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Abstract: The mechanisms of heterolytic versus homolytic-@ bond cleavage of ¥, tert-butyl
hydroperoxide tBuOOH), 2-methyl-1-phenyl-2-propyl hydroperoxide (MPPH), andhloroperoxybenzoic

acid (m-CPBA) by iron(lll) porphyrin complexes have

been studied by carrying out catalytic epoxidations of

cyclohexene in protic solvent. In these reactions, various iron(lll) porphyrin complexes containing electron-
withdrawing and -donating substituents on phenyl groups at the meso position of the porphyrin ring were
employed to study the electronic effect of porphyrin ligands on the heterolytic versus homoty@cbond
cleavage of the hydroperoxides. In addition, various imidazoles were introduced as axial ligands to investigate
the electronic effect of axial ligands on the pathways of hydroperoxid®®ond cleavage. Unlike the previous
suggestions by Traylor, Bruice, and co-workers, the hydroperoxig® ®onds were found to be cleaved
both heterolytically and homolytically and partitioning between heterolysis and homolysis was significantly
affected by the electronic nature of the iron porphyrin complexes (i.e., electronic properties of porphyrin and
axial ligands). Electron-deficient iron porphyrin complexes show a tendency to cleave the hydroperefide O
bonds heterolytically, whereas electron-rich iron porphyrin complexes cleave the hydroperex@édhds
homolytically. The heterolytic versus homolytic€®D bond cleavage of the hydroperoxides was also found to
be significantly affected by the substituent of the hydroperoxides, ROOH (R(O)R, H, C(CHs)s, and
C(CHg)2CH2Ph form-CPBA, H0,, t-BuOOH, and MPPH, respectively), in which the tendency ef@bond
heterolysis was in the order o CPBA > H,0O, > t-BuOOH > MPPH. This result indicates that the-@

bond of hydroperoxides containing electron-donatergalkyl groups such asBuOOH and MPPH tends to

be cleaved homolytically, whereas electron-withdrawing substituents such as an acyl greGPBA facilitates

O—0 bond heterolysis. Since we have observed that the homolyti© ®ond cleavage of hydroperoxides
prevails in the reactions performed with electron-rich iron porphyrin complexes and with hydroperoxides
containing electron-donating substituents such agettealkyl group, we suggest that the homolytic-O

bond cleavage is facilitated when more electron density resides on-t@ knd of (Porp)Fe(lll)-OOR
intermediates. We also present convincing evidence that the previous assertion that the reactions of iron(lll)
porphyrin complexes with hydrogen peroxide dad-alkyl hydroperoxidesnvariably proceed by heterolytic

O—0 bond cleavage in protic solvent and that the failure to obtain high epoxide yields in iron porphyrin
complex-catalyzed epoxidation of olefins by hydroperoxides is due to the mechanism of heteret@ic O
bond cleavage followed by a fast hydroperoxide oxidation is highly unlike.

Introduction

Heme-containing enzymes such as cytochromes P-450, per-

putative iron(lll) hydroperoxide porphyrin intermediates het-
erolytically, forming high-valent iron(IV) oxo porphyrin cation

oxidases, and catalases utilize dioxygen and its partially reducedadical intermediateSAnionic proximal ligands such as thiolate

forms in a variety of enzymatic reactions such as the incorpora-

tion of oxygen atoms into organic substrates (cytochrome P-450)

and the oxidation of substrates (peroxidase and catalase).
unique feature of these enzymes is to cleave@bonds of

T Ewha Womans University.

* Seoul National Polytechnic University.

8 Sogang University.

(1) (a) Ortiz de MontellanoP. R.Cytochrome P450: Structure, Mech-
anism, and Biochemistry2nd ed.; Plenum Press: New York, 1995. (b)
Sono, M.; Roach, M. P.; Coulter, E. D.; Dawson, J.Ghem. Re. 1996
96, 2841-2887. (c) Shimada, H.; Sligar, S. G.; Yeom, H.; Ishimura, Y. In
Oxygenases and Model SysterRsinabiki, T., Ed.; Kluwer Academic
Publishers: Dordrecht, The Netherlands, 1997; pp-22&L. (d) Erman, J.
E.; Hager, L. P.; Sligar, S. GAdv. Inorg. Biochem1994 10, 71—-118.

10.1021/ja994403e CCC: $19.00

in cytochrome P-450, imidazolate in peroxidase, and phenolate
in catalase have been considered to be crucial to facilitate the
heterolytic -O bond cleavage process by serving as a strong
internal electron donor (“push effect?f

As biomimetic models for the heme-containing enzymes, the
reactions of iron(lll) porphyrin complexes with various oxidants
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cleavage ofl is homolysis in aqueous and aprotic solvents,
resulting in the formation of a ferryl-oxo compleg, and an
alkoxyl (or hydroxyl) radical (Scheme 1, pathway B They
suggested later that the generation2oin enzymes such as
catalases and peroxidases and in the reactions of iron porphyrin
complexes with hydroperoxides may arise via homolytie@
bond cleavage followed by oxidation 8fby another ROOM

or an electron transfer fro@ to RO “in the cage” (Scheme
2).%a Several other groups also proposed that the reactions of
iron porphyrins with alkyl hydroperoxides involve-D bond
homolysis in aqueous and aprotic solvelt¥In other studies
such as the hemoprotein-mediated¢t© bond cleavage of alkyl
hydroperoxides, partitioning between heterolysis and homolysis

such as peroxyacids and hydroperoxides have been extensivelyvas observed and the ratios of heterolysis to homolysis were

studied, with the intention of elucidating the mechanisms of
0O—0 bond activation and oxygen atom transfer reactfodsr

found to depend on the identity of the proximal axial ligdAd.
Very recently, we presented strong evidence that the hydro-

current understanding of such mechanisms is quite advancedperoxide G-O bond is cleaved both heterolytically and ho-

in the case where peroxyacids are used as oxidants. #@ O
bond of peroxyacids is cleaved heterolytically by the iron
porphyrin complexes in solvents such asCH and CHOH,
resulting in the formation of high-valent iron(IV) oxo porphyrin
cation radical intermediate®2 (Scheme 1, pathway A)°

However, the situation is less clear in the cases where biologi-

cally important oxidants such as hydrogen peroxide tmtl

molytically in agueous solution, depending on the reaction
conditions such as the pH of reaction solutions and the nature
of iron porphyrin complexe¥! Despite the intensive study for
the last two decades, the mechanisms of théddond cleavage

of hydrogen peroxide antert-alkyl hyeroperoxides by iron
porphyrin complexes have been controversial and still remain
unclear.

alkyl hydroperoxides are used. Traylor and co-workers proposed One of the frequently used mechanistic tools to differentiate

that the G-O bond of an intermediate complek, is hetero-
lytically cleaved to give the formation & as reactive species
in the epoxidation of olefins by hydrogen peroxide aed-

the types of G-O bond cleavage of hydroperoxides is to analyze
the products obtained in the epoxidation of olefins by iron
porphyrin complexes and hydroperoxidés!! A high yield of

alkyl hydroperoxides in protic solvents such as a solvent mixture epoxide formation with the retention of stereospecificity is the

of CH;OH and CHCI, (Scheme 1, pathway A)The role of

indication of the formation o2 via heterolytic G-O bond

the protic alcohol solvents has been suggested to be generalcleavage ofl (Scheme 1, pathway A followed by pathway D),

acid catalysis$. In contrast, Bruice and co-workers provided
evidence that the initial step of the hydroperoxide @ bond

(4) (a) Watanabe, Y. IiThe Porphyrin Handbogkadish, K. M., Smith,
K. M., Guilard, R., Eds.; Academic: New York, 2000; Vol. 4, Chapter 30,
pp 97-117. (b) Ingold, K. U.; MacFaul, P. A. IBiomimetic Oxidations
Catalyzed by Transition Metal Complexedeunier, B., Ed.; Imperial
College Press: London, 2000; pp489. (c) McLain, J. L.; Lee, J.; Groves,
J. T. InBiomimetic Oxidations Catalyzed by Transition Metal Complexes
Meunier, B., Ed.; Imperial College Press: London, 2000, pp B39. (d)
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Academic Publishers: Dordrecht, The Netherlands, 1997; pp-283. (e)
Traylor, T. G.; Traylor, P. S. Iictive Oxygen in Biochemistri/alentine,

whereas the generation 8fvia O—O bond homolysis ofL
affords a low epoxide yield with the formation of allylic
oxidation products or a loss of stereospecificity (Scheme 1,
pathway B followed by pathway E).1* However, Traylor and
co-workers proposed an alternative mechanism for the product
distributions of G-O bond homolysis. They suggested that the
reactions of iron porphyrin complexes with hydroperoxides
initially proceed by heterolytic ©0 bond cleavage but that a
subsequent side reaction betwekand ROOH takes place at

(9) (a) Almarsson, O.; Bruice, T. @. Am. Chem. So&995 117, 4533~
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Perrin C. L. J. Am. Chem. S0d995 117, 3468-3474. (c) Traylor, T. G.;
Tsuchiya, S.; Byun, Y.-S.; Kim, CI. Am. Chem. S0d993 115 2775
2781. (d) Traylor, T. G.; Fann, W.-P.; Bandyopadhyay, JDAm. Chem.
Soc 1989 111, 8009-8010. (e) Traylor, T. G.; Ciccone, J. .Am. Chem.
Soc 1989 111, 8413-8420. (f) Traylor, T. G.; Xu, FJ. Am. Chem. Soc
1987 109 6201-6202.
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Mechanisms of ©0 Bond Cleaage

a fast rate (Scheme 1, pathway A followed by pathway C),
resulting in the product distribution of-@0 bond homolysiga<©
Indirect evidence for the mechanism of heterolysis followed by
a fast reaction of ROOH witR was provided by carrying out
olefin epoxidations with an electron-rich iron(lll) porphyrin
complex, (mesetetramesitylporphinato)iron(lll) chloride [Fe-
(TMP)CI], and fast-reacting PFIB (pentafluoroiodosylbenzene)
or mCPBA in the presence dkrt-alkyl hydroperoxidega:c
Drastic reduction in product yields with the loss of epoxide

J. Am. Chem. Soc., Vol. 122, No. 36, 208679

on the heterolytic versus homolytic-@ bond cleavage of
(Porp)Fd'-OOR species [i.e., R= C(O)R, H, C(CH)3, and
C(CHzg)2CH,Ph for the reactions aft CPBA, H,O,, t-BUOOH,

and MPPH, respectively]. These results are discussed in light
of the electronic effect of heme iron on the-O bond cleavage

of iron(lll) hydroperoxide porphyrin intermediates in heme-
containing enzymes. We also demonstrate here that the previous
assertiofi that the failure to obtain high epoxide yields in iron
porphyrin complex-catalyzed epoxidation of olefins by hydro-

stereochemistry was observed in these reactions, demonstratingeroxides is always due to the mechanism of heterolytc0O

that 2 initially formed in the reactions of iron(lll) porphyrins
with PFIB orm-CPBA at a rapid raf@reacted faster with alkyl
hydroperoxides (Scheme 1, pathway C) than with olefins
(Scheme 1, pathway D% ¢ Although the results of using
oxidant mixtures clearly indicate thatcontaining electron-rich
porphyrin ligand indeed reacts fast with ROOH, we cannot rule
out the possibility that the low epoxide formation is due to the
homolytic O-0O bond cleavage of hydroperoxides (Scheme 1,
pathway B followed by pathway E). Recently, we provided
evidence that the lack of epoxide formation in the catalytic
epoxidation of cyclohexene by hydrogen peroxide emtbutyl
hydroperoxide catalyzed by electron-deficient iron(lll) porphyrin
complexes in aprotic solvent was caused by homolytieGD
bond cleavage of the hydroperoxides (Scheme 1, pathway B).
Since the elucidation of the mechanisms of-O bond
cleavage of biologically relevant oxidants such as hydrogen
peroxide and alkyl hydroperoxides by iron complexes is
extremely important in understanding the chemistry of heme-
and nonheme-containing monooxygenase enzyfh&sand is
still the subject of high interest in the communities of bioinor-

bond cleavage followed by a fast hydroperoxide oxidation is
highly unlike.

Experimental Section

Materials. Methanol (anhydrous) and dichloromethane (anhydrous)
were obtained from Aldrich Chemical Co. and purified by distillation
over CaH prior to use. All reagents purchased from Aldrich Chemical
Co. were the best available purity and used without further purification
unless otherwise indicated. 2-Methyl-1-phenyl-2-propyl hydroperoxide
(MPPH) was prepared according to literature procedures and the purity
of MPPH was determined to be 100% by NMRm-Chloroperoxy-
benzoic acid if+CPBA) purchased from Aldrich Chemical Co. was
purified by washing with phosphate buffer (pH 7.4) followed by water
and then dried under reduced pressurgdH30% aqueous) antrt-
butyl hydroperoxide ttBuOOH, 70% aqueous) were purchased from
Fluka and Sigma, respectively. Iron(lll) porphyrin complexes such as
(mesetetrakis(2,3,5,6-tetrafluordkN,N-trimethyl-4-aniliniumyl)por-
phinato)iron(lll) triflate [Fe(TETMAP)(CRSG;)s, 4], (mesetetrakis-
(2,6-difluorophenyl)porphinato)iron(lll) chloride [Fe(TDFPP)@kg],
(mesetetrakis(2,6-dichlorophenyl)porphinato)iron(lll) chloride [Fe-
(TDCPP)CI,4d], and (nesetetramesitylporphinato)iron(lll) chloride
[Fe(TMP)CI, 4f] were obtained from Mid-Century Chemicals. Other

ganic and oxidation chemistry, the controversial mechanisms iron(lil) porphyrin complexes such asmgsetetrakis(pentafluoro-

remaining in the reactions of iron porphyrin complexes with
the hydroperoxides need to be clarified (i.e., heterolysis by
Traylor and co-workers versus homolysis by Bruice and co-
workers). Moreover, although it has been generally believed
that the electronic nature of heme iron plays an important role
in the O-0 bond cleavage of putative iron(lll) hydroperoxide
porphyrin intermediates in heme-containing enzymes (i.e.,
“push-effect”)22 no systematic studies have been carried out
to demonstrate the significance of the electronic effect of
iron(lll) porphyrin complexes on the heterolytic versus ho-
molytic O—O bond cleavage of hydrogen peroxide and alkyl
hydroperoxides in iron porphyrin modéfIn this paper, we
report that (1) the ©0O bond of hydroperoxides such as
hydrogen peroxide anert-alkyl hydroperoxides is cleaved both
heterolytically and homolytically in protic solvent, (2) the ratio
of heterolysis to homolysis is significantly affected by the
electronic nature of iron(lll) porphyrin complexes (i.e., the
electronic properties of porphyrin and axial ligands), and (3)
there is also a significant substituent effect of hydroperoxides

(15) Goh, Y. M.; Nam, Wlnorg. Chem 1999 38, 914-920.

(16) (a) Deeth, R. J.; Dalton, H. Biol. Inorg. Chem1998 3, 302—
306. (b) Whittington, D. A.; Valentine, A. M.; Lippard, S.J.Biol. Inorg.
Chem 1998 3, 307—313. (c) Shteinman, A. Al. Biol. Inorg. Chem1998
3, 325-330. (d) Lipscomb, J. D.; Que, L., J. Biol. Inorg. Chem1998
3, 331-336.

(17) (a) Valentine, A. M.; Stahl, S. S.; Lippard, SJJAm. Chem. Soc
1999 121, 3876-3887. (b) Basch, H.; Mogi, K.; Musaev, D. G.; Morokuma,
K. J. Am. Chem. Sod 999 121, 7249-7256. (c) Que, L., Jr.; Ho, R. Y.
N. Chem. Re. 1996 96, 26072624. (d) Wallar, B. J.; Lipscomb, J. D.
Chem. Re. 1996 96, 2625-2657.

(18) It has been shown with peracids that the pathways and rates©f O
bond cleavage of acylperoxo-iron(lll) porphyrin intermediates, (Poft)Fe
OOC(O)R, are significantly affected by the electronic nature of iron
porphyrin complexes and solvents: (a) Yamaguchi, K.; Watanabe, Y.;
Morishima, 1.J. Am. Chem. S0d.993 115 4058-4065. (b) Higuchi, T;
Shimada, K.; Maruyama, N.; Hirobe, M. Am. Chem. Sod 993 115
7551-7552.

phenyl)porphinato)iron(lll) chloride [Fe(TPFPP)Clp] and (mese
tetraphenylporphinato)iron(lll) chloride [Fe(TPP)@¢ were purchased
from Aldrich Chemical Co.

Instrumentation. Product analyses for the cyclohexene epoxidation
reactions were performed on either a Hewlett-Packard 5890 Il Plus
gas chromatograph interfaced with a Hewlett-Packard Model 5989B
mass spectrometer or a Donam Systems 6200 gas chromatograph
equipped with a FID detector using a 30-m capillary column (Hewlett-
Packard, HP-1 and HP-5). Products obtained in the reactions of MPPH
and in the epoxidations afs-stilbene were analyzed by Orom Vintage
2000 HPLC equipped with a variable-wavelength UV-200 detector.
Detection was made at 215 or 254 nm. Products were separated on a
Waters Symmetry C18 reverse phase column (4250 mm), eluted
first with 50% methanol in water for 15 min and then with 85%
methanol in water for 10 min at a flow rate of 1 mL/min. The retention
times of benzyl alcohol, benzaldehyde, MPPOH, MPPH, ais
stilbene oxide were 6.0, 8.1, 12.6, 13.8, and 17.8 min, respectively.
UV —vis spectra were recorded on a Hewlett-Packard 8453 spectro-
photometer!H NMR were recorded on a Bruker 250 spectrometer.

Reaction Conditions. Reactions were performed at ambient tem-
perature under argon atmosphere unless otherwise indicated. All
reactions were run at least triplicate, and the data reported represent
the averages of these reactions.

In general, an iron porphyrin complex (1.26 102 mmol) was
dissolved in a solvent mixture (2.5 mL) of GBIH/CH.CI, (3:1)
containing cyclohexene (1.0 mmol). After oxidant (0.10 mmol) was
added to the reaction mixture, the reaction solution was stirred for 20
min unless otherwise indicated. The reactions of Fe(TDCPR)I,
and Fe(TMP)CI4f, with t-BuOOH and MPPH were run fa4 h due
to slow reaction rate, and the disappearance of MPPH was monitored

(19) (a) MacFaul, P. A.; Wayner, D. D. M.; Ingold, K. Acc. Chem.
Res.1998 31, 159-162. (b) MacFaul, P. A.; Ingold, K. U.; Wayner, D. D.
M.; Que, L., JrJ. Am. Chem. S0d.997 119 10594-10598. (c) Oldroyd,

R. D.; Thomas, J. M.; Maschmeyer, T.; MacFaul, P. A.; Snelgrove, D. W.;
Ingold, K. U.; Wayner, D. D. MAngew. Chem., Int. EEngl. 1996 35,
2787-2790. (d) Arends, I. W. C. E.; Ingold, K. U.; Wayner, D. D. NL
Am. Chem. Sod995 117, 4710-4711.
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by analyzing the amount of MPPH remaining in the reaction solutions Ey Iron(lll) porphyrins X Y z
with HPLC. After the given stirring time, the resulting solution was & 4a, Fe(TFTMAP)OTHs F F N*(CHy)s
directly analyzed by GC/MS or GC to determine the yields of products X X
; L 4b, Fe(TPFPP)CI F F F

formed in the cyclohexene epoxidations and by HPLC to calculate the | v
yields of products derived from MPPH decomposition. Product yields z@ =2 4c, Fe(TDFPPCI FoHoH
were determined by comparison against standard curves. N 0 & A4d Fe(TDCPPICI ClH H

For the studies of the imidazole ligand effect, imidazole (0.1 mmol) 4e, Fe(TPP)C H H H
was added to a reaction solution containing Fe(TPFPR)g land the X O X 4f, Fe(TMP)CI CHs; H CH,
binding of imidazoles tetb was monitored by taking U¥vis spectra Y Y Y

of the reaction solutioA22*Other reaction procedures were the same
as described above.
For the studies of cyclohexene epoxidation using mixtures of

m-CPBA and ROOH (ROOH-= H,0,, t-BuOOH, or MPPH), an oxidant . . . . L.
mixture of m-CPBA (0.02 mmol) and ROOH (0.1 mmol) dissolved in  €vidence for ruling out the involvement of radical-type oxidation
a solvent mixture (0.3 mL) of C¥DH/CH,Cl, (3:1) was added to a  eactions was obtained in the studiesci#stilbene epoxida-
reaction solution containing an iron porphyrin complex (1:23.0-3 tions1022¢is-Stilbene was predominantly oxidizeddis-stilbene
mmol) and cyclohexene (1.0 mmol) in a solvent mixture (2.2 mL) of oxide with no or trace amounts dfansstilbene oxide or
CHyOH/CHCI, (3:1). The resulting solution was stirred for 20 min  benzaldehyde formation (data not shown). The heterolytic versus
except for the reactions of Fe(TDCPP)@t, and Fe(TMP)CI4f, with homolytic O—0 bond cleavage of hydroperoxides and the ratios
o>_<idants containing-BuOOH and MPPH. The latter reactiqns were  of heterolysis to homolysis were determined by analyzing the
stirred for 4 h. Product analyses were performed as descrlped aboveyields of cyclohexene oxide formed in the epoxidations of
Electrochemical MeasurementsAII electrochemical experiments cyclohexene by iron porphyrin complexes and hydroperoxides,
were performed underzatmosphere in a glovebox at room temperature - i o 1o formation o2 via O—O bond heterolysis yields the
using a BAS 50W voltammetric analyzer. The cyclic voltammetry .
measurements were carried out in a solvent mixture of@HHCH,Cl, epoxide product (S(_:heme _1’ pathway A followed _by pathway
(3:1) containing iron porphyrin complexes (1 mM) arBus;NBF, (0.1 D) and the generat]on @ via O—0 bond homolysis affords
M) as a supporting electrolyte in one compartment cell. The working NO €poxide formation (Scheme 1, pathway B followed by
electrode was a glassy carbon (are®.07 cnf) disk and the counter pathway E).
electrode was a platinum wire. The reference was a Ag/élgctrode We first explored the porphyrin ligand effect of iron(lll)
(0.01 M AgNG; in CHsOH/CH,CI; (3:1) containing 0.1 M-BusNBF4) porphyrin complexes on the heterolytic versus homolytie@
with a porous Vycor glass tip junction. The measured potentials were phond cleavage of hydroperoxides such ag} t-BUOOH,
converted and repo_rted versus a Fd/l%terrocene/fe_rrocinium ion) MPPH, andn-CPBA with various iron(lll) porphyrin complexes
couple. The reduction potential€£Y) were determined from the naining a series of substituents at the meso position of the
midpoint of the cathodic and anodic peak potentials of the reversible porphyrin ring (i.e., electron-withdrawing and -donating sub-
or quasireversible wave of Fe(lll)/Fe(ll) of the iron porphyrin com- X .
plexes. The cyclic voltammograms were run at scan rate of 50 mV/s. ;tltuents on.phenyl groups) (see Flgurg 1 for the struc?tures of
iron porphyrin complexes). The electronic nature of the iron(l11)
Results and Discussion porphyrin complexes used in this study was determined by
measuring the A reduction potentials of the iron(lll)
porphyrin complexes with cyclic voltammetry under the identical
reaction conditions employed in the epoxidation reactféns.
Electron-withdrawing substituents on phenyl groups of the
porphyrin ligands shift the P#' reduction potentials to more
positive values and electron-donating substituents such as methyl
groups on phenyl groups shift the & potentials to more
negative values. On the basis of thd'flereduction potentials
of the iron(lll) porphyrin complexes (s€&” values in Figure
2), the electron-deficiency of the iron(ll) porphyrin complexes
was determined to be in the order4d ~ 4b > 4c > 4d > 4e
> 4f under our reaction conditions. As the results of the
epoxidation of cyclohexene by various oxidants catalyzed by
the iron(lll) porphyrin complexes are shown in Figure 2, the
yields of cyclohexene oxide formed in time CPBA reactions

Figure 1. Structures of iron(lll) porphyrin complexes used in this
study.

Effects of the Electronic Nature of Iron Porphyrin
Complexes and the Substituent of Hydroperoxides on the
O—0 Bond Cleavage of HydroperoxidesWe have studied
the electronic effect of iron(lll) porphyrin complexes and the
substituent effect of hydroperoxides on the heterolytic versus
homolytic O-O bond cleavage of (Porp)feOOR species by
carrying out the epoxidations of cyclohexene with various
oxidants such as #,, t-BuOOH, MPPH, andn-CPBA (i.e.,
substituent effect of hydroperoxides) in the presence of iron(lll)
porphyrin complexes containing electron-withdrawing and
-donating substituents at the meso position of the porphyrin ring
(i.e., electronic effect of porphyrin ligands) and binding various
imidazoles as axial ligands (i.e., electronic effect of axial
ligands). The epoxidation reactions were performed in protic
solvents such as solvent mixtures of {04 and CHCl,,” since were high and not dependent on the electronic nature of the

it has been demonstrated previously that high-valent iron(1V) iron porphyrin complexes, indicating that all of the iron

0X0 plo'rp.hynn cation r§d|cal 'complexes are gener ated as reac.t'veporphyrin complexes react with-CPBA to form2 as a reactive
epoxidizing intermediates in the reactions of iron porphyrin

. . . epoxidizing intermediate (Scheme 1, pathway A followed by
complexes with the oxidants in the solvent systé@®?.In all o :
of the cyclohexene epoxidation reactions, cyclohexene oxide g?tzwgg'?e))'(é:goggizz[ tgé:‘;ﬁgdp?? :ﬁzcgggzt’i(t;iagg;ms
was obtained as the major product with no or only small Y

amounts of allylic oxidation products such as cyclohexenol and  (22) Sheldon, R. A.; Kochi, J. KMetal-Catalyzed Oxidations of Organic

cyclohexenone, demonstrating that the involvement of radicals CompoundsAcademic Press: New York, 1981. _
such as RO©and RO as reactive oxygenating species is ruled 19&3)12/'&”'13%':” Fontana, F-; Araneo, S.; Recupero, F.; Zhagynlett

out under the conditions employed in the reacti&¥$Further (24) (a) Kadish, K. M. Inron Porphyrins, Part I Lever, A. B. P., Gray,
H. B., Eds; Addison-Wesley Publishing Company: London, 1983; pp-161
(20) (a) Lee, K. A;; Nam, WJ. Am. Chem. Socl997 119 1916- 249. (b) Wijesekera, T.; Matsumoto, A.; Dolphin, D.; Lexa, Angew.
1922. (b) Nam, W.; Lee, H. J.; Lim, M. H.; Kim, Cl. Am. Chem. Soc Chem., Int. Ed199Q 29, 1028-1030. (c) Chen, H. L.; Ellis, P. E., Jr.;
200Q 122 6641-6647. Wijesekera, T.; Hagan, T. E.; Groh, S. E.; Lyons, J. E.; Ridge, D. Rm.
(21) Quinn, R.; Nappa, M.; Valentine, J. $. Am. Chem. Sod 982 Chem. Soc1994 116 1086-1089. (d) Grinstaff, M. W.; Hill, M. G;

104, 2588-2595. Labinger, J. A.; Gray, H. BSciencel994 264, 1311-1313.
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Figure 2. Porphyrin ligand effect of iron(lll) porphyrin complexes E(v) -020 -0.23 -0.32 -0.46

on the yields of cyclohexene oxide formed in the epoxidations of Figure 3. Axial ligand effect of iron(lll) porphyrin complexes on the
cyclohexene byn-CPBA, H,0,, t-BUOOH, and MPPH catalyzed by  yijelds of cyclohexene oxide formed in the epoxidations of cyclohexene
various iron porphyrin complexes containing a series of electron-rich phy m-CPBA, HO,, t-BuOOH, and MPPH catalyzed by Fe(TPFPP)-
and -poor porphyrin ligands. The yields are based on the oxidants used(im), complexes binding a series of imidazole axial ligands. The yields
and the F&"' reduction potentialsE”) of iron porphyrin complexes are based on the oxidants used and tHé"Feeduction potentialsg”)

are reported versus the FcfRgerrocene/ferrocinium ion) couple. See  of the low-spin Fe(TPFPP)(Imfomplexes are reported versus the Fc/
the Experimental Section for detailed reaction procedures. Fc* (ferrocene/ferrocinium ion) couple. See the Experimental Section

t-BUOOH, and MPPH were found to depend significantly on for detailed reaction procedures.

the electronic nature of the iron porphyrin complexes. The such as 5-chloro-1-methylimidazole (5-Cl-1-Melm), 1-phenyl-
results suggest that there are competitive heterolytic andimidazole (1-Phim), 1-methylimidazole (1-Melm), and 1,2-
homolytic O-0 bond cleavages of the hydroperoxides and that dimethylimidazole (1,2-Dimelm) to the reaction solutions
the ratio of heterolysis to homolysis is a sensitive function of containing Fe(TPFPP)CAb. The binding of the imidazoles to
the electronic nature of the iron porphyrin complexes. A striking the iron porphyrin complex was confirmed by taking BVis
observation was that iron complexes containing halogenatedspectra of the reaction solutions (data not shof#fjtand the
electron-deficient porphyrin ligands show a tendency to cleave FE'" reduction potentials of the imidazole-bound low-spin
the O—0 bond of HO, andt-BuOOH heterolytically, whereas iron(lll) porphyrins, Fe(TPFPP)(Im)were measured with cyclic
relatively electron-rich iron porphyrin complexes suckasnd voltammetry. As the electron-donating ability of the imidazoles
4f cleave the hydroperoxide-6D bonds homolytically. Among bound to4b increased, the P¥! reduction potentials of the
the halogenaged electron-deficient iron porphyrin complexes, low-spin Fe(TPFPP)(Im) complexes were shifted to more

the more electron-deficient iron porphyrins suchdasand4b negative values (sele” values in Figure 3). The epoxidation
cleave the hydroperoxide-8D bonds more heterolytically than  of cyclohexene by bD,, t-BuOOH, MPPH, andm-CPBA
the less electron-deficient iron porphysins suchasind 4d. catalyzed by the Fe(TPFPP)(lsndomplexes was performed

These results are contrary to the classical “push effect”, in which under the identical reaction conditions employed in the studies
anionic proximal ligands bound to heme iron in heme-containing of the porphyrin ligand effect (i.e., in a solvent mixture of
enzymes serve as a strong electron donor to facilitat®&®ond CH30OH and CHCIy), and the yields of cyclohexene oxide
heterolysis»3182According to the “push effect”, electron-rich  formed in the reactions are reported in Figure 3. As we have
iron porphyrin complexes should yield more epoxide product observed in the studies of porphyrin ligand effect, the yields of
than electron-deficient iron porphyrins; however, we observed cyclohexene oxide formed in the-CPBA reactions were high
the opposite trend in this study (vide infra). In addition to the and not dependent on the electronic nature of the iron porphyrin
electronic effect of iron porphyrin complexes on the yields of catalysts (i.e., no axial ligand effect on the oxide yields in the
cyclohexene oxide formed in the epoxidation of cyclohexene, m-CPBA reactions), whereas the amounts of cyclohexene oxide
we found that there was a significant substituent effect of formed in the reactions of #,, t-BuOOH, and MPPH were
hydroperoxides on the oxide yields as well. The substituents of significantly affected by the nature of imidazoles boundHo
ROOH are C(O)R H, C(CHy)s, and C(CH),CH,Ph for The general trend appears to be that as the electron-donating
m-CPBA, H0,, t-BUOOH, and MPPH, respectively, and the ability of the imidazoles bound to iron increased, the yields of
amounts of cyclohexene oxide obtained by the oxidants are in cyclohexene oxide formed in the reactions efl4, t-BuOOH,

the order ofm-CPBA > H,0, > t-BUuOOH > MPPH (e.g., see  and MPPH decreased and the diminution of the yields of oxide

the yields of cyclohexene oxide product formeddalin Figure product were greater in the reactionget-alkyl hydroperoxides
2). Since the formation o2 via O—0O bond heterolysis yields  than those of HO,. These results demonstrate again that
cyclohexene oxide product, the tendency of @ bond het- partitioning between the heterolytic and homolytie-O bond
erolysis of the hydroperoxides is in the oraetCPBA > H,0, cleavages of KD, andtert-alkyl hydroperoxides is sensitive to

> t-BUOOH > MPPH. This result suggests that the-O bond the electronic environment of iron porphyrin complexes and the
of hydroperoxides containing electron-donatieg-alkyl groups substituents of hydroperoxides. Iron porphyrins binding less
such ag-BuOOH and MPPH tends to be homolytically cleaved, electron-donating imidazoles such as 5-Cl-1-Melm show a
whereas an electron-withdrawing substituent such as an acyltendency to cleave the hydroperoxide-O bonds heterolytically
group inm-CPBA facilitates G-O bond heterolysis. (Scheme 1, pathway A), whereas iron porphyrins binding more
Further evidence for the significant electronic effect of iron electron-donating imidazoles such as 1-Melm and 1,2-Dimelm
porphyrin complexes on the heterolytic versus homolytie@ cleave the hydroperoxide-dD bonds homolytically (Scheme
bond cleavage of hydroperoxides has been obtained from thel, pathway B). Also, the results of the substituent effect of
studies of the axial ligand effect (Figure B)!8 The reactions hydroperoxides indicate that, as we have observed in the studies
have been performed by adding excess amounts of imida$les of porphyrin ligand effect, the tendency of-@ bond het-
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Scheme 3 homolytically cleaved when the electron density residing on the
gr O—0 bond is too large, we postulate that one of the possible
(‘)0 functions of the NH:-S hydrogen bonds in cytochrome P-450
GZ? is to decrease the amount of electron donation from the proximal
5 thiolate ligand to heme iron, thereby controlling the electron
czporp density on the iron(lll)-bound hydroperoxide—-@ bond to
i ensue G-O bond heterolysis, not homolysi$Also, it should

be pointed out here that, to our knowledge, no evidence has
been obtained in iron porphyrin models that the “push effect”
indeed facilitates the ©0 bond heterolysis of hydrogen
peroxide and alkyl hydroperoxides. Previous studies used
; peracids such as-CPBA as an oxidant, not hydrogen peroxide
as t-BuO_OH and MPPH prefer ©0 bond homolysis to or alkyl hydroperoxides, in demonstrating the “push effect” on
heterolysis. _ ) _the heterolytic versus homolytic-GD bond cleavag&25aSince
Then, how do the electronic nature of iron(lll) porphyrin e clearly showed in this study that the reactivities of hydrogen
complexes and the substituent of hydroperoxides affect the typesperoxide and alkyl hydroperoxides are different from that of
of O—O bond cleavage of (Porp)eOOR intermediatesl ~ 1.CPBA and that the ©0 bond of peracids tends to be cleaved
(Scheme 1, pathway A versus pathway B)? It has been shownpeterolytically under any reaction circumstances, we therefore
previously that the* orbital of the iron-bound hydroperoxide  syggest that some prior evidence for supporting the “push effect”
is overlapping with the iron .d dy; and & orbitalsj®*® ity the results of peracids should be reevaluated and that
implying that the electronic nature of iron porphyrin complexes oxjgants such as hydrogen peroxide and alkyl hydroperoxides
influences the electron density in te orbital of the hydro-  rather than peracids should be used in investigating the “push
peroxide G-O bond (Scheme 3). Also, the electron density in gffect” on the mechanism of ©0 bond cleavage of iron(lll)
the o* orbital of the hydroperoxide ©0 bond should be  pygroperoxide porphyrin intermediatés.
influenced by the substituent of hydroperoxides (Scheme 3). " Rreevaluation of the Mechanism of Heterolytic 3-O Bond

Therefore, the electron density in the orbital of the hydro-  cjeayvage Followed by Hydroperoxide OxidationThe second
peroxide O-O bond is expected to be controlled by both the a1t of the present study concerns the mechanism of heterolytic
electronic nature of iron porphyrin complexes (i.e., the electronic 5_g pond cleavage followed by hydroperoxide oxidation
properties of porphyr_in and axial ligands) and the substituent proposed by Traylor and co-workers to explain the failure of
of hydroperoxides. Since we have observed that the homolytic 5ptaining high epoxide yields in the catalytic epoxidation of
O—0 bond cleavage of hydroperoxides prevails in the reactions gjefins py iron(lil) porphyrin complexes and hydroperoxides
performed with electron-rich iron porphyrin complexes and with iy protic solvent! In the previous section, we differentiated the
hydroperoxides containing electron-donating substituents SUChtypes of O-O bond cleavage of hydroperoxides by analyzing
as thetert-alkyl group, we suggest that the homolytic character e oyide yields formed in the epoxidations of cyclohexene by
of the transition state for the-€0 bond cleavage is enhanced o porphyrin complexes and hydroperoxides, with the as-
upon increasing the electron density residing on thédond sumption that the formation d@ via O—O bond heterolysis

of (Porp)Fe(lll)-OOR intermediaté8? This argument is contrary yields the epoxide product (Scheme 1, pathway A followed by

to the classical “push effect”, in which the role of the proximal pathway D) and the generation 8fvia O—O bond homolysis
ligands of heme enzymes is to dqnate electron density |nF0 the 5ffords no epoxide formation (Scheme 1, pathway B followed
hydroperoxide GO bond through iron(lll), thereby vv_easlkenlng by pathway E). However, Traylor and co-workers proposed that
the 0-0 bon:j and faC|I|t"a_t|ng ©0 bond heterolysi® For  yhe fajlure to give epoxide formation is not due to the-O
instance, the “push effect” is provided by the proximal histidine g homolysis of the hydroperoxides but due to a fast side
ligand in peroxidases, whose electron donor capability iS reaction betwee and hydroperoxides aftéis initially formed
enhanced via hydrogen bonding to a neighboring carboxyl_a_tte via O—0 bond heterolysis (Scheme 1, pathway A followed by
group?® In cytochrome P-450 enzymes, the more nucleophilic
thiolate ligand is required to promote-@ bond heterolysis Oh(23g_(§() Stjlzrt]l_léi, NT-: l-}li_?uchi, T-;TU'r\c]:mo, Y-;JFjifucfzi:th-: USek&lggéH-:
H ; H : asni, Y.; ucniaa, I.; Kitagawa, 1.; Nagano, m. em. S0
due to the lack of distal machlne_ry pr_esent in the peromdﬁé‘és. 121 1157111572 (b) Ueng T. Kousum%, Y.: Yoshizawa-Kumagaye, K.;
However, recent results from site-directed mutagenesis studiesyakajima, K.; Ueyama, N.; Okamura, T.; NakamuraJAAm. Chem. Soc
emphasized the importance of secondary interactions betweenl998 120 12264-12273. (c) Ueyama, N.; Nishikawa, N.; Yamada, Y.;

i i 7 i i i Okamura, T.; Nakamura, Al. Am. Chem. Sod 996 118 12826-12827.
the proximal ligands and prOteﬁﬂ?' The thiolate ligand in (29) We do not know at this moment how much electron density needs

cytochrome P-450 forms two hydrogen bonds with peptide NH 5 pe on the hydroperoxide-D bond to facilitate GO bond heterolysis.
groups, resulting in a decrease in the negative charge on theNonetheless, we venture to suggest that the amount of electron density on
thiolate ligand and a positive shift of the 'E# reduction the hydroperoxide ©0 bond should be optimized for the process ef@

. .28 . . bond heterolysis (i.e., neither too much nor too little). More detailed
potential of heme irof? Also, it has been demonstrated in mechanistic studies including theoretical investigation should be attempted

iron(lll) porphyrin models that the presence of Nt6 hydrogen to understand the correlation between the amount of electron density on
bonds positively shifts the Eé' reduction potential of iron  the O-O bond of (Porp)P8-OOR species and the pathways of the @

porphyrin Complexe%E?avbSince we have observed in this study bond cleavage. Some examples showing theoretical approach for explainir_1g
. . . the formation of compound | in heme-containing enzymes are as follows:
that the G-O bond of (Porp)Fe(lll)-OOR intermediates is (a) wirstam, M.; Blomberg, M. R. A.; Siegbahn, P. E. M.Am. Chem.

Soc 1999 121, 10178-10185. (b) Harris, D. L.; Loew, G. H.. Am. Chem.

erolysis of the hydroperoxides is in the orderrofCPBA >
H.,0, > t-BuOOH > MPPH, demonstrating again that hydro-
peroxides containing electron-donatitegt-alkyl groups such

(25) (a) Yamaguchi, K.; Watanabe, Y.; Morishimalriorg. Chem1992 Soc 1998 120, 8941-8948. (c) Woon, D. E.; Loew, G. H. Phys. Chem.
31, 156-157. (b) Groves, J. T.; Watanabe, Iforg. Chem 1986 25, 4808- A 1998 102 10380-10384.
4810. (30) As Watanabe et al. clearly demonstrated with peracids that the rate
(26) Liu, H. I.; Sono, M.; Kadkhodayan, S.; Hager, L. P.; Hedman, B.; of O—O bond cleavage of acylperoxo-iron(lll) porphyrin complexes is
Hodgson, K. O.; Dawson, J. H. Biol. Chem 1995 270, 10544-10550. significantly affected by the electronic nature of iron porphyrin complé$és,
(27) Choudhury, K.; Sundaramoorthy, M.; Hickman, A.; Yonetani, T.; we suggest here that the role of the “push effect” (i.e., electron-rich iron
Woehl, E.; Dunn, M. F.; Poulos, T. L1. Biol. Chem 1994 269, 20239~ porphyrin complexes) may increase the rate of@ bond cleavage of

20249. (Porp)Fé!-OOR species but not facilitate-D bond heterolysis.
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Table 1. Epoxidation of Cyclohexene by+CPBA, HO,
t-BuOOH, and Mixtures of These Oxidants Using Fe(TMPY3],
as the Catalyst

concn of oxidants yields (mmolx 1% of products

(mmol x 10) cyclohexene cyclo-  cyclo-
entry HO, t-BuOOH m-CPBA oxide hexenol hexenone
1 10 0 0 0
2 10 0 0 0
3 2 0.51+ 0.08 0 0
4 10 2 0.05+ 0.03 0 0
5 10 2 0.07+ 0.03 0 0

J. Am. Chem. Soc., Vol. 122, No. 36, 208683

that of 2 with H,O, and t-BuOOH. However, it is hard to
imagine that the reaction rates of the two alkyl hydroperoxides,
MPPH andt-BuOOH, with 2 are so much different. We also
found in the MPPH reactions that the products derived from
MPPH decomposition were mainly those formed from the
alkoxy-radical intermediate, MPP@adical (entries 1 and 4 in
Table 2), and that the amounts of cyclohexene oxide and
MPPOH, the products of ©0 bond heterolysis, were similar
(see Scheme 4 for the mechanism of MPPH decomposition and
the products derived from heterolysis and homoly&is}Also,

2 containing such highly electron-withdrawing porphyrin ligands

a See the Experimental Section for detailed reaction procedures. All should react faster with cyclohexene than with another MPPH;
reactions were run at least triplicate, and the data reported representherefore, the low epoxide yields and the products derived from

the average of these reactions.

pathway CY2cWe therefore reexamined whether the heterolytic
O—0 bond cleavage followed by hydroperoxide oxidation is a
valid mechanism to explain the phenomenon of the low yields
of epoxide formation in iron porphyrin complex-catalyzed
epoxidation of olefins by hydroperoxides in protic solvent.
The reactions of an electron-rich iron(lll) porphyrin complex
(e.g., Fe(TMP)Cl 4f) with hydroperoxides such as,8, and
t-BUuOOH did not yield the cyclohexene oxide product in a
solvent mixture of CHOH and CHCI, (Figure 2 and entries 1
and 2 in Table 1). Since the lack of the epoxide formation might
result from the fast reaction & with ROOH as Traylor and
co-workers proposed, we carried out the epoxidation of cyclo-
hexene using oxidant mixtures wECPBA and hydroperoxides
such as HO, andt-BuOOH under our reaction conditior¢

the alkoxy-radical intermediate in the reactions of electron-
deficient iron porphyrins with MPPH should be the result of
O—0 bond homolysis. To obtain more strong evidence to rule
out an involvement of a fast reaction ®fwith another MPPH

in protic solvent, we carried out the epoxidations of cyclohexene
with the highly electron-deficient iron porphyrin complexts
and4b, using an oxidant mixture afrCPBA and MPPH. We
made an assumption that if the low epoxide yields obtained in
the MPPH reactions were due to the mechanism of heterolytic
O—0 bond cleavage followed by a fast reaction Dfwith
another MPPH (Scheme 1, pathway A followed by pathway
C), then we would observe the diminution of the oxide yields
in the reactions using the oxidant mixture wFCPBA and
MPPH. The results shown in Table 2 indicate that the yields of
cyclohexene oxide formed in the reactions using the oxidant
mixture ofm-CPBA and MPPH were not diminished but became

The presence of hydroperoxides in the epoxidation reactionsthe sum of the oxide yields formed in each of theCPBA and

by mCPBA caused drastic reduction in the yields of cyclo-

MPPH reactions within experimental error (e.g., compare the

hexene oxide product (compare the yield of cyclohexene oxide gxide yield in entry 3 with the sum of the oxide yields in entries

in entry 3 with that in entries 4 and 5 in Table 1), confirming
the proposal of Traylor and co-workers that which was
initially generated in the reactions of Fe(TMP)CI withCPBA

at a fast raté2 reacted with ROOH (Scheme 1, pathway C)
faster than with cyclohexene (Scheme 1, pathway’2D).
However, although the results of using oxidant mixtures clearly
indicate tha® containing electron-rich porphyrin ligands indeed
reacts fast with ROOH (Scheme 1, pathway'€3uch results
cannot rule out the possibility that the failure to obtain high
epoxide yields in the catalytic epoxidations of olefins by
hydroperoxides is due to the occurrence ef@bond homoly-

1 and 2 and the oxide yield in entry 6 with the sum of the oxide
yields in entries 4 and 5). These results clearly demonstrate that
2, formed in the reactions of the electron-deficient iron(lll)
porphyrin complexes witm-CPBA at a fast raté? reacts faster
with cyclohexene than with MPPH and that the low epoxide
yields obtained in the epoxidation reactions by MPPH are not
due to a fast reaction & with MPPH. Another example that
shows that the low epoxide formation in the epoxidations of
cyclohexene by hyroperoxides such agObl and t-BuOOH
results from the GO bond homolysis is presented in Table 3.
The yields of cyclohexene oxide formed in the reactions of

sis (Scheme 1, pathway B). Since we observed in this study Fe(TDCPP)CI,4d, with H,O, and t-BuOOH were not high;

that the yields of cyclohexene oxide formed in the reactions of

however, when we carried out the epoxidation of cyclohexene

glectron-defici(_ent iron porphyrins with hydroperoxides were low ysing oxidant mixtures oft-CPBA and hydroperoxides such
in some reactions (see Figures 2 and 3) and we demonstrategys H,0, andt-BuOOH, the yields of cyclohexene oxide formed

previously that high-valent iron(IV) oxo porphyrin cation radical
complexes containing electron-withdrawing porphyrin ligands
react faster with olefins than ROOH in a competitive reaction
of cyclohexene and ROOH in aprotic solvéhthe low epoxide

in the reactions using the oxidant mixtures were not diminished
but became the sum of the oxide yields formed in each oxidant
reaction (e.g., compare the oxide yield in entry 5 with the sum
of the oxide yields in entries 2 and 3). We therefore conclude

yields formed in the epoxidation reactions by the halogenated on the basis of the results presented above that the proposal of

electron-deficient iron porphyrins such 4s, 4b, 4c, and4d
should not be due to the fast reactior?ofith ROOH (Scheme
1, pathway A followed by pathway C) but due to the-O

Traylor and co-workersthat the failure to obtain high epoxide

yields in the catalytic olefin epoxidations by hydroperoxides is

alwaysdue to a fast side reaction betwezand ROOH is highly

bond homolysis (Scheme 1, pathway B). Evidence for support- ynlike. Furthermore, such results suggest that the previous

ing this argument is presented below.

assertion that the reactions of iron(lll) porphyrin complexes

The yields of cyclohexene oxide formed in the reactions of with hydrogen peroxide artért-alkyl hydroperoxidednvariably

MPPH with highly electron-deficient iron porphyrin complexes,
4aand4b, were much lower than those formed in the reactions
of H,O, andt-BuOOH (Figure 2 and entries 1 and 4 in Table
2). If 2 was formed as a common intermediate via@ bond
heterolysis in all of the reactions o£8,, t-BuOOH, and MPPH,

the low epoxide formation in the MPPH reactions suggests that

the reaction rate o2 with MPPH should be much faster than

proceed by heterolytic ©O bond cleavage in protic solvent is
incorrect

(31) (a) MacFaul, P. A.; Arends, I. W. C. E.; Ingold, K. U.; Wayner, D.
D. M. J. Chem. Soc., Perkin Trans.1®97, 135-145. (b) Ingold, K. U;
Snelgrove, D. W.; MacFaul, P. A.; Oldroyd, R. D.; Thomas, J.G4tal.
Lett 1997 48, 21-24. (c) Snelgrove, D. W.; MacFaul, P. A,; Ingold, K.
U.; Wayner, D. D. M.Tetrahedron Lett1996 37, 823-826.
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Table 2. Products Obtained in the Epoxidation of Cyclohexenarb€PBA, MPPH, and Mixtures of These Oxidants Using
Electron-Deficient Iron(lll) Porphyrins as the Catafyst

iron(ll) concn of oxidants (mmok 10?%) yields of products (mmok 1(?)

entry porphyrins MPPH m-CPBA epoxidé MPPOH PhCHOH PhCHO
1 4a 10 1.6+£0.2 1.9+ 0.2 6.4+ 0.3 0.2+ 0.1
2 4da 2 1.8+0.1
3 4a 10 2 3.3+0.2 1.8+0.2 6.4+ 0.3 0.3t0.1
4 4b 10 1.1+ 0.3 1.3+ 0.2 6.4+ 0.3 0.5+ 0.1
5 4b 2 1.8+0.1
6 4b 10 2 27+04 1.2+0.2 6.3+ 0.3 0.3t0.1

a See the Experimental Section for detailed reaction procedures. All reactions were run at least triplicate, and the data reported represent the
average of these reactior’dNo or only small amounts of allylic oxidation products such as cyclohexenol and cyclohexenone were formed.

Scheme 4 Table 3. Epoxidation of Cyclohexene by &,, t-BUOOH,
m-CPBA, and Mixtures of ROOH and+CPBA Using
Fe(TDCPP)ClAd, as the Cataly3t

cyclohexene

E—— cyclohexene oxide

) ?l concn of oxidants
heterolysis e Porp® + PhCH,CMe,OH (mmol x 109 yields of products (mmok 1(?)
e 2 (MPPOH) t- m-  cyclohexene cyclo- cyclo-
Fe . Porp entry HO, BuOOH CPBA oxide hexenol hexenone
PhCH,CMe,00H ?H 1 10 45+ 0.3 0 0
homolysi
(MPPH) omolysis PeM—Porp + PhCH,CMe,0- 2 10 3.4+03 0 0
3 (MPPO-. radical) 3 2 1.740.2 0 0
4 10 2 5.8+ 0.7 0 0
| cvetonexene | 5 10 2 51+04 0 0
no formation of | a See the Experimental Section for detailed reaction procedures. All
cyclohexene oxide PhCH,OH + PhCHO reactions were run at least triplicate, and the data reported represent
the average of these reactions.
Conclusions of the O-0 bond cleavage of (Porp)eOOR sepcies in iron

) ) ) porphyrin models may provide clues not only to elucidate the
The present results with our previous communicaibns  glectronic effect of heme iron on the-@ bond activation of
clearly indicate that the ©O bond of hydroperoxides such as  ,tative iron(lll) hydroperoxide porphyrin intermediates in
hydrogen peroxide and alkyl hydroperoxides is cleaved both heme-containing enzymes but also to develop efficient bio-
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