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Abstract: We have studied the competitive epoxidations of olefins with and trans-stilbenes and with
cyclooctene andransstilbene in iron porphyrin complex-catalyzed epoxidation reactions i@ Hert-butyl
hydroperoxidettBuOOH), andn-chloroperoxybenzoic acidr¢CPBA) in protic solvent (i.e., a solvent mixture

of CHzOH and CHCI,) and aprotic solvent (i.e., a solvent mixture of §&HN and CHCI,) at room temperature

under catalytic reaction conditions. The competitive epoxidations were also carried out with in situ generated
high-valent iron(IV) oxo porphyrin cation radical complexes in aprotic solvent under stoichiometric reaction
conditions. By determining the ratios of epoxide products formed in the competitive epoxidations, we were
able to conclude unambiguously that the reactive species generated in protic solvent are high-valent iron(1V)
oxo porphyrin cation radical complex&sand the intermediates formed in aprotic solvent are oxidaah
porphyrin intermediated. A protic solvent such as methanol is proposed to function as a general-acid catalyst,
thereby increasing the rate of@ bond cleavage & to form 3. In the absence of general-acid catalysis such

as in aprotic solvent, the rate of@ bond cleavage o2 is relatively slow and? transfers its oxygen to
olefins prior to the formation 08. To further examine the effect of the general-acid catalysis on the nature of
epoxidizing intermediates, we carried out competitive epoxidations in the solvent mixtures of alcai@yCH
using alcohols of varying i, values and in the presence of an acid (i.e., HLli@ aprotic solvent. The
product ratios were found to vary depending on the strength of the solvent acidity, demonstrating that the
reaction of2 with olefin competes with the ©0 bond cleavage d that leads to the formation & We also
reported for the first time that a high-valent iron(IV) oxo porphyrin cation radical intermediate containing
electron-deficient porphyrin ligand shows an unexpected preferen¢eafarstilbene overis-stilbene in the
competitive epoxidations afis- andtrans-stilbenes.

Introduction phyrin models, it has been generally believed that high-valent
S o ) iron(IV) oxo porphyrin cation radical intermediat8sare the

Elucidation of the structures of reactive intermediates re- only reactive species responsible for the oxygenation of
spon_sible for oxygen atom trans_fer in catalytic oxygenation hydrocarbons (Scheme 1)A number of high-valent iron oxo
reactions by heme and nonheme iron monooxygenase enzymegrphyrin complexes have been prepared at low temperature,
and their model compounds has been the major goal of characterized with a variety of spectroscopic methods, and
b'°|°91'(2:a| and bioinorganic chemistry for the past three de- gjrectly used in the reactivity studies of oxygen atom transfer
cades:* In heme-containing enzymes and their iron(ll) por-  reactions such as olefin epoxidation, alkane hydroxylation, and

T —— N-demethylatior?. Also, there is direct and indirect evidence
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Scheme 1.Reactive Intermediates Capable of Oxygenating
Organic Substrates in Heme-Containing Enzymes and Iron
Porphyrin Models
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In addition to the intermediacy &, recent studies provided
strong evidence that oxidaniron(lll) porphyrin intermediates
2 are capable of transferring their oxygen to hydrocarbons prior
to the formation o3 (Scheme 1%-8 Notably, Vaz et al. reported
elegant results that iron(Ilhhydroperoxide (P&-OOH) and
iron(Ill) —hydrogen peroxide (FeH,0,) intermediates function
as electrophilic oxidants in olefin epoxidation and alkane

Nam et al.

enzymes and iron porphyrin models is an iron(lll) peroxo
porphyrin complex. (Scheme 1§12 Valentine and co-workers
reported elegant results recently that in situ generated iron(l1l)
peroxo porphyrin complexes are powerful nucleophiles capable
of epoxidizing electron-deficient olefirfdn cytochrome P-450
2B4 and aromatase enzymes, there is growing evidencd. that
is the reactive species responsible for the aldehyde deformylation
and aromatization reactiods12

Although it has been shown in a number of reports that
intermediates such &and3 are involved in iron(lll) porphyrin
complex-catalyzed oxygenations of hydrocarbons, it is not
completely clear which reactive species (edj.3, or both2
and3 at the same time) are responsible for oxygen atom transfer
in the catalytic oxygenation reactions performat room
temperatureand what factors are important to determine the
nature of the reactive intermediates in iron porphyrin model
systems. In this paper, we report the results of the competitive
epoxidations studied witltis- and trans-stilbenes and with

hydroxylation reactions by cytochrome P-450 enzymes and their cyclooctene antrans-stilbene in iron(lll) porphyrin-catalyzed

mutants® In the mutants lacking threonine in the active site of
cytochromes P-450, the lifetime of iron(ltthydroperoxide

epoxidation of olefins by oxidants such as@®i, tert-butyl
hydroperoxide #£BuOOH), andm-chloroperoxybenzoic acid

species is increased, and this intermediate is capable of(m-CPBA) in protic and aprotic solvents at room temperature.
oxygenating hydrocarbons prior to the formation ®f The We found from the studies that both the intermediates @.e.,
involvement of 2 as reactive intermediates has also been and3) indeedfunction as reactive species in the epoxidation of
suggested in iron porphyrin complex-catalyzed oxygenations of olefins by iron porphyrinsat room temperature@nd that the
hydrocarbons by oxidants such as hydrogen peroxide andparticipation of2 and3 as reactive epoxidizing intermediates
peracidsi®"8especially in the epoxidation of olefins by peracids s found to be controlled by the factors such as the solvent
at low temperatur& When the rate of ©0 bond cleavage of  system (i.e., protic and aprotic solvents), the presence of a proton
2 becomes slow such as in the cases where the reactions argource in aprotic solvent, and the acidity of alcohol solvents.

performed with electron-deficient iron porphyrin compleXe®,

in nonpolar solvents (e.g., toluerf@)or at low temperaturés

2 is able to transfer its oxygen to easily oxygenated organic
substrates such as olefins prior to the-O bond cleavage of

Furthermore, we report for the first time that a high-valent
iron(IV) oxo porphyrin cation radical intermediate containing
nonbulky ortho-fluoro substituents at the phenyl groups of
electron-deficient porphyrin ligand shows an unexpected prefer-

2. Another reactive intermediate that has been prOpOSGd to EffeCtence for trans-stilbene overcis-stilbbene in the Competitive

the oxidations of organic substrates in cytochrome P-450
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1997 119 8099-8100. (d) Pratt, J. M.; Ridd, T. I.; King, L. J. Chem.
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117, 6691-6697. (b) Watanabe, Y.; Yamaguchi, K.; Morishima, I.;
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epoxidations otis- andtrans-stilbenes.

Results and Discussion

We have studied competitive epoxidations with iron(lll)
porphyrin complexes such asésetetrakis(pentafluorophenyl)-
porphinato)iron(lll) chloride [Fe(TPFPP)Clngesetetrakis(2,6-
difluorophenyl)porphinato)iron(lll) chloride [Fe(TDFPP)CI], and
(mesetetrakis(2,6-dichlorophenyl)porphinato)iron(lll) chloride
[Fe(TDCPP)CI] (see Figure 1 for the structures of iron(lll)
porphyrin complexes) and with oxidants suchra€PBA, H0,,
andt-BuOOH in protic solvent (i.e., a solvent mixture of gH
OH and CHCI,) and aprotic solvent (i.e., a solvent mixture of
CH3CN and CHCI,) at room temperature under catalytic
reaction conditions. Two sets of competitive epoxidations were
carried out withcis- and transstilbenes (eq 1) and with
cyclooctene andransstilbene (eq 2), and the yields of the
epoxide products and the product ratios are listed in Tables 1
and 2. We also carried out control reactions wéth-stilbene

(9) (a) Wertz, D. L.; Sisemore, M. F.; Selke, M.; Driscoll, J.; Valentine,
J. S.J. Am. Chem. S0d 998 120 5331-5332. (b) Selke, M.; Valentine,
J. S.J. Am. Chem. S0d998 120, 2652-2653. (c) Sisemore, M. F.; Selke,
M.; Burstyn, J. N.; Valentine, J. Snorg. Chem.1997, 36, 979-984. (d)
Selke, M.; Sisemore, M. F.; Valentine, J. 53.Am. Chem. S0d996 118,
2008-2012. (e) Sisemore, M. F.; Burstyn, J. N.; Valentine, JABgew.
Chem., Int. Ed. Engl1996 35, 206-208.

(10) (a) Goto, Y.; Wada, S.; Morishima, |.; Watanabe, J.Inorg.
Biochem1998 69, 241-247. (b) Watanabe, Y.; Ishimura, ¥. Am. Chem.
Soc 1989 111, 8047-8049.

(11) (a) Vaz, A. D. N.; Pernecky, S. J.; Raner, G. M.; Coon, MPrac.
Natl. Acad. Sci. U.S.AL996 93, 4644-4648. (b) Raner, G. M.; Chiang,
E. W.; Vaz, A. D. N.; Coon, M. JBiochemistryl997, 36, 4895-4902.

(12) Swinney, D. C.; Mak, A. YBiochemistry1994 33, 2185-2190.



Fe(lll) Porphyrin Complex-Catalyzed Epoxidation Reactions
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Figure 1. Structures of iron(lll) porphyrin complexes used in this
study.

and transstilbene individually, to ensure that no isomerized

products were formed in the epoxidations @$ and trans
stilbenes under the reaction conditions employed, since the

APy
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formation of isomerized products (e.g., the formatiortrahs
stilbene oxide in the epoxidation afs-stilbene) would result
in giving false product ratios in the competitive epoxidation
reactions. The control reactions showed at most only trace
amounts of isomerizetransstilbene oxide formation in the
cis-stilbene epoxidations and no formationais-stilbene oxide
in the transstilbene epoxidations (Supporting Information,
Table S1). In addition, an intriguing observation that we
made in the control reactions was that the yieldsafsstilbene
oxide formed in the epoxidations dfansstilbene by Fe-
(TPFPP)CI and Fe(TDFPP)@I protic sokbentwere unusually
high and comparable to the yields @é-stilbene oxide formed
in the epoxidation ofcis-stilbbene by the iron porphyrin
complexes (Table S1; compare the yields ai$-oxide in
cis-stilbene epoxidation with the yields dfansoxide in
trans-stilbene epoxidation in the first columiIn the absence
of the iron porphyrin catalysts, no epoxide formation was
observed in the reactions of,8, andt-BuOOH. The epoxi-
dations of olefins byn-CPBA carried out in the presence of
iron porphyrin complexes are iron porphyrin complex-catalyzed
reactionst

Competitive Epoxidations in Protic Solvent.The competi-
tive epoxidations o€is- andtrans-stilbenes and of cyclooctene
and trans-stilbene were first carried out in a protic solvent
system (i.e., a solvent mixture of GBH and CHCI,) at room

J. Am. Chem. Soc., Vol. 122, No. 28,68d30

temperature. As the results of the competitive epoxidations of
cis- andtransstilbenes are shown in Table 1 (see the column
of protic solvent, catalytic reaction), the ratiosa$- to trans
stilbene oxides formed in the reactionsrdiCPBA, H,0,, and
t-BUOOH were identical in each iron porphyrin complex within
experimental error (entries—13 for Fe(TPFPP)CI, entries4%b
for Fe(TDFPP)CI, and entries—RP for Fe(TDCPP)CI). Also,
the ratios of cyclooctene oxide toans-stilbene oxide formed
in the competitive epoxidations of cyclooctene #nahs-stilbene
by m-CPBA, H,0,, andt-BuOOH were identical in each iron
porphyrin complex (Table 2; see the column of protic solvent,
catalytic reaction). These results clearly demonstrate that the
reactions of the iron porphyrin complexes with the oxidants
generate3 as reactive epoxidizing intermediates in a protic
solvent system (eq 3¥:f If the reactive interemdiates generated
in the reactions oft-CPBA, HO,, andt-BuOOH were different,
then the ratios of the oxide products formed in the competitive
epoxidations would be different (vide infra).

in ] >—<

—Fe —Porp el

/Q\ (eq3)

Interestingly, the ratios dfis- to trans-stilbene oxides formed
in the competitive epoxidations ofs- andtransstilbenes were
found to depend significantly on the nature of the iron porphyrin
complexes (Table 1, ratios 6f0.5,~2, and>15 in the reactions
of Fe(TPFPP)CI, Fe(TDFPP)CI, and Fe(TDCPP)CI, respec-
tively), and these results are interpreted in terms of the steric
and electronic effects of the iron porphyrins on the-¢ians
selectivity. The high ratio ofcis- to transstilbene oxides
observed in the Fe(TDCPP)CI reaction is ascribed to the steric
effect of the bulkyortho-chloro substituents at the phenyl groups
of the porphyrin ligand, since the approachtains-stilbene to
the iron oxo moiety is difficult due to the steric hindrance
between the phenyl groups tfansstilbene and the phenyl
groups of the porphyrin ligant. The relatively low ratios
of cis- to transstilbene oxides observed in the reactions of
Fe(TPFPP)CI and Fe(TDFPP)CI may be due to the fact that
the size of thertho-fluoro substituents at the phenyl groups of
the porphyrin ligands is smaller than that of tbetho-chloro
substituents at the Fe(TDCPP)CI complex. In addition cike
to trans-epoxide ratios obtained in the reactions of Fe(TPFPP)-
Cl (i.e., ratio of~0.5) and Fe(TDFPP)CI (i.e., ratio of2) were
different as well. Since these two iron porphyrins contain the
sameortho-fluoro substituents at the phenyl groups of the
porphyrin ligands, we suggest that the differer# to trans
epoxide ratios are caused by the different electronic properties
of the iron porphyrin complexes. The results also indicate that
the intermediate of the more electron-deficient iron porphyrin
complex (i.e., (TPFPP)FeV=0) shows an unexpected prefer-
ence fortransstilbene overcis-stilbene (i.e.,cis- to trans
epoxide ratio of 0.5), and, to the best of our knowledge, this is
the first time to observe the preferencetdnsstilbene over
cis-stilbene in iron porphyrin-catalyzed competitive epoxidations
of cis- andtransstilbenes (vide infra}®

Competitive Epoxidations in Aprotic Solvent. When the
identical competitive epoxidations were carried out in an aprotic
solvent system (i.e., a solvent mixture of 3N and CHCI,),

—Fe —Porp

.
RoOH  CH,OHICHCl,

(13) It has been shown previously that only small amountsraris
stilbene oxide are yielded in the epoxidationtatns-stilbene by iron(lll)
porphyrin complexes and iodosylbenzene: Groves, J. T.; Nemo, T. E.;
Myers, R. S.J. Am. Chem. Sod.979 101, 1032-1033.

(14) (a) Traylor, T. G.; Kim, C.; Richards, J. L.; Xu, F.; Perr. L. J.

Am. Chem. Socl995 117, 3468-3474. (b) Traylor, T. G.; Lee, W. A;;
Stynes, D. V.J. Am. Chem. S0d.984 106, 755-764.

(15) (a) Groves, J. T.; Nemo, T. E. Am. Chem. So&983 105, 5786~
5791. (b) Traylor, T. G.; Xu, FJ. Am. Chem. S0d988 110, 1953-1958.
(c) Ostovic, D.; Bruice, T. CJ. Am. Chem. Sod 988 110, 6906-6908.
(d) Traylor, T. G.; Miksztal, A. RJ. Am. Chem. Sod 989 111, 7443-
7448. (e) He, G.-X.; Mei, H.-Y.; Bruice, T. Cl. Am. Chem. Sod 991,
113 5644-5650. (f) Nappa, M. J.; Tolman, C. Anorg. Chem 1985 24,
4711-4719.
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Table 1. Competitive Epoxidations afis- andtrans-Stilbenes by Iron(lll) Porphyrin Complexes with Various Oxidants in Protic and Aprotic
Solvents under Catalytic Reaction Conditions and by in Situ Generated {Feg3=0O Complexes in Aprotic Solvent under Stoichiometric
Reaction Conditiorfs

protic solvent, catalytic reaction aprotic solvent, catalytic reaction  (Pd¥gY=O0 in aprotic solvent

product yields (%) atio ofcis.  Productyields (%)  rati ofcis.  Product yields (%) (atio of cis-
iron cis- trans totrans cis- trans totrans cis- trans totrans
entry  porphyrin oxidant  oxide® oxide® oxide oxide? oxide? oxide oxide? oxide? oxide
1 Fe(TPFPP)CI m-CPBA 28 59 0.5+0.1 88 11 8+1 18 41 0.5+0.1
2 H,O, 18 45 04+01 17 29 0.6+ 0.2
3 t-BuOOH 18 48 0.4+0.1 nd nce nce
4 Fe(TDFPP)CI m-CPBA 62 31 2.0+0.2 86 7 12+ 2 34 14 24+04
5 H.O, 46 20 23+04 48 1 4414
6 t-BuOOH 39 18 22+04 nd nce nce
7  Fe(TDCPP)ClI m-CPBA 76 trace >15 80 tracé >15 48 tracé >15
8 H,0; 44 tracé >15 36 trace!f >15
9 t-BUOOH 30 trace  >15 nct nct nc®

a See Experimental Section for detailed experimental procedures. All reactions were run at least in triplicate, and the data reported represent the
average of these reactiofBased on the amounts of oxidants usecis-Oxide andtrans-oxide stand forcis-stilbene oxide andrans-stilbene
oxide, respectivelyd Reactions were run in the presence of 5-chloro-1-methylimidazole (0.1 mmol), since the epoxidation of olefu@; fry H
aprotic solvent did not yield the oxide products in the absence of the imid&zéINot determined due to either low product yields or formation
of isomerizedtrans-stilbene oxide product in the epoxidation @§-stilbene.f Yields were less than 3% based on oxidants used.

Table 2. Competitive Epoxidations of Cyclooctene amédns-Stilbene by Iron(lll) Porphyrin Complexes with Various Oxidants in Protic and
Aprotic Solvents under Catalytic Reaction Conditions and by in Situ Generated {Fa5=O Complexes in Aprotic Solvent under
Stoichiometric Reaction Conditiohs

protic solvent, catalytic reaction aprotic solvent, catalytic reaction  (Pd¥gy=0 in aprotic solvent

product yields (%) (atio of co-  Productyields (%) atio of co-  Productyields (%)  (atio of co-
iron co- trans- to trans- co- trans- to trans- co- trans- to trans-
entry porphyrin oxidant  oxide oxide? oxide oxide oxide? oxide oxide® oxide? oxide
1 Fe(TPFPP)CI m-CPBA 10 87 0.1+ 0.05 87 8 11+ 3 3 31 0.1+ 0.05
2 H,O, 8 71 0.1+ 0.05 17 367 0.3+ 0.1¢
3 t-BuOOH 7 60 0.1+ 0.05 nd¢ nae no®
4 Fe(TDFPP)CI m-CPBA 31 53 0.58+ 0.15 92 4 23+5 22 27 0.8+ 0.2
5 H,O, 21 36 0.584+ 0.20 40 254 1.6+ 0.4
6 t-BuOOH 17 32 0.53+0.20 nd¢ nae no®
7  Fe(TDCPP)CI m-CPBA 67 trace  >15 93 tracé >15 59 tracé >15
8 H.0> 36 tracé >15 667 tracef >15d
9 t-BuOOH 24 trace  >15 nee nee nce

a See Experimental Section for detailed experimental procedures. All reactions were run at least in triplicate, and the data reported represent the
average of these reactiofsBased on the amounts of oxidants use@o-oxide andrans-oxide stand for cyclooctene oxide at@dnsstilbene
oxide, respectivelyd Reactions were run in the presence of 5-chloro-1-methylimidazole (0.1 mtnél)lot determined due to the low yields of
epoxide products.Yields were less than 3% based on oxidants used.

the product ratios were found to be changed dramatically, iron(IV) oxo porphyrin cation radical intermediates generated
especially in the reactions of Fe(TPFPP)CI and Fe(TDFPP)CI in protic solvent. If the reactive epoxidizing intermediates
with m-CPBA (Tables 1 and 2; compare the product ratios in generated in the protic and aprotic solvents were the same
the columns of protic solvent and aprotic solvent). The ratios species (e.g.3), we would expect to observe that the product
of cis- to transstilbene oxides obtained in the competitive ratios would be similar in both solvent systems (vide infra).
epoxidations otis- andtrans-stilbenes in aprotic solvent were Another intriguing observation that we made in aprotic
much higher than those obtained in protic solvent (Table 1, seesolvent was the dependence of the epoxide product ratios on
the column of aprotic solvent, catalytic reaction). The ratio of the kinds of oxidants used. For example, the ratiogisf to

~0.5 in protic solvent was changed to 8 in aprotic solvent for transstilbene oxides formed in the competitive epoxidations
the reactions of Fe(TPFPP)CI with-CPBA and the ratio of of cis- andtransstilbenes by Fe(TPFPP)CI were 8 and 0.6 for
~2.0 in protic solvent was changed to 12 in aprotic solvent for the reactions ofmCPBA and HO,, respectively (Table 1,
the reactions of Fe(TDFPP)CI with-CPBA (Table 1; compare  entries 1 and 2 in the column of aprotic solvent), and the ratios
entries 1 and 4 in the columns of protic solvent and aprotic obtained with Fe(TDFPP)CI were 12 and 4 for the reactions of
solvent). The same trend was observed in the competitive mCPBA and HO,, respectively (Table 1, entries 4 and 5 in

epoxidations of cyclooctene ardansstilbene, in which the
ratios of cyclooctene oxide twans-stilbene oxide were much
higher in aprotic solvent than in protic solvent (Table 2). For the competitive epoxidations of cyclooctene arehs-stilbene,
examples, the ratios of 0.1 and0.6 in protic solvent were
changed to 11 and 23 in aprotic solvent for the reactions of and HO, were greatly different (Table 2; compare the product

Fe(TPFPP)Cl and Fe(TDFPP)CI with-CPBA, respectively

the column of aprotic solvent). The dependence of the product
ratios on the structures of the oxidants was also observed in

in which the product ratios obtained in the reactionee€PBA

ratios in entries 1 and 2 for the Fe(TPFPP)CI reactions and

(Table 2; compare entries 1 and 4 in the columns of protic entries 4 and 5 for the Fe(TDFPP)CI reactions in the column
solvent and aprotic solvent). The finding of the dependence of of aprotic solvent). These results further support that a common
the product ratios on the solvent systems (i.e., protic versusintermediate such a8 is not responsible for the olefin
aprotic solvents) leads us to suggest that the reactive intermedi-epoxidations in aprotic solvent, since the generation of the
ates formed in aprotic solvent are different from the high-valent common intermediate in the reactions mfCPBA and HO,
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should give the same ratios of epoxide products, as we haveScheme 2.Proposed Mechanism for Olefin Epoxidation in

observed in the protic solvent system. Protic and Aprotic Solvents

We have suggested above that the different product ratios (HY)
observed in protic and aprotic solvents are due to the presence O—R
of two different reactive intermediates in the protic and aprotic (')..‘ -ROH ﬁw . RC=CR, 2
solvents. However, since we could not rule out a possibility —Fe'—Pom R B O
that the different product ratios in the protic and aprotic solvents ROR
are caused by the difference of solvents, we therefore prepared R.C=CR, 2
high-valent iron(1V) oxo porphyrin cation radical comple&&$ B H‘g ;"R

and directly used the in situ generated iron oxo intermediates
in the competitive epoxidatioria aprotic sobent'” As shown

in Tables 1 and 2 (see the columns of (PorpEV=0 in
aprotic solvent), the ratios afis- to trans-stilbene oxides and
cyclooctene oxide totransstilbene oxide obtained with
(TPFPPJ*FéV=0 and (TDFPP}*FeV=0 were different from
those obtained in aprotic solvent but the same as those obtaine
in protic solvent. These results lead us to conclude that the
reactive species generated in the protic solven8agwe have
suggested above and that the intermediates generated in th
aprotic solvent are noB but, possibly,2 even at room
temperature (eq 4).

hindrance between the phenyl groupdrahsstilbene and the
phenyl groups of the porphyrin ligand of high-valent iron oxo
intermediate might not be correct. Instead, we propose that the
selectivity of cis-stilbene overtransstilbene in the PhIO
eactions may be due to the generation of iodosylbenzene-iron
‘i)orphyrin adducts as reactive epoxidizing intermediate in aprotic
solvents such as Gigl1,2-8218.19and that the selectivity ofis-
stilbene by the iodosylbenzen&on porphyrin intermediates
fs caused by the steric hindrance between the phenyl groups of
trans-stilbene and the bulky PhlO bound to iron.

Effect of General-Acid Catalysis on the Rate of G-O
Bond Cleavage of 2We have demonstrated above tl3ais
>:< 0 the common reactive intermediate in protic solvent, whegeas
——'/L\ ,,,,, (eq4) is a potent reactive species in aprotic solvent. Then, how are
two different reactive species responsible for olefin epoxidations
in protic and aprotic solvents? A plausible explanation is that

epoxidizing intermediate in aprotic solvent, the observation of protic solvefnt functlt)ns_ das ?elne_ral-?rclzld C?tagfgglb thz
the high ratios ofcis-olefin oxides totransstilbene oxide présence of general-acid catalysis, e rate on

observed in the reactions af-CPBA with Fe(TPFPP)CI and cleavage oR is accelerated, resulted in formiBgs the reactive
Fe(TDFPP)CI in aprotic solvent (Tables 1 and 2; see entries 1speC|es| In %fast [at(_a (Sct;]eme_ 2, patr_]wayl A). Inrt]he ag_sd;rg:e of
and 4 in the column of aprotic solvent) is attributed to the steric general-acid catalysis such as in aprotic solvent, the rat

effect of the bulkym-CPBA bound to the iron porphyrins, since bond gleavage @is relatively slow and transfers its oxygen
the approach ofrans-stilbene to2 is highly restricted by the t%orlleflns p2r or tohthe foerat_:_on f°3 e;]ven at room terr]npe;fature ¢
steric hindrance between the phenyl groupdrahsstilbene (Scheme 2, pathway ). To fur er examine the effect o
and the bulkym-CPBA bound to irorf Also, the relatively general-a_lmd catalysis on the formatlon_of two d!fferent reactive
low ratios ofcis-olefin oxides totrans-stilbene oxide observed |ntermet.(:.|ates supdh tgﬁ ang 3 Wgtf'rSt (t:'fljlt:”ed outdthef
in the HO;, reactions, compared to the product ratios obtained corr|1pe ltive ep;)rm a IO’?bS otis a;]n ransst efnes an_d 0
in them-CPBA reactions, are due to the fact that the size of the cH3/(r::|goct_ene an _ans-;stl ene ('jnft € zresencr(la 0 andaC| (|._e.,
hydrogen atom in iron(lll) hydroperoxide porphyrin intermediate 4) I aprotic solvent and found that the product ratios
(e.g., R=H in (Porp)Fé —OOR, 2) is much smaller than that changed dramatically and became similar to those obtained with
g0 ! rdV— . N o _
of the acyl group in acylperoxeiron(lll) porphyrin complex (Porp)Fe’=0 comple_xe; (Table 3; see data in 1-A and 2 A)'.
(e.g., R= C(0)(3-CI-Ph) in (Porp)Fe—OOR, 2). In addition These results clearly indicate that the presence of proton in
it is worth noting that both the postulated’ (F;orri)‘FeDOH’ aprotic solvent accelerates the rate of the@bond cleavage
intermediate and the high-valent iron(IV) oxo porphyrin cation S\f/z tol form 3§s§ptc]>X|d|zmg o>_<|_dant (Schéem_e L pathr\]/vayz}T).
radical intermediate containing nonbulkytho-fluoro substit- e also studied the competitive epoxidations in the solvent

uents at the phenyl groups of highly electron-deficient porphyrin mixtures of alcohol/CKC, using alcohols of varying K.

ligand (i.e., (TPFPP)Ee—OOH and (TPFPPYFY=0) show values, since it has been shown by Traylor and co-workers that
a selectivity oftransstilbene ovecis-olefins in the competitive the rate of hydroperoxide €0 bond cleavage is significantly

epoxidations otis- andtrans-olefins. As we have noted in the affected by the alcohol acidiff.As shown in Table 3 (see data

previous section, this is the first time to observe ttrans n 1-C and 2'.C)' the ratios Ot's_. to tranSrOX|d_es and
stilbene is more reactive thasis-stilbene in iron porphyrin- cyclooctene oxide tdrans-stilbene oxide gradually increased

catalyzed competitive epoxidations@é andtrans-stilbenests as the acidity of the alcohols decreased, demonstrating that the

These results further suggest that the previous interpretation thaf@te of the G-O bond cleavage d is affected by the strength

the preference dfis-stilbene ovetransstilbene in the competi- (18) (@) Yang, Y.; Diederich, F.; Valentine, J.5Am. Chem. So¢991,
tive epoxidations otis- andtrans-stiloenes by the reactions of ~ 113 7195-7205. (b) Yang, Y.; Diederich, F.; Valentine, J.5Am. Chem.

. . s Soc 199Q 112, 7826-7828. (c) Nam, W.; Valentine, J. 8. Am. Chem.
iron(lll) porphyrin complexes with iodosylbenzene (e.g., the ¢ 199Q 112 4977-4979.

ratio of 15 for the selectivity ofis-stilbene ovetransstilbene (19) The ratios otis- to trans-stilbene oxides formed in the competitive

in the reactions of Fe(TPP)CI and Ph]—@})/vas due to the steric epoxidations otis- andtrans-stilbenes by PhlO catalyzed by Fe(TPFPP)-

Cland Fe(TDFPP)CI in aprotic solvent were 4 and 7, respectively, indicating
(16) Fujii, H. Chem. Lett1994 1491-1494. that the reactive species generated in the PhlO reactions are not high-valent
(17) Although we tried to prepare acylperoxo-iron(lll) porphyrin com- iron(IV) oxo porphyrin cation radical complexes such as (TPFERR) =

plexes to use the intermediates directly in the competitive epoxidation O and (TDFPP)'FeV=0: Nam, W.; Han, H. J.; Lee, H. J.; Kim, C.

reactions, we failed to prepare the acylperoxo-iron(lll) porphyrin complexes Unpublished results.

by reacting Fe(TPFPP)OH and Fe(TDFPP)OH wmHCPBA at—45°C in (20) Traylor, T. G.; Xu, FJ. Am. Chem. S0od99Q 112 178-186.

aprotic solvent?Instead, we observed the formation of ferryl-oxo porphyrin (21) Groves, J. T.; Watanabe, ¥. Am. Chem. Sod988 110, 8443~

complexes, (Porp)Pe=0, in the reactions. 8452.

?.O-R
—Fe""—Porp
2

—Fe‘“—Porp

+ - .
ROOH  CHsCN/CH,Cl,

On the basis of the results th& may be the reactive
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Table 3. Effects of Proton and Alcohol Acidity on the Ratios of Epoxide Products Formed in the Competitive Epoxidatmssanfd
trans-Stilbenes and of Cyclooctene atrdns-Stilbene Studied with Fe(TPFPP)CI and Fe(TDFPP)CI as Catalystme@BBA as an Oxidant
under Catalytic Reaction Conditichs

cis-stilbene versusrans-stilbene cyclooctene verstrans-stilbene
yields (%) of products ratio of yields (%) of products ratio of
cis- trans cis-to cyclooctene trans cyclooctene oxide
oxide oxide? trans-oxide oxide oxide? to trans-oxide

1. Fe(TPFPP)CI as the Catalyst
A. proton effect in aprotic solvett
presence of HCIQ

no 88 11 8+1 87 8 11+ 3
yes 30 41 0.7+0.1 9 40 0.2+0.1
B. (TPFPPJ*F€V=0 as an oxidafit 18 41 05+0.1 3 31 0.1+ 0.05
C. effect of alcohol acidity in protic solvei§t
CH;OH/CH.CI, 30 50 0.6+0.1 18 59 0.3+0.1
CH;CH,OH/CH.Cl, 40 40 1.0+0.1 28 48 0.6+0.1
(CH3),CHOH/CH,CI, 62 23 2.7+05 53 27 20+04
(CHz)sCOH/CHCI, 86 13 6.6+ 0.8 78 12 6.3+0.8

2. Fe(TDFPP)CI as the Catalyst
A. proton effect in aprotic solvetht
presence of HCIQ

no 86 7 12+2 92 4 23+5
yes 43 16 2.7+0.3 36 18 23+07
B. (TPFPPj*FeV=0 as an oxidarit 34 14 24+04 22 27 0.8+0.2
C. effect of alcohol acidity in protic solvei§t
CH3OH/CH,CI, 54 27 2.0+0.2 35 42 0.8+0.2
CH3CH,OH/CH,Cl, 53 26 2.0+0.3 40 45 0.9+0.2
(CH3),CHOH/CHCI, 57 27 21+0.3 35 40 0.9+0.2
(CHj3)sCOH/CHCI, 85 11 7.7+ 0.5 86 11 8+2

a General reaction conditions were the same as described in Tables 1 and 2 unless otherwise ihBiaaéetion the amounts of oxidants used.
¢ cis-Oxide andtrans-oxide stand foris-stilbene oxide antrans-stilbene oxide, respectively Reactions were run in the presence of HE(® x
1073 mmol). ¢ Data were obtained from Tables 1 and Reactions were run in a solvent mixture (total volume of 2.5 mL) of alcohol angCGH
(3:1). Since alcohols used as solvent may function as an axial ligand and it has been reported that there is a significant axial ligand effect on the
reactivity of3,3" the studies of the alcohol acidity effect were performed by blocking the axial position of iron porphyrin complex with an imidazole
(5-chloro-1-methylimidazole, 0.1 mmol) to eliminate a possibility of the axial ligand effe®te ref 20 for the Ig, values of the alcohols.

of the alcohol acidity and that the rate of the-O bond intermediate in iron porphyrin-catalyzed oxygenation reactions
cleavage of2 slows down as the acidity of the alcohols should be reevaluated because the reactive species responsible
decreases. Furthermore, the results of the effect of alcoholfor oxygen atom transfer in the catalytic reactions in aprotic
acidity on the product ratios imply that the reaction2ofvith solvent might not be& but 2 in some cases.
olefin (Scheme 1, pathway B) is competing with the O bond
cleavage of2 that leads to the formation a8 (Scheme 1, Experimental Section
pathway A) and tha_t, in Some _Cases, both the _Intermedlate_s, Materials. Methanol (anhydrous), dichloromethane (anhydrous), and
ands, eﬁe_Ct_the olefin epoxidation at the same t_'me' depending acetonitrile (anhydrous) were obtained from Aldrich Chemical Co. and
on the acidity of the alcohol solvents functioning as general- pyified by distillation over Cabiprior to use. All reagents purchased
acid catalysis. from Aldrich Chemical Co. were the best available purity and used
In conclusion, we have demonstrated unambiguously (1) that without further purification unless otherwise indicatea-CPBA
two intermediates? and3, are involved as reactive species in purchased from Aldrich Chemical Co. was purified by washing with
iron porphyrin complex-catalyzed epoxidation reactions at room phosphate buffer (pH 7.4) followed by water and then dried under
temperature and (2) that an important factor to determine the reduced pressure..B, (30% aqueous) antert-butyl hydroperoxide

nature of reactive intermediates by controlling the rate of the (-BUOOH, 70% aqueous) were purchased from Fluka and Sigma,

- : AR - respectively. Fe(TPFPP)CI was obtained from Aldrich. Fe(TDFPP)CI
O—0 bond cleavage d is general-acid catalysis. The present and Fe(TDCPP)CI were obtained from Mid-Century Chemicals. Fe-

results are re!evgnt to those recently reported by Va}z et gl. t.hat(TPFPP)(CESOs), Fe(TDFPP)(CES0,), and Fe(TDCPP)(GEO,)
several reactive intermediates can effect the functionalization e prepared by stirring equimolar amounts of the chloride iron(ilf)

of organic substrates by cytochrome P-450 enzymes an@that porphyrins with Ag(CESOs) followed by filtering through a 0.45M
becomes the reactive epoxidizing intermediate by disrupting the filter. The resulting solution was used immediately for further studies.
presumed proton-transfer pathway in site-directed mufarts. Instrumentation. Product analyses for the epoxidationscis and
Also, there is growing evidence that both iron(lll)-hydroperoxide transstiloenes were performed on arom Vintage 2000HPLC
and high-valent iron oxo intermediates are capable of oxygenat- equipped with a variable wavelength UV-200 detector. Detection was
ing hydrocarbons in methane monooxygenases and non_pormade at 215 nm. Products were separated qn a Waters Symmetry C18
phyrin iron complexes, depending on the reactivities of hydro- éverse phase column (4:6250 mm), eluted first with 50% methanol
carbons such as olefins and alkaA&sirthermore, the significant in water for 15 min and then with 85% methanol in water for 10 min
A " ' at a flow rate of 1 mL/min. The yields of cyclooctene oxide were
elffect of th%%enegal acid ﬁa(;taly3|s Ort] tg? rate of_tdheﬂl)ond determined by a Hewlett-Packard 5890 Il Plus gas chromatograph
c eavage_o a,s . Pfen We_ ocumep ed n peroxi asg enzyme§ equipped with a FID detector using a 30-m capillary column (Hewlett-
that the distal histidine residue functions as general-acid catalysis
that increases the rate of formation of compouirtd Finally, (A22) K(a) Errjngn, JH E. Viﬁg%'al_éz&é %ig%él\élé PEB)SI\Taw, A Bgovl\_/n,
i i i KA Kraut, J.Biochemistr " . ewmyer, S. L]
our present resdlts suggest that the previous results of the Kinetics i Montellano, P. RJ. Biol. Chem 1995 270, 19430-19438. (c)
and mechanistic studlgs of oxygen atpm transfer reactlo.ns thatRodrigueZ_,_opezy J.N.; Smith, A. T.; Thorneley, R. N.JBiol. Inorg.
had been performed with an assumption Bhaias the reactive Chem 1996 1, 136-142.
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Packard, HP-5). UVvis spectra were recorded on a Hewlett-Packard
8453 spectrophotometer equipped with@ptostaN variable-temper-
ature liquid-nitrogen cryostat (Oxford Instruments).

Catalytic Competitive Epoxidations in Protic and Aprotic

J. Am. Chem. Soc., Vol. 122, No. 28,68d30

Competitive Epoxidations Studied with in Situ Generated High-
Valent Iron(IV) Oxo Porphyrin Cation Radical Complexes. The
reactions of triflate iron(lll) porphyrin complexes (1:0 102 mmol)
with 2 equiv of m-CPBA in a solvent mixture (0.5 mL) of G4&N and

Solvents.Reactions were performed at ambient temperature under argon CHzClz (121_) at—45 °C gave the fqrmation _of green interm_ediates.
atmosphere unless otherwise indicated. All reactions were run in at The formation and stability of the intermediates were confirmed by
least triplicate, and the data reported represent the average of theséaking low-temperature UV vis spectra of the green solutions. The

reactions.

The competitive epoxidations dfis- and transstilbenes and of
cyclooctene andransstilbene in protic solvent were carried out as
follows: oxidants (0.05 mmol, diluted in 0.3 mL of GAH/CH,CI,
(3:1)) were slowly added over a period of 20 min to a stirred solution
containing an iron porphyrin complex (¢ 10~ mmol) and equal
amounts of competing olefins (0.15 mmol each) in a solvent mixture
(2.2 mL) of CHOH and CHClI; (3:1). The reaction mixture was further
stirred for 10 min and directly analyzed by HPLC and/or GC. Product
yields were determined by comparison against standard curves.

The reaction conditions in aprotic solvent were as follows: oxidants
(0.05 mmol, diluted in 0.3 mL of CECN/CH,CI; (1:1)) were slowly
added over a period of 20 min to a stirred solution containing an iron
porphyrin complex (x 10~3 mmol) and equal amounts of competing
olefins (1.0 mmol each) in a solvent mixture (2.2 mL) of £ and
CH.ClI, (1:1). The competitive epoxidations studied withQ4 were
carried out in the presence of 5-chloro-1-methylimidazole (0.1 mmol),
since the epoxidation of olefins by iron porphyrin complexes as©;H
in aprotic solvent did not yield epoxide products in the absence of the
imidazole?® The reaction mixture was further stirred for 10 min and
directly analyzed by HPLC and/or GC with known authentic samples.

(23) Nam, W.; Lee, H. J.; Oh, S.-Y.; Kim, C.; Jang, H. &.Inorg.
Biochem Accepted for publication.

spectra showed broad absorption bands aroune-B50 nm, charac-
teristic of porphyrin cation radical complexes (Supporting Information,
Figure S1):a16 After substrates (equal amounts of competing olefins,
0.03 mmol each, diluted in 0.2 mL of GBI,) were added to a reaction
solution containing in situ generated (PArpEY=0 (1.0x 10~ mmol)

at —45 °C, the reaction mixture was stirred for 10 min-a45 °C and
then directly analyzed by HPLC and/or GC.
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