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We have studied an anionic ligand effect in iron porphyrin complex-catalyzed competitive epoxidations of cis- and
trans-stilbenes by various terminal oxidants and found that the ratios of cis- to trans-stilbene oxide products formed
in competitive epoxidations were markedly dependent on the ligating nature of the anionic ligands. The ratios of
cis- to trans-stilbene oxides obtained in the reactions of Fe(TPP)X (TPP = meso-tetraphenylporphinato dianion
and X~ = anionic ligand) and iodosylbenzene (PhlO) were 14 and 0.9 when the X~ of Fe(TPP)X was Cl~ and
CF3SO;, respectively. An anionic ligand effect was also observed in the reactions of an electron-deficient iron(lll)
porphyrin complex containing a number of different anionic ligands, Fe(TPFPP)X [TPFPP = meso-tetrakis-
(pentafluorophenyl)porphinato dianion and X~ = anionic ligand], and various terminal oxidants such as PhIO,
m-chloroperoxybenzoic acid (m-CPBA), tetrabutylammonium oxone (TBAO), and H,0,. While high ratios of cis- to
trans-stilbene oxides were obtained in the reactions of iron porphyrin catalysts containing ligating anionic ligands
such as Cl~ and OAc™, the ratios of cis- to trans-stilbene oxide were low in the reactions of iron porphyrin complexes
containing nonligating or weakly ligating anionic ligands such as SbFs~, CF3SO;~, and ClO,~. When the anionic
ligand was NO;~, the product ratios were found to depend on terminal oxidants and olefin concentrations. We
suggest that the dependence of the product ratios on the anionic ligands of iron(lll) porphyrin catalysts is due to
the involvement of different reactive species in olefin epoxidation reactions. That is, high-valent iron(IV) oxo porphyrin
cation radicals are generated as a reactive species in the reactions of iron porphyrin catalysts containing nonligating
or weakly ligating anionic ligands such as SbFs~, CF3SO5 ™, and ClO,~, whereas oxidant—iron(lll) porphyrin complexes
are the reactive intermediates in the reactions of iron porphyrin catalysts containing ligating anionic ligands such
as Cl~ and OAc™.

Introduction involvement ofl and2 as reactive intermediates is controlled
by factors such as the presence of threonine in the active
site of cytochromes P450 and the solvent system of iron
porphyrin models:*

Elucidation of the nature of reactive intermediates respon-
sible for oxygen atom transfer in catalytic oxygenations of
hydrocarbons by cytochromes P450 and their iron porphyrin
models is of continuing interest in the fields of biological, (1) (a) Meunier, B.; Bernadou, $truct. Bonding200q 97, 1. (b) Wertz,

bioinorganic, and oxidation chemisth It has been believed D. L.; Valentine, J. SStruct. Bonding200Q 97, 37. (c) McLain, J.
. . . . . L.; Lee, J.; Groves, J. T. IiBiomimetic Oxidations Catalyzed by
for a long time that high-valent iron(IV) oxo porphyrin cation Transition Metal ComplexesMeunier, B., Ed.; Imperial College

radicals2 are the sole reactive species capable of oxygenating Presdst:) LclJKndor&,_ 2h000; pp 9%69, rSd) Watangbe_l. Yd Mhe P%rphyrin
: ; Handbook Kadish, K. M., Smith, K. M., Guilard, R., Eds.; Aca-
_hydrocarbons. prever, recent studies suggested that oxidant demic: New York, 2000; Vol. 4, Chapter 30, pp-9¥17. (€) Harris,
iron(lll) porphyrin complexesl also are able to oxygenate D. L. Curr. Opin. Chem. Biol2001, 5, 724.
i i 2) (a) QOgliaro, F.; de Visser, S. P.; Cohen, S.; Sharma, P. K.; Shaik, S.
hydrocarbons prior to the formation ¢ and that the Am. Chem. Se002 124 2806, (b) Schroder. D.: Shak, S.
Schwarz H.Acc. Chem. Res200Q 33, 139. (c) Schllchtlng l.;
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ewha.ac.kr. Sweet, R. M.; Ringe, D.; Petsko, G. A.; Sligar, S. &ience2000
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It has been shown very recently that anionic ligands of Table 1. Anionic Ligand Effect Observed in the Competitive
iron(III) porphyrin complexes p|ay an important role in the Epoxidation ofcis- andtrans-Stiloenes by Fe(TPP)X and PH®

catalytic oxygenation of hydrocarbons by®4, in which Fe(TPP)CI Fe(TPP)(GB0s)

the yields of oxygenated products were markedly dependent yield® (%) yield® (%)

on the anionic ligands of the iron(lll) porphyrin cataly3ts. ~cig  trang' ratio ofcistotrans ci§  trans' ratio ofcisto trans
The anionic ligand effect was also observed in the reactionszg, 4 4 1 1442 26+ 3 2843 09+02

of i-ron(lll) porphyrin cqmplexes Witmn-ChlorOperoxybenZOic 2 Detailed experimental procedures were described in the part Catalytic
a_C'd (mCPBA) and IOdosyIpenzene (Phl@)Nhere two Competitive Epoxidations in the Experimental Section. All reactions were
different oxoiron(IV) porphyrin complexes were generated, run at least in triplicate, and the data reported represent the average of these
depending on the anionic ligands of the iron(Ill) porphyrins. re:?mtions.b The yields of products and the ratios @i to transstilbene
Adam and coworkers also reported that the oxidation of 25,15 " e uhen e eseon were cartes ot K
olefins by M'(salen)X (M= Mn and Cr) complexes and  oxide andtransstilbene oxide, respectively.

PhIO was significantly influenced by the counterions;,, X

of the metal salen catalystd/ore recently, the anionic ligand ~ Phyrin complexes containing nonbulkytho-substituents on
effect has been observed in non-porphyrin iron complex- the phenyl groups of the porphyrin ligands and different
catalyzed oxidation reactions by,®, in which the oxidation anionic ligands. We first explored the anionic ligand effect
of ligand and external substrates and the yields of oxygenatedn the epoxidation of olefins by Fe(TPP)X (TRP mese
products were significantly affected by the counterions of tetraphenylporphinato dianion and %= anionic ligand) and
the iron catalyst8. Therefore, the aforementioned results PhIO (eq 1). Groves and co-workers reported previously that

indicate that the catalytic activities of metal complexes of

H . . H P! H Fe(TPP)X + PhIO
porphyrin, salen, and non-porphyrin ligands are dependent >=— + >=— ChONChCL 255G
on the simple anionic ligands or counterions of the metal 7" Ph H  Ph BRTRRSS
cis-stilbene  trans-stilbene
complexes. In the present study, we demonstrate that the 1
S ) . WA + A
nature of the reactive intermediates responsible for oxygen HoL AR PRTL LH o
atom transfer in iron(lll) porphyrin-catalyzed epoxidation cis-stilbene oxide  trans-stilbene oxide

reactions is controlled by the simple anionic ligands of iron-
(1) porphyrin complexes and suggest that two epoxidizing the reaction of Fe(TPP)Cl and PhlO with a mixturecgf
intermediates such dsand?2 are generated, depending on andtransstilbene yieldectis-stilbene oxide 15 times more

the ligating nature of the anionic ligands. thantrans-stilbene oxide and suggested that the preference
of cis-stilbene ovetransstilbene in the competitive epoxi-
Results and Discussion dation reaction was due to a severe steric interaction between

the phenyl groups dfans-stilbene and those of the porphyrin
ligand of the oxoiron(IV) porphyrin cation radical intermedi-

Sls-t anq tkr]aiﬂsoletflns aflre at'use:-fl:[ll megha;nls'tlcthprobte Ito' ate, (TPP)'FeV=0, generated in the reaction of Fe(TPP)-
Istinguish the nature of reactive intermediates in the catalylic o 504 ph|c2 The results in Table 1 show that the reaction

_epoxidation of olefins by_ iron porphyrin complexes contain- of Fe(TPP)CI and PhIO indeed yieldeis-stilbene oxide
ing nonbulkyortho substituents on the phenyl groups of the predominantly and that the ratio af- to trans-stilbene oxide

por ph_yrl_n ring '_I'herefore, to |_nvest|gate the effect of was 14+ 2, as Groves and co-workers reported previosly.

anionic .Ilga_nds. of |ron(III_) porphyrin cqmplexes on the nat.L!re However, when the competitive epoxidation was carried out

of ep%X|Q|z|ng |2§ermeg|ates, w_(labcarrled (.)Et _the competitive with the Fe(TPP)X complex containing a different anion such

epoxidations oftis- and trans-stilbenes with iron(lll) por- as triflate (CESOy), the product ratio ofcis- to trans

3) (@) Newcomb, M. Toy, P. HAco. Chem. Re2000 33, 449, (b) stilbgne o?(ide was Qramatica!ly changed from 14 to 0.9 under
Newcomb, M.: Shen, R.; Choi, S-Y.: Toy, P. H.; Hollenberg, P. F.. the |d¢nt|cal reaction conditions (Table 1). Because the
Vaz, A. D. N.; Coon, M. JJ. Am. Chem. So@00Q 122, 2677. (c) formation of isomerized products (e.g., the formation of
= 1%9};'iygvggigqb(agﬂ\'}aczozn’DMNJ:;erzi’nﬁ'it)?' phAm.Shem.  transstilbene oxide in the epoxidation ofs-stilbene) would
J.Proc. Natl. Acad. Sci. U.S.A998 95,3555. ~ result in giving false product ratios in the competitive

(4) () wadhwani, P.; Mukherjee, M.; Bandyopadhyay JDAm. Chem.  epoxidation reactions, control reactions were carried out with

Soc.2001, 123 12430. (b) Collman, J. P.; Chien, A. S.; Eberspacher, . . . L . .
T A Brgumin, 31, an Chem. So@00Q 122 11098. (c) N%m, cis-stilbene andransstilbene individually in the catalytic

We have shown recently that competitive epoxidations of

\1,\(/55;3 I6i5m,(dl\)/I.NH.; M\%m,L‘_s. KM K|Lm, LC.J. ﬁmj CEem. SO/%OOQC%IZZ epoxidation reactions by Fe(TPP)(§50s) and PhlO under
. am, W.; Lim, M. H.; Lee, H. J.; Kim, . Am. Chem. : e :
S0c.2000 122 6641, () Machii, K. Watanabe. Y.: Morishima,JL. the reaction conditions employeq. Thg controllreactlons
Am. Chem. Sodl995 117, 6691. showed only a small amount of isomerizgdns-stilbene

(5) Nam, W.; Lim, M. H.; Oh, S.-Y.; Lee, J. H.; Lee, H. J.; Woo, S. K.; i i i i i i
Kim. C.. Shin. W. Angew. Cherm. Int. Ed. Engt000 36, 3646, oxide formation in the epoxidations efs-stilbene and no

(6) Nam, W.; Lim, M. H.; Oh, S.-YInorg. Chem200Q 39, 5572. formation ofcis-stilbene oxide in the epoxidations vans
) ((;2 Adggﬁdqwégﬁgsggm:dnn, KWJ.;:e}ha-l\S/lollﬁr, dC-ERﬁ fv'loég'h stilbene (Supporting Information, Table S1). The results of
em. . am, W.; Hajra, S.; Herderich, M.; Saha- . :
Moller, C. R.Org. Lett.200Q 2, 2773, the control reactions demonstrate unambiguously that the
(8) (a) Mekmouche, Y.; Menage, S.; Toia-Duboc, C.; Fontecave, M.;
Galey, J.-B.; Lebrun, C.; PecautAhgew. Chem., Int. Ed. Engl001, (9) (a) Groves, J. T.; Nemo, T. B. Am. Chem. Sod.983 105 5786.
40, 949. (b) White, M. C.; Doyle, A. G.; Jacobsen, E.NAm. Chem. (b) Groves, J. T.; Nemo, T. E.; Myers, R.5.Am. Chem. S0od979
S0c.2001, 123 7194. 101, 1032.
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Table 2. Ratios ofcis- to transStilbene Oxide Products Obtained in
the Relative Reactivity Studies ofs- andtrans-Stilbenes with
Fe(TPFPP)X Complexes and Various Terminal Oxidarits

ratio of cisto transproducts for the following
X~ of Fe(TPFPP)X

oxidant Ct CHCO, NOs~  SbR~ CRSOs ClOs
PhIO 13+2 13+2  69+0.7 15+£03 12403 1.4+03
(66:5)  (66:5)  (55:8)  (32:20) (31:26)  (34:24)
mCPBA 7.0£0.8 58+0.7 4.3+£0.3 0.8+02 0.9+0.2 0.8+0.1
(77:11)  (76:13)  (68:16) (28:36) (35:37)  (30:36)
TBAO 5.9+06 53+0.6 08+0.1 08+01 0.7+0.1 0.7+0.1
(47:8)  (42:8)  (14:18) (19:24) (13:20)  (13:19)
H0,  nd ot 0.9+0.1 08401 0.8+0.1 0.8+0.1
(18:20)  (28:35)  (24:30)  (25:31)

a Detailed experimental procedures were described in the part Catalytic

Scheme 1

X" =CI", CH,CO,~

A

high ratio of
cis-/trans-oxide

cis-stilbene Fe(TPFPP)X
+ A R st

trans-stilbene ~ oxidant low ratio of

LB .o )
cis-/trans-oxide

[ X~ = SbFg, CF3S057, CIO,

Fe(TPFPP)X, as we have observed in the reactions of Fe-
(TPP)X and PhIO. Another intriguing observation that we
made was the dependence of the product ratios on the
terminal oxidants when the anionic ligand of Fe(TPFPP)X

Competitive Epoxidations in the Experimental Section. All reactions were Was NQ™. The ratios ofcis- to trans-stilbene oxide were
run at least in triplicate, and the data reported represent the average of thesg¢elatively high, such as 6.9 and 4.3 in the reactions of PhlO

reactions? Numbers in parentheses are the yields (%gisftilbene oxide
andtransstilbene oxide based on moles of oxidant used; the error is within

andm-CPBA, respectively, whereas a low ratio0.8 was

+£10% of the state values. Only trace amounts of benzaldehyde were Obtained when TBAO and #D, were used as terminal

produced in all of the reaction§Controlled reactions showed at most only
trace amounts of isomerizadansstilbene oxide formation in the epoxi-
dations oftis-stilbene and no formation a@fs-stilbene oxide inransstilbene
epoxidations (data not shown). Another control experiment performed with
m-CPBA in the absence of an iron porphyrin catalyst gavectkeo trans
stilbene oxide ratio 0.8 0.1. In the absence of the iron porphyrin catalysts,
only trace amounts of oxide products were produced in all of the reactions
except in than-CPBA reactiond Not determined because of the formation
of only trace amounts of epoxide products in the epoxidation of olefins by
Fe(TPFPP)X (X = CI~ and OAc) and HO,.5

formation of transstilbene oxide was the result of the
epoxidation oftrans-stilbene, not the result of the isomer-
ization of cis-stilbene, in the competitive epoxidation reac-
tion.

Because we found that the ratiosai$- to trans-stilbene
oxide products were significantly affected by the simple
anionic ligands of Fe(TPP)X complexes, a more detailed
anionic ligand effect was investigated by carrying out the
competitive epoxidation ofis- andtrans-stilbenes with an
electron-deficient iron(lll) porphyrin complex containing a
number of different anionic ligands, Fe(TPFPP)X (TPFPP
= mesoetetrakis(pentafluorophenyl)porphinato dianion and
X~ = anionic ligand), and with various terminal oxidants
such as PhiIOm-CPBA, TBAO (tetrabutylammonium ox-
one)! and HO, in a solvent mixture of CECN and CH-

oxidants (Table 2, see data in the column of ;NO

Then, why are the ratios dfis- to transstilbene oxide
products significantly dependent on the simple anionic
ligands of iron(l11) porphyrin complexes? This phenomenon
may be explained with the generation and involvement of
more than one epoxidizing intermediate, depending on the
anionic ligands of iron(lll) porphyrin catalysts in the
competitive epoxidation reactions (e.g., a high-valent iron-
(IV) oxo porphyrin cation radical and oxidariron porphyrin
complexes¥¢ If a high-valent iron(IV) oxo porphyrin cation
radical (i.e., (Porp)FeV(0)(X)) is generated as a common
reactive species in all of the reactions and the different
product ratios are resulted from the anionic ligand effect on
the reactivity of the high-valent iron(1V) oxo porphyrin cation
radical intermediate (e.g., (PorpireV(O)(Cl) vs (Porpj*-
FeV(0)(CRSGs)),'? then the ratio oftis- to transstilbene
oxide should be independent of the identity of terminal
oxidants. However, the ratios were different with different
terminal oxidants, as shown in the reactions of Fe(TPFPP)-
(NOs3) with PhlO,m-CPBA, TBAO, and HO, (Table 2, see
data in the column of N@), suggesting that more than one
reactive species is generated as a reactive species responsible
for oxygen atom transfer in the olefin epoxidation reactitns.

Cl, at room temperature. The Fe(TPFPP)X complex con- Other supporting evidence for the involvement of two
taining nonbulky fluoro-substituents on the phenyl groups different epoxidizing intermediates is that the product ratios
of the porphyrin ligand has been shown to be an efficient obtained in the competitive epoxidation by Fe(TPFPPY¥NO

and robust catalyst in oxygenation reactions. As the resultsandm-CPBA were dependent on the concentration of olefinic

show in Table 2, when Fe(TPFPP)X complexes containing
ligating anionic ligands such as Cand OAc were used as

a catalyst, high ratios dfis- to trans-stilbene oxide products
were obtained in the reactions of Phi®CPBA, and TBAO
(Scheme 1, pathway A). In contrast, the ratiosief to trans
stilbene oxide were low in the reactions of Fe(TPFPP)X
complexes containing nonligating or weakly ligating anionic
ligands such as SkF, CRSG;~, and CIQ~ (Scheme 1,
pathway B)!! These results indicate that the product ratios
were significantly affected by the simple anionic ligands of

(10) (a) Mohajer, D.; Rezaeifard, Aetrahedron Lett2002 43, 1881. (b)
Wessel, J.; Crabtree, R. H. Mol. Catal. A: Chem1996 113 13.
(11) In the case of iron(lll) porphyrin complexes containing nonligating
or weakly ligating ligands such as Shi CRSO;~, and CIQ -, the

solvent CHCN binds to the iron ion as an axial ligand.

substrates. As the amounts @b and transstilbene sub-
strates present in the reaction solution decreased, the ratios

(12) Gross and co-workers demonstrated unambiguously that the reactivity
and stability of high-valent iron(1V) oxo porphyrin cation radicals are
significantly affected by the anionic axial ligands of the intermedi-
ates: (a) Gross, Z.; Nimri, $norg. Chem1994 33, 1731. (b) Gross,

Z. J. Biol. Inorg. Chem1996 1, 368. (c) Czarnecki, K.; Nimri, S.;
Gross, Z.; Proniewicz, L. M.; Kincaid, J. R. Am. Chem. S0d996

118 2929. (d) Gross, Z.; Nimri, S.; Barzilay, C. M.; Simkhovich, L.

J. Biol. Inorg. Chem1997, 2, 492.

One of the reviewers strongly argued against our suggestion that the
different ratios ofcis- to trans-stilbene oxide products are the result

of the generation of two different epoxidizing intermediates depending
on the anionic ligands of iron(lll) porphyrin complexes. This reviewer
suggested that the different product ratios may be the result of the
anionic ligand effect on the reactivity of a common high-valent iron-
(IV) oxo porphyrin cation radical X FéeV(Porp)"(O) and not the result

of the involvement of two different reactive species.

(13)

Inorganic Chemistry, Vol. 41, No. 14, 2002 3649



Nam et al.

Table 3. Effect of Substrate Concentration on the Raticcisf to ligand of Fe(TPFPP)X is N©, both1 and2 are involved
Stilbene Oxide Products in the Competiti idatiorci iz ; ; ; i
rans Stibene Oxid b Fe(TPFPP)(NDandﬁfg‘g’g;pox'da"m'@* as epoxidizing intermediates depending on the terminal
oxidants and olefin concentration. Furthermore, the results
amount of substrate (mmol) of Fe(TPEPP)X complexes lead us to question whether the
0.2 0.05 0.01  0.0028 preference otis-stilbene ovetransstilbene observed in the
ratio of cis-oxidetransoxide 4.3+0.3 3.20.3 2.1+0.2 1.5+0.2 competitive epoxidation reaction by Fe(TPP)CIl and PhIO is

(cis-oxidetrans oxide} (68:16)  (64:20)  (57:27)  (46:30) due to a steric interaction between the phenyl groups on the

2 Detailed experimental procedures were described in the part Catalytic porphyrin ligand of the (TPP)FeV=0 intermediate and the

Competitive Epoxidations in the Experimental Section. All reactions were henvl ar frans-stilbene® Different from the previ
run at least in triplicate, and the data reported represent the average ofthesg enyl groups otranss bene? ere 0 € previous

reactions? Numbers in parentheses are the yields (%is$tilbene oxide suggestion of Groves and co-workers, we propose that the

andtransstilbene oxide based on molesfCPBA used; the error is within active species generated in the reaction of Fe(TPP)CI and

+10% of the state valuesis-Oxide andtrans-oxide stand forcis-stilbene i V— i

oxide andransstilbene oxide, respectively.The amount om-CPBA added PhIO is not a (TPP)‘Féd 170 complex but, pOSSIbly, a

was 2x 10-3mmol. ¢ The amount om-CPBA added was k 103 mmol. PhIO—Fe(TPP) CO”‘IP'e‘*’ *7and that the prefergnce 0|B'.
stilbene ovetrans-stilbene results from the steric repulsion

between the phenyl groups tnsstilbene and the bulky

Scheme 2 v oxidant (i.e., PhlO) bound to the Pht@e(TPP) complegs
+OX C\’/ ¥ ﬁ’ Then, what is the role of the anionic ligands in giving

—Fel'—Porp ——- —Fe'—Porp ~— - —fe"'—Porp” different reactive epoxidizing intermediates? We have sug-

X (or X) X0 50 gested previously that anionic ligands bound to an iron(ll1)
o ion may influence the electronic nature of oxidairbn

)c'—\c( :C:C: B N ¢ porphyrin intermediaté, affecting the oxidizing power and/
Y JC-60 C=C or lifetime of the intermediaté&:>¢Therefore, to understand
L/ whether the anionic ligand effect correlates with the electron-

donating ability of anionic ligands, we performed the

of cis- to trans-stilbene oxide products gradually decreased competitive epoxidations afis- andtrans-stilbenes with Fe-
(Table 3). The dependence of the product ratios on the (TPFPP)X (X = CI~ and CRSO;”) complexes in the
concentration of olefinic substrates suggests that there arepresence of an imidazole such as 5-chloro-1-methylimidazole
competitive reaction pathways between the formatio® of  (5-Cl-1-Melm}®°because it has been well documented that
from 1 (Scheme 2, pathway A) and the oxygen atom transfer the reactivities of metalloporphyrins are significantly affected
from 1 to olefins (Scheme 2, pathway B). In the presence of by the binding of imidazoles as axial ligansWe also
large amounts of olefinic substratgshas more chance to  showed recently that the presence of 5-Cl-1-Melm in the
transfer its oxygen to olefins prior to the formation »f catalytic epoxidation of olefins by iron(lll) porphyrin
(Scheme 2, pathway B), resulting in giving a high ratio of complexes and D, markedly increases the yields of
cis- to transstilbene oxide products.In contrast, as the  epoxide products in aprotic solvent and suggested that the
amounts of substrates in the reaction solution decrease, theole of the imidazole decelerates the-O bond cleavage
cis- to transstilbene oxide ratio becomes lower (Table 3), of an iron(lll) hydroperoxide porphyrin (or i#.—iron(llI)
demonstrating tha? becomes a major epoxidizing interme- porphyrin adduct§! The results in Table 4 show that the
diate when small amounts of olefinic substrates are present
in reaction solution (Scheme 2, pathway A followed by (16) The ratios _obtai‘ned in the I?hIO reactions were a little bit higher than

5 . . those obtained in the reactionsmfCPBA, TBAO, and HO; when
pathway C):*> On the basis of the results discussed above, e anionic ligands of Fe(TPFPP)X were SbRCRSOs-, and CIQ-
we suggest that the Fe(TPFPP)X complexes containing (see Table 2). The results may show that (TPFFRYY(O)(X) is
gating anionic igands such as Chnd OAC generaiel.  Senereled o he maor eaciue species 1 e Phi) veacton bt o
as an epoxidizing intermediate, where2asbecomes the another reactive oxidant in the epoxidation reaction, resulting in giving

reactive species when nonligating or weakly ligating anionic ___@little bit higher number in the PhIO reactions.
(17) (a) Yang, Y.; Diederich, F.; Valentine, J. 5.Am. Chem. S0d 991

ligands such as SkF, CRSG;7, and CIQ™ are the coun- 113 7195. (b) Yang, Y.: Diederich, F.: Valentine, J.5Am. Chem.

terions of the iron porphyrin compléf When the anionic Soc 199Q 112 7826. (c) Nam, W.; Valentine, J. 8. Am. Chem.
Soc 199Q 112, 4977.
(18) The binding of the imidazole to the iron(Ill) porphyrin complexes,

(14) It has been suggested previously that wHers an epoxidizing Fe(TPFPP)Cl and Fe(TPFPP)#SDs), was confirmed by taking UV
intermediate, the ratio afis- to trans-stilbene oxide products becomes vis spectra of the reaction solutions (data not shown).
high as a result of the steric effect of the oxidant bound to an iron (19) Quinn, R.; Nappa, M.; Valentine, J. . Am. Chem. S0d 982 104,
porphyrin because the approach wénsstilbene tol is highly 2588.
restricted by the steric repulsion between the phenyl groupsoé (20) (a) Baciocchi, E.; Boschi, T.; Galli, C.; Lapi, A.; Tagliatesta, P.
stilbene and the bulky oxidant bound to the iron fén. Tetrahedronl997 53, 4497. (b) Robert, A.; Loock, B.; Momenteau,
(15) The ratios ofis- to trans-stilbene oxides formed in the competitive M.; Meunier, B.Inorg. Chem1991, 30, 706. (c) Banfi, S.; Maiocchi,
epoxidations by in situ generated (TPFPPEY=0(X) (X~ = Sbk, A.; Moggi, A.; Montanari, F.; Quici, SJ. Chem. Soc., Chem. Commun.
CRS0;7, and CIQ ™) complexes were determined to be @80.2 199Q 1794. (d) Battioni, P.; Renaud, J. P.; Bartoli, J. F.; Reina-Artiles,
(see the part Stoichiometric Competitive Epoxidations in the Experi- M.; Fort, M.; Mansuy, D.J. Am. Chem. Sod 988 110, 8462. (e)
mental Section for detailed reaction procedufésjowever, the Battioni, P.; Bartoli, J. F.; Leduc, P.; Fontecave, M.; MansuyJD.
preparation oR with Fe(TPFPP)X (X = CI~ and OAc’) complexes Chem. Soc., Chem. Commua®87, 791. (f) Mansuy, D.; Battioni, P.;
was not successfdltherefore, thecis- to transstilbene oxide ratio Renaud, J.-PJ. Chem. Soc., Chem. Commu®84 1255.
with (TPFPP)*FeV=0(X) (X~ = CI~ and OAc) complexes was (21) Nam, W.; Lee, H. J.; Oh, S.-Y.; Kim, C.; Jang, H.&Inorg. Biochem.
not determined. 200Q 80, 219.
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Anionic Ligand Effect on Iron Porphyrin Reactions

Table 4. Effect of 5-Cl-1-Melm on the Competitive Epoxidation of
cis- andtrans-Stilbenes by Fe(TPFPP)X and Various Terminal
Oxidantg—¢

Fe(TPFPP)CI Fe(TPFPP)(650,)
presence of 5-Cl-1-Melm presence of 5-Cl-1-Melm
oxidant no yes no yes
PhIO 13+ 2 5.0+ 0.6 1.2+ 0.3 45+ 0.6
(66:5) (55:11) (31:26) (54:12)
m-CPBA 7.0£0.8 10+ 1 0.9+0.2 9+1
(77:11) (89:9) (35:37) (81:9)
TBAO 59+ 0.6 71 0.7+£0.1 6+ 1
(47:8) (35:5) (13:20) (30:5)

aReaction conditiond? oxidant (0.1 mmol) was added to a stirred
solution containing Fe(TPFPP)X (1:010-3 mmol) and equal amounts of
cis- and transstilbenes (1 mmol each) in a solvent mixture (1 mL) of
CHsCN and CHCI; (1:1) at room temperature. After the reaction mixture
was stirred for 30 min, the resulting solution was directly analyzed by HPLC.

All reactions were run at least in triplicate, and the data reported represent

the average of these reactioAsNumbers in parentheses are the yields (%)
of cis-stilbene oxide andrans-stilbene oxide based on moles of oxidant
used; the error is withire10% of the state values. Only trace amounts of
benzaldehyde were produced in all of the reactiéi@ontrolled reactions
showed at most only trace amounts of isomeritethsstilbene oxide
formation in the epoxidations afs-stilbene and no formation afs-stilbene
oxide intransstilbene epoxidations (data not shown).

ratios ofcis- to trans-stilbene oxide were not greatly affected
by the presence of 5-Cl-1-Melm in the reactions of Fe-
(TPFPP)CI (see the column of Fe(TPFPP)CI in Table 4),

whereas the product ratios obtained in the reactions of Fe-

(TPFPP)(CESG;) were markedly changed upon the addition
of 5-Cl-1-Melm (see the column of Fe(TPFPP)SB;) in
Table 4). The high ratios ofis- to transstilbene oxide
products obtained in the latter reactions indicate that

became the reactive epoxidizing species when the competi

tive reactions were carried out in the presence of 5-Cl-1-
Melm2t Moreover, the product ratios obtained in the
reactions of Fe(TPFPP)CI and Fe(TPFPPY&®) were

(TPFPP)CI and Cr(TPFPP)(€$0;), indicating that there

is no anionic ligand effect in the reactions of Cr(TPFPP)X
and PhIO. In the reactions performed with manganese(lll)
porphyrin complexes, the ratio was slightly higher when X
of Mn(TPFPP)X was Cl than when X of Mn(TPFPP)X
was CRSO;~. We therefore conclude that, among the
metalloporphyrins tested in this study, the reactivity of iron-
(1) porphyrin complexes is the most significantly affected
by the anionic ligands.

In summary, we have shown here that the product ratios
in iron(lll) porphyrin complex-catalyzed competitive epoxi-
dations ofcis- andtrans-stilbenes were markedly influenced
by the simple anionic ligands of iron porphyrin complexes.
This anionic ligand effect shows that the electron-donating
ability of anionic ligands is an important factor in controlling
the nature of reactive epoxidizing intermediates. In addition
to the anionic ligand effect, other factors such as the identity
of terminal oxidants and the concentration of organic
substrates play a role in determining the nature of epoxidizing
intermediates. Our future studies will be directed toward
investigating the anionic ligand effect in oxidation reactions
by metal complexes of nonporphyrin ligands.

Experimental Section

Caution. Perchlorate salts of metal complexes with organic
ligands are potentially explosive and should be handled with great
care.

Materials. Dichloromethane (anhydrous) and acetonitrile (an-
hydrous) were obtained from Aldrich Chemical Co. and dried with

_CaH, prior to use. All chemicals obtained from Aldrich were the

best available purity and were used without further purification
unless otherwise indicated. 8, (30% aqueous) and KHSO
(oxone) were purchased from Aldrich. PhlO was prepared from
iodobenzene diacetate by a literature metiadBAO was prepared

identical within experimental errors to those in the presence 4ccording to literature procedures, and the purity of TBAO was

of 5-Cl-1-Melm, indicating that the anionic ligand effect

determined to be 34 2%2* m-CPBA purchased from Aldrich

disappears when the iron porphyrin complexes such as Fe-Chemical Co. was purified by washing with phosphate buffer (pH

(TPFPP)CI and Fe(TPFPP)(¢30;) bind the same axial
ligand (i.e., 5-Cl-1-Melm). On the basis of the results

7.4) followed by water and then dried under reduced pressure. Fe-
(TPP)CI and Fe(TPFPP)CI were purchased from Aldrich. Fe-

discussed above, we propose that the electron-donating abilitTPFPP)(CHCG;), Cr(TPFPP)CI, and Mn(TPFPP)CI were obtained

of the anionic ligands of iron(lll) porphyrin complexes is
an important factor in controlling the nature of reactive
epoxidizing intermediate?.

Last, the anionic ligand effect was investigated with other
metalloporphyrin complexes such as Cr(TPFPP)X and Mn-
(TPFPP)X (X = CI~ and CRSOs") by carrying out the
competitive epoxidations ofis- and trans-stilbenes with
PhlO. As the results show in Table 5, the ratioscisf to
trans-stilbene oxides were high in the reactions of both Cr-

from Mid-Century Chemicals. M(Porp)X complexes were prepared
by stirring equimolar amounts of M(Porp)Cl complexes with AgX
salts followed by filtering through a 0.4&M filter. The resulting
solution was used immediately for further studies. The purity of
the iron(lll) porphyrins purchased and prepared for reactions was
examined by*H NMR in a solvent mixture of CECN (0.03 mL)

and CDQCl; (0.47 mL).*H NMR data ¢, ppm) of pyrrole H: Fe-
(TPP)CI, 81.4; Fe(TPP)(GBG;s), 33.2; Fe(TPFPP)CI, 81.7; Fe-
(TPFPP)(CHCO,), 83.0; Fe(TPFPP)(N, 75.3; Fe(TPFPP)(SkF;
40.4; Fe(TPFPP)(GB0;), 56.6; Fe(TPFPP)(CIL), 38.2.

Table 5. Ratios ofcis- to trans Stilbene Oxide Products Formed in the Competitive Epoxidatior@sefandtrans-Stilbenes by Various

Metalloporphyrin Complexes and PHO

Cr(TPFPP)X Mn(TPFPP)X Fe(TPFPP)X
X-=CI~ X~ =CRSGO;~ X-=CI~ X~ =CRSO;~ X~ =CI~ X~ =CRSO;~
ratio of cis-oxidetrans-oxide 15+ 2 14+ 2 7.9+0.9 46+0.5 13+ 2 1.2+0.3
(cis-oxidetrans-oxidey (61:4) (42:3) (53:8) (55:12) (66:5) (31:26)

a Reaction conditions were the same as those described in the part Catalytic Competitive Epoxidations in the Experimental Section except thad M(TPFPP

complexes were used as a catalystiumbers in parentheses are the yields (%wis&tilbene oxide antrans-stilbene oxide based on moles of PhiO added:;
the error is within+-10% of the state valuesis-Oxide andtrans-oxide stand forcis-stilbene oxide andrans-stilbene oxide, respectively.
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Instrumentation. Product analyses were performed on a Thermo of 20 min to the reaction solution. The reaction mixture was stirred
Separation Products P2000 equipped with a variable wavelengthfor 10 min in the reactions ai+CPBA, TBAO, and HO, or for
UV-200 detector. Products were separated on a Waters Symmetry30 min in PhlO reactions, and the resulting solution was directly
C18 reverse phase column (4.6 mm250 mm), eluted first with analyzed by HPLC. The yields of products were determined by
50% methanol in water for 15 min and then with 85% methanol in comparison with standard curves of known authentic samples.
water for 10 min at a flow rate of 1 mL/min. Detection was made Because it is possible that the anionic ligand of Fe(Porp)X is

at 215 and 254 nm. U¥vis spectra were recorded on a Hewlett-
Packard 8453 spectrophotometer. Low-temperature-d§/spectra

exchanged with another anion derived from oxidants (eng.,
chlorobenzoate frorm-chloroperbenzoic acid), UVvis spectra of

were recorded on a Hewlett-Packard 8453 spectrophotometerreaction solutions were taken before and after the addition of

equipped with anOptostat variable-temperature liquid-nitrogen
cryostat (Oxford Instruments)H NMR spectra were recorded on
a Bruker AM 250, and chemical shifts are reported relative to
residual hydrogen in the deuterated solvents.

Catalytic Competitive Epoxidations. Reactions were performed

oxidants to the reaction solutions (Supporting Information, Figure

S1; UV—vis spectra of Fe(TPFPP)CI and Fe(TPFPP}&BR) as

a representative of the spectra of all other reactiéns).
Stoichiometric Competitive Epoxidations. Oxoiron(lV) por-

phyrin cation radicals, (TPFPPFeV=0(X) (X~ = PR, Sbk,

at ambient temperature under argon atmosphere. In general, oxidan€FRSG;~, and CIQ™), were prepared by reacting Fe(TPFPP)X (1

(7.5 x 1073 mmol, diluted in 2QuL of CH3CN for the reactions of
m-CPBA and TBAO; 5x 102 mmol for PhlO reactions) was
added to a stirred solution containing an iron porphyrin complex
(1.5 x 103 mmol) and equal amounts eofs- andtrans-stilbenes
(0.2 mmol each) in a solvent mixture (0.5 mL) of gEN and CH-

Cl, (1:1) at room temperature. In,B, reactions, oxidant (X 102
mmol, diluted in 5QuL of CH3CN) was slowly added over a period

(22) Another possible effect of anionic ligands is the change in acidity of
reaction solutions: Groves, J. T.; Watanabe, JYAm. Chem. Soc
1988 110, 8443.

(23) Saltzman, H.; Sharefkin, J. Grganic Synthese®Viley: New York,
1973; Collect. Vol. V, p 658.

(24) Trost, B. M.; Braslau, RJ. Org. Chem1988 53, 532.

(25) It has been reported that the use of small amounts-GPBA (~4
equiv) does not cause the replacement of the anionic ligand bound to
the iron(lll) ion by m-chlorobenzoate derived from-CPBA: Czar-
necki, K.; Proniewicz, L. M.; Fujii, H.; Kincaid, J. RI. Am. Chem.
Soc 1996 118 4680. Because we only used 5 equivnelCPBA in
the catalytic competitive epoxidation reactions, we suggest that most
of the iron(Ill) porphyrin complexes retain their original anionic ligands
(see Figure S1 in the Supporting Information). Other supporting
evidence for this assertion is that if anionic ligands of iron porphyrin
complexes (e.g., Fe(TPFPP)(§50s)) are replaced byn-chloroben-
zoate in the reactions af-CPBA, then the product ratios should be
similar to those obtained in the reactions of Fe(TPFPP}{D4)

containing acetate as an anionic ligand because the binding properties

of acetate andan-chlorobenzoate should be similar. However, this is

x 1073 mmol) with 1.2 equiv ofn-CPBA (1.2 x 10-3 mmol) in

a solvent mixture (0.5 mL) of C4#CN and CHCI, (1:1) at—40
°C. The formation and stability of the intermediates were confirmed
by taking low-temperature U¥vis spectra of the green solutions.
Then, a mixture otis- andtransstilbenes (1.5« 1072 mmol each)

in CHXCIl, (0.2 mL) was injected into the reaction solution
containing the in situ generated (TPFPFEY = O(X) (1 x 1073
mmol) at—40 °C, and the reaction mixture was directly analyzed
by HPLC. The sum of the yields afis-stilbene oxide andrans
stilbene oxide products was 5910% on the basis of the amounts
of (TPFPP)*FeY = O(X) prepared.
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Supporting Information Available: Table S1 contains data of
the control reactions of the epoxidationsaig-stilbene andrans
stilbene by Fe(TPP)(GB0;) and PhIO. Figure S1 shows the BV
vis spectra of Fe(TPFPP)CI and Fe(TPFPP)&®) taken before
and after the addition oft-CPBA to the reaction solutions. This
material is available free of charge via the Internet at http://

not the case as shown in Table 2; therefore, we conclude that most of pubs.acs.org.

the iron(lll) porphyrin complexes retain their original anionic ligands
under the reaction conditions employed in this study.
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