen incorporation into the 
products. 

In the case of the catalytic oxygenation reactions by Mn(TD-
CPP)Cl, the axial position opposite the oxo group of metal oxo 
species is believed to be coordinated by an imidazole ligand, which 
may prevent labeled water from binding to manganese. Thus, 
blocking of the axial position may contribute to the observed lack 
of oxygen exchange in manganese porphyrin complex-catalyzed 
oxygenations of organic substrates in the presence of nitrogen 
bases.18'20 In the reaction of the manganese cyclam complex and 
MCPBA, once again no oxygen incorporation into the cyclohexene 
oxide product is observed. It has been suggested by Groves and 
Stern that oxomanganese(IV) porphyrin complexes fail to ex­
change with added H2

18O,18 and the same is apparently true for 
oxomanganese(IV) cyclam complexes, if such species are indeed 
formed.3 lb In the case of the nickel cyclam and MCPBA reaction, 
a small amount of labeled oxygen is found in the epoxide product, 
indicating that a reactive species formed in the reaction exchanges 
its oxygen with labeled water. This species may be the nickel oxo 
complex which has been suggested by Koola et al.8a and Kinneary 
et al.32 to be an intermediate in the iodosylbenzene reactions. 

Oxygen exchange between H2
18O and high-valent iron oxo 

complexes prepared at low temperature in solution has been shown 
both by Groves et al.3b and by Khenkin and Shteinman.21 The 
former reported the generation of (TMP)'~FeIV(0)Cl in the re­
action of Fe(TMP)Cl and MCPBA in the solvent mixture of 
CH2Cl2 and CH3OH containing H2

18O at -78 0C. When nor-
bornene was added to the reaction mixture, norbornene oxide 
containing 18O was produced.3b They concluded from this result 
that the green species generated from the reaction was exchanging 
its oxygen atom with labeled water. However, Hashimoto et al.25a 

reported that the oxygen exchange of the green species with water 
did not occur on the basis of the Raman spectrum of the 16O-
derived green complex in the presence of labeled H2

18O, indicating 
that the oxygen atom of the [(TMP)*"FeIV(0)]+ complex was not 
easily exchangeable with the oxygen of water. Another reaction 
reported by Khenkin and Shteinman,21 in which [Fe(TPP)(O2)]" 
was reacted with Ac2O in CH2Cl2-CH3OH-C6H12 in the presence 
OfH2

18O at -50 0C, showed 18O incorporation in the cyclohexanol 
product. They concluded that the hydroxylating species was a 
high-valent iron oxo species on the basis of the observation of 
oxygen exchange with labeled water. 

Our results provide a possible explanation for some of these 
apparently contradictory results. In the present study of iron 
porphyrin-catalyzed epoxidation of cyclohexene by MCPBA at 
low temperature in the presence of H2

18O, we have found that 
the extent of the 18O enrichment in the product epoxide depends 
on the nature of the iron(III) porphyrin complexes. The per­
centages of '8O in cyclohexene oxide formed in reactions of Fe-
(TMP)Cl, Fe(TPP)Cl, and Fe(TDCPP)Cl were 22%, 4%, and 
0%, respectively, under our reaction conditions. The general trend 
appears to be that the presence of electron-donating groups on 
the porphyrin such as methyl results in high 18O incorporation, 
whereas electron-withdrawing groups such as chloride give no 18O 
enrichment in the product. Two possible explanations may be 
considered, i.e. either that the rate of oxygen exchange with water 
is decreased when electron-withdrawing substituents are present 
on the porphyrin ligand (Scheme III, pathway D) or that the rate 
of reaction with olefin increases when electron-withdrawing groups 
are present on the porphyrin ligand (Scheme III, pathway C). 
We favor the latter explanation on the basis of the results of 
Traylor and Miksztal41 indicating that the intermediate generated 
from the electronegatively substituted iron porphyrin complex and 
iodosylbenzene showed great reactivity toward epoxidation. 

Another possible explanation of these results is that metal-
peroxyacid species are the active oxygenating agents in these 
systems, as mentioned before. It has been shown by Groves et 

(40) He, G.-X.; Bruice, T. C. J. Am. Chem. Soc. 1991, 113, 2747. 
(41) Traylor, T. G.; Miksztal, A. R. /. Am. Chem. Soc. 1989, ; / / , 7443. 

al.42 and Watanabe et al.43 that addition of olefins to solutions 
of Mn-peroxyacid and Fe-peroxyacid porphyrin complexes gives 
epoxidation (eq 6). If metal-peroxyacid (M = Fe, Mn) porphyrin 

Mn*—(Porph) 

Mn'— (Porph) + , / \ + 0 - C - A r (6 ) 

*7 V" 
complexes are the oxygenating species (Scheme III, pathway A), 
no oxygen incorporation from water into products is expected. 

In summary, we have shown (1) that the incorporation of 
labeled oxygen into products obtained from metal complex-cat­
alyzed oxygenation of organic substrates by iodosylbenzene is not 
sufficient evidence that high-valent metal oxo intermediates are 
involved in the mechanism since the oxygen of the iodosylbenzene 
is exchanged with the oxygen of water prior to the formation of 
reactive oxidants and (2) that the assumption that high-valent 
metal oxo species invariably exchange with labeled water at high 
rates is incorrect. We conclude that care should be used in viewing 
the results of labeled water experiments as indirect evidence for 
the formation of high-valent metal oxo intermediates since the 
rates of oxygen exchange between the high-valent metal oxo species 
and water may depend on reaction conditions and the reactivity 
of the particular metal complex. 

Experimental Section 
Materials. Acetonitrile, methanol, and dichloromethane were refluxed 

over CaH2 and distilled under argon. Acetonitrile was further dried by 
passing through a column of Woelm activity grade Super I alumina in 
a drybox. Cyclohexene, cyclohexene oxide, cyclohexane, cyclohexanol, 
cyclohexanone, n-decane, Zn(CF3S03)2, and cyclam (1,4,8,11-tetraaza-
cyclotetradecane) were purchased from Aldrich Chemical Co. and used 
without further purification. H2

18O (97% 18O enrichment), H2O2 (30%), 
and rerr-butyl hydroperoxide (90%) were purchased from Aldrich. 
MCPBA was prepared by a literature method.44 Fe(CF3S03)2 was 
prepared by a literature method.45 Iodosylbenzene was prepared from 
iodobenzene diacetate by a literature method.46 Fe(TDCPP)Cl, Fe-
(TMP)Cl, Fe(TPP)Cl, and Mn(TDCPP)Cl were obtained from Mid-
century Chemicals. Fe(cyclam)(CF3S03)2, Mn(cyclam)(CF3S03)2, and 
Ni(cyclam)(N03)2 were prepared by mixing equimolar amounts of Fe-
(CF3S03)2, Mn(CF3SOj)2, and Ni(N03)2 and cyclam ligand in anhyd­
rous CH3CN.47 The binuclear zinc complex Zn2(m-XYL(py)2)-
(CF3S03)4 was prepared by reacting 2 equiv of Zn(CF3SO3J2 with the 
ligand m-XYL(py)2 (m-XYL(py)2 = A ,̂A',Af',Af'-tetrakis[2-(2-pyridyl)-
ethyl]-c*,a'-diamino-m-xylene) in CH3CN.48 

Instrumentation. Product analyses were performed on a Hewlett 
Packard S890A gas chromatograph coupled with Hewlett Packard Model 
597OB mass selective detector (MSD). 

Reaction Conditions. All reactions were carried out at ambient tem­
peratures under argon unless otherwise indicated. 

Epoxidation of Cyclohexene by Iodosylbenzene, H2O2, tert-Butyl Hy­
droperoxide, or MCPBA Catalyzed by Fe(TDCPP)Q or Mn(TDCPP)Q 
in the Presence of Labeled H2

18O. These reactions were carried out in 
an inert-atmosphere drybox or argon atmosphere. The iron or manganese 
porphyrin complex (2 X 10"3 mmol) was dissolved in a mixture OfCH2Cl2 
(1.2 mL) and CH3OH (0.8 mL) containing cyclohexene (2 mmol), H2

18O 
(106 iiL, 97% 18O enrichment), and H2

16O (28.6 ML for iodosylbenzene, 
tert-butyl hydroperoxide, and MCPBA reactions and O iiL for the H2O2 
reaction). 4-Methylimidazole (7 X 10"2 mmol) was added to the Mn-
(TDCPP)Cl-catalyzed reaction. Iodosylbenzene (0.4 mmol) and 
MCPBA (0.4 mmol) were added all at once to the reaction mixture. All 

(42) Groves, J. T.; Watanabe, Y.; McMurry, T. J. J. Am. Chem. Soc. 
1983, 105, 4489. 

(43) Watanabe, Y.; Yamaguchi, K.; Morishima, I.; Takehira, K.; Shimizu, 
M.; Hayakawa, T.; Orita, H. Inorg. Chem. 1991, 30, 2581. 

(44) Schwartz, N. N.; Blumbergs, J. H. /. Org. Chem. 1964, 29, 1976. 
(45) Van Atta, R. Ph.D. Dissertation, UCLA, 1987. 
(46) Saltzman, H.; Sharefkin, J. G. Organic Syntheses; Wiley: New York, 

1973; Collect. Vol. V, p 658. 
(47) Douglas, B. E., Ed. Inorganic Syntheses; Wiley: New York, 1978; 

Vol. XVIII. 
(48) Karlin, K. D.; Hayes, J. C; Gultneh, Y.; Cruse, R. W.; McKnown, 

J. W.; Hutchinson, J. P.; Zubieta, J. J. Am. Chem. Soc. 1984, 106, 2121. 
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the iodosylbenzene disappeared within 2 min. H2O2 (0.4 mmol) and 
tert-butyl hydroperoxide (0.4 mmol) were slowly added to the reaction 
mixture over 1 min. After the reaction solution was stirred for 10 min 
for the Fe(TDCPP)Cl reaction and for 1 h for the Mn(TDCPP)Cl re­
action, the solution was analyzed by GC/MS. '6O and 18O compositions 
in cyclohexene oxide were determined by the relative abundances of mass 
peaks at m/z = 83 and 97 for 16O and m/z = 85 and 99 for 18O. 

Epoxidation of Cyclohexene by H2O2, Iodosylbenzene, or MCPBA 
Catalyzed by Fe(cyclam)2+, Mn(cyclam)2+, or Ni(cyclam)2+ in the 
Presence of Labeled H2

18O. The hydrogen peroxide and MCPBA reac­
tions were carried out in an inert atmosphere of dry argon, and the 
iodosylbenzene reaction was carried out in a drybox. The metallocyclam 
complex (2 X 10~2 mmol) was dissolved in 5 mL of acetonitrile containing 
cyclohexene (1 mmol), H2

18O (106 nL, 97% 18O enrichment), and H2
16O 

(O ML for the hydrogen peroxide reaction and 28.6 iA. for the iodosyl­
benzene reaction). H2O2 (0.4 mmol) was slowly added to the reaction 
mixture over 1 min, whereas iodosylbenzene (0.4 mmol) was added all 
at once to the reaction solution. After the reaction solution was stirred 
for 30 min, the reaction mixture was analyzed by GC/MS. The MCPBA 
reaction was done in a reaction solution containing the metallocyclam 
complex (2 X 10~2 mmol), cyclohexene (3 mmol), and H2

18O (106 ML, 
97% 18O or 90% 18O enrichment) in a solvent mixture OfCH3OH (3 mL) 
and CH3CN (2 mL) at -23 0C. After 30 min of stirring for the Mn-
and Ni-cyclam reactions and 60 min for the Fe-cyclam reaction, the 
reaction was quenched with saturated aqueous Na2SO3. A control re­
action for the MCPBA reaction was carried out in the absence of the 
metal-cyclam complex at -23 0 C by stirring the solution of cyclohexene 
and MCPBA for 60 min. 

Epoxidation of Cyclohexene by PhI16O Catalyzed by a Binuclear Zinc 
Complex in the Presence of Labeled H2

18O. The binuclear zinc complex 
Zn2(L)(OTf)4 (1 X 10~2 mmol) was dissolved in 2 mL of CH3CN con­
taining cyclohexene (1 mmol) and H2

18O (36.1 /iL, 97% 18O enrichment, 
1.9 mmol of 18O). PhI16O (0.4 mmol) was added all at once to the 
reaction mixture. The reaction mixture was stirred for 2 h and analyzed 
by GC/MS. 

Control Experiments for Oxygen Exchange between PhI16O and H2
18O 

in Aprotic Solvent, (a) For the case in which the binuclear zinc complex 
was absent, iodosylbenzene (100 mg, 0.45 mmol) was stirred in CH3CN 
(3 mL) in the presence of H2

18O (125 ^L, 97% 18O enrichment) for 30 
min. Iodosylbenzene was then isolated and dried in vacuo (88 mg re­
covered). An infrared spectrum of the isolated iodosylbenzene was re­

corded. The isolated iodosylbenzene was assayed in the epoxidation of 
cyclohexene catalyzed by the binuclear zinc complex. The epoxide 
formed was analyzed by GC/MS for 18O content, (b) For the case in 
which the binuclear zinc complex was present, iodosylbenzene (140 mg, 
0.64 mmol) was stirred in CH3CN (3 mL) containing the binuclear zinc 
complex (0.01 mmol) and H2

18O (125 ML, 97% 18O enrichment) for 20 
min. The unreacted iodosylbenzene was then isolated and dried in vacuo. 
The isolated iodosylbenzene was assayed in the epoxidation of cyclo­
hexene catalyzed by the binuclear zinc complex, (c) In order to test the 
stability of cyclohexene oxide under the reaction conditions, cyclohexene 
oxide (12.1 iiL, 0.12 mmol) was stirred in CH3CN (3 mL) containing 
the binuclear zinc complex (0.01 mmol) and H2

18O (36 iiL, 97% 18O 
enrichment) for 1.5 h. The reaction solution was analyzed for the cy­
clohexene oxide by GC/MS. 

Hydroxylation of Cyclobexane by H2O2, MCPBA, and PhIO Catalyzed 
by Mn(TDCPP)O in the Presence of Labeled H2

18O. The manganese 
porphyrin complex (2 X 10"3 mmol) was dissolved in a mixture OfCH2Cl2 

(1.2 mL) and CH3OH (0.8 mL) containing cyclohexane (4 mmol), 4-
methylimidazole (7 X 10"2 mmol), H2

18O (106 ML, 97% 18O enrichment) 
and H2

16O (28.6 nL for PhIO and MCPBA reactions and O ML for the 
H2O2 reaction). Oxidants (0.4 mmol) were added to the reaction mix­
ture. After the mixture was stirred for 1 h, the 16Ot18O ratio in cyclc-
hexanol was determined by the relative abundances of mass peaks at m/z 
= 57 and 82 for 16O and m/z = 59 and 84 for 18O. 

Epoxidation of Cyclohexene by MCPBA Catalyzed by Several Dif­
ferent Iron(HI) Porphyrin Complexes and the Manganese(III) Porphyrin 
Complex at -78 0C. The metalloporphyrin complex (6.1 x 10"3 mmol) 
was dissolved in a solvent mixture of CH2Cl2 (5 mL) and CH3OH (1 
mL) containing cyclohexene (3 mmol) and H2

18O (50 iiL, 97% 18O 
enrichment). The solution was cooled to-78 0C. A solution of MCPBA 
(6.0 X 10"2 mmol) in 0.7 mL of CH3OH was added to the reaction 
solution, and the mixture was stirred for 1.5 h, after which time saturated 
aqueous Na2SO3 was added. The CH2Cl2 layer was directly analyzed 
by GC/MS. 
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