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The first isolation and spectroscopic characterization of the
mononuclear hydroperoxo—iron(lll) complex [Fe(H.bppa)(OOH)]?*
(2) and the stoichiometric oxidation of substrates by the mono-
nuclear iron—oxo intermediate generated by its decomposition have
been described. The purple species 2 obtained from reaction of
[Fe(Hzbppa)(HCOO)](CIO,), with H,O, in acetone at =50 °C gave
characteristic UV-vis (Ana = 568 nm, € = 1200 M~ cm™1), ESR
(g = 7.54,5.78, and 4.25, S = 5,), and ESI mass spectra (m/z
288.5 corresponding to the ion, [Fe(bppa)(OOH)]?*), which revealed
that 2 is a high-spin mononuclear iron(lll) complex with a
hydroperoxide in an end-on fashion. The resonance Raman
spectrum of 2 in de-acetone revealed two intense bands at 621
and 830 cm™1, which shifted to 599 and 813 cm™1, respectively,
when reacted with 180-labeled H,0,. Reactions of the isolated
(bppa)Fe""-O0H (2) with various substrates (single turnover
oxidations) exhibited that the iron—oxo intermediate generated by
decomposition of 2 is a nucleophilic species formulated as
[(Hobppa)Fe''-0r].

Studies of hydroperoxo iron complexeare extremely

understanding of the mechanisms of relevant biological
oxidations and/or elucidate the relationships between electronic/
steric structure and reactivity of iref{per)oxo intermediates.
Unfortunately, the oxidation reactions carried out using
excess amounts of ROOH relative to iron catalyst typically
yield large amounts of free radicals due to the rapid reaction
of the iron intermediates with ROOH instead of the
substrate$?—¢*which tends to initiate radical chain autoxi-
dations. This has hindered our ability to distinguish whether
the reactions are metalloxo- or free-radical-based oxidations.
Therefore, to confirm the electronic character and direct
reactivity of the iror-oxo intermediate generated from-@
bond cleavage of an FEOOR precursor, investigations of
the stoichiometric oxidation (single turnover) of substrate
by an isolated peroxo iron species under ROOH-free condi-
tions will be required. Herein, we describe the first isolation
and recovery of the spectroscopically characterized hydro-
peroxo mononuclear iron(lll) complex, [Fegbppa)(OOHF"
using ligand HBPPA reported previousiyand discuss the
stoichiometric oxidations of substrates by the non-heme
iron—oxo intermediate resulting from-©0 bond cleavage

of the complex.

important in elucidation of the spectroscopic properties and A reaction of [Fe(Hbppa)(HCOO)](CIQ). (1, Figure
reactivities of oxygen-activating heme and non-heme iron 1Sf’ with a large excess of #, in acetone at-50 °C
enzymes?23In the past decade, iron/ROOH RH, alkyl) produced a deep purple specigséxhibiting spectroscopic
system&-¢* have been investigated in order to gain an characters: UV-ViS (Anax = 568 nm,e = 1200 Mt cm?;
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ion [Fe(Hbppa)(OOH)}; Figure 4S¥ These properties are  Table 1. Product Distributions for Stoichiometric Oxidations of
quite similar to those of the corresponding high-sgin ~ Substrates by [Fe@ppa)(OOH)" (2) under HO-free Conditions
alkylperoxo iron(lll) complexes reported previousiThe products (%)

- entry substrate
resonance Raman spectrum2of ds-acetone revealed two
. . cyclohexene  cyclohexenol, 53 cyclohexenone, trace
intense bands at 621 and 830 ¢n{Figure 5S¥ The former b cyclohexenal, 53 cyclohexenone, trace
band shifted to 599 cnt upon reaction with!®O-labeled 3 cyclohexane  cyclohexanol, 7 cyclohexanoné, nd
. . : 4 Me:S MeSO, 10
H,0,. This agrees well with the theoretical valu(Fe— Me.SO dimethyl sulfone, 78

0) = 22 cmY), allowing assignment of the feature as the

; ; ; ; ; aThe reaction mixture containing substrates (1000 equiv of cyclohexene,
Fe-0 stretchlng mode. This StretChmg vibration was found 350 equiv of cyclohexane, 600 equiv of dimethyl sulfidée,S, 350 equiv

at a much higher frequency compared to #(féee—0O) bands of dimethyl sulfoxide= Me,SO) and2 (4.5 mmol) in 3 mL of acetone was
observed in other high-spin irerperoxo complexes (415 incubated at-70 °C under dry Ar atmosphef€The reaction was initiated

503 cntl),8 indicating the formation of a stronger F© by the slow warming of the reaction mixture to 20 under a vigorous
L flow of Ar, and oxidation products were analyzed by GC. The yields are
bond. The latter band, whose frequency is similar to th&0  pased on the average of at least three r@ne hour after the reaction
vibration found in oxy-Hr with ay*-hydroperoxide ion bound  (entry 1).¢ Not detected.
in an end-on fashion (844 cm),% showed only a small
isotope shift to 8134v = 17 cm %) and 826 cm® (Av =
4 cn 1) upon reaction with K20, and D.O,, respectively.
However, the deuterium-dependent shift indicates the pres-
ence of a protonated peroxide moiety ligated to the iron(lll)
complex unlike the P&(edta) complex bearing side-on
peroxidel® These spectroscopic features are firmly consistent
with the formulation of the mononuclear hydroperoxo high-
spin iron(Ill) complex [Fe(Hbppa){-OOH)J".

Upon treatment of a solution containigwith ELO at
—70 °C and subsequent removal of excessOkl the
hydroperoxo iron complef was isolated as a purple powder
not suitable for X-ray crystal analysidn dissolving the dry
powder into aceton&, was regenerated with a decomposition
of not more than 10% as determined by bwis and ESR
spectroscopies. The isolation and regeneration of the hydro-
peroxo iron species were first observed by the use of the
ligand hexadentate BPPA, which stands in contrast to
activated bleomycin (BLM} and other hydroperoxo mono-
nuclear iron(lll) complexes with tetradentate ligand.

In order to identify a non-heme ireroxo intermediate

strates were performed under such conditions. The product
distributions determined by GC are listed in Table 1.

Upon reaction with cyclohexene (Table 1, entry 1), a
specific oxidation at the allylic position yielded cyclohexenol
as the main product with a trace amount of cyclohexenone.
No evidence for epoxidation was obtained. The product
yields did not increase with additional reaction time, and
radical-radical coupling products were not detected (entry
2). When cyclohexane (CyH) was employed as substrate,
only cyclohexanol was given as an oxidation product (entry
3). This result is in contrast to the product distribution
observed in stoichiometric oxidation of CyH by the isolated
[Co(PyPzP)(-BuOO)F" where the ratio of cyclohexanol/
cyclohexenone is almostt Interestingly, the observed high
selectivity for hydroxylation over ketonization is similar to
that found in heme iron-based oxidatiérend is distin-
guished from those shown in HarbeWeiss?2and Russell
terminatio?? reactions. Therefore, these findings unequivo-
cally reveal that molecular oxygen and free radicals, which

- ©  can initiate nonselective radical chain autoxidati&®i€do
generated by ©0 bond cleavage and assess its reactivity, ot participate in the oxidations. Furthermore, in comparative

the reactions of the isolated fbppa)Fe-OOH species?) oxidation experiments for M& and MeSO! to assess the
with various substrates were investigated in the absence of

X _ electronic character of the active species (entries 4, 5), a
free HO,. The regenerated compl@xs relatively stable at higher efficiency was observed in oxidation of }© than
—70°C, which is distinct from (BLM)Fe-OOH %2 so that it

- . in the case of Mg. This result strongly demonstrates that
was not capable of oxidizing substrates under such condi-iha active species not only acts as a two-electron oxidant
tions. Fortunately, slow warming of the solutions to ZD but also displays nucleophilicity.

proceeded gradual decompositiordb accelerate the oxi- Since the higher selectivities were observed for hydroxy-

dation reactions. The below oxidation experiments for sub- lation of hydrocarbons and oxygenation of organosulfurs,
; ; ; the O-0 bond cleavage in the [te-OOH specie® seems
(7) Physicochemical properties for compléxare as follows. Crystal .
data: GeHssCiFeNsOs, MW = 683, monoclinic, P2i/c, a = to have proceeded heterolytically to generate the two-electron
411260048% é,b; 14331;.?352(2)1 61(2:1: 18.651(2) ég; 94.159F((1076C\]§ = oxidant formulated as Fe=O. However, epoxidation of
. ,Z=4,Dc= 1. gcm =3, u = 5.26 cnt, = . . 3 i
2020.0,R = 0.074, Ry = 0.113 for 7802 unique reflections. ESR olefins (e.g., cyclohexene), in which oxo ferryl porphyrin

data: g = 8.05, 5.31, and 4.25 (assignableSe- 55) in acetone at 4 sr-cation radical has been supposed to participate as an
K. Electrochemical dataEi;; = 0.7 V vs NHE (corresponding to the electrophilic oxidan® was not observed here. These may
Fell/Fe! couple). ! ’
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indicate that a high valent ireroxo species P&=O is not Namely, after the hydrogen abstraction o8 bond by
responsible for the oxidations. either of the oxygen radicals, the oxygen atom of another
The fact that allylic oxidation of alkene instead of radical species immediately binds to the alkyl radical
epoxidation proceeded might imply that the reaction is a remaining near the metal center, which will cause to yield
radical type reaction. However, the predominant hydroxy- hydroxylated product predominantly. Furthermore, as gener-
lation of the G-H bond and efficient oxidation of M&O ally considered, it is very difficult for these active species,
rather than MgS are characteristic of metal-based reactions which easily give rise to self-decomposition before the
by nucleophilic oxidant. Furthermore, as presumed from the reaction, to associate with substrate under such restricted
resonance Raman data, the—f2 bond in complex2 is conditions, so that the yields of oxidation products would
strengthened in such a way as to induce theGDbond be lower than the expected ones (Table 1). As additional
cleavagé?® The neutral ligand EBPPA would afford more evidence for the mechanism, we have observed formation
electronegative iroroxo species, in contrast to the corre- of the two species [FgHbppa)]?* and [Fé'(H.bppa)-
sponding species generated by porphyrin ligands with double(OH)J** after the oxidation experiments, as measured by ESI
negative chargesThus, we judged that complex could mass and ESR spectroscopies. The detection of the former
undergo homolysis of the ©0 bond in the FE€—OOH unit could suggest that the oxygen atom of the ir@xo species,
to generate the active species formulated d%® rather generated via ©0 bond cleavage &, has been transferred
than F&=0. Moreover, the detection of the iron(ll) complex to substrates. On the other hand, the presence of the latter
[Fe'(Hbppa)]* by ESI mass spectroscopy after the oxida- would indicate that irorroxo species has played a part in
tions, the F&=0 species could perform the following two- the hydrogen abstraction. Thus, we concluded thét=F@
step processes by use of reduction from th& Eenter to (= F€"—0) and HO Y’species are generated as the active
the Fé species; i.e., the hydrogen abstraction and oxygen species after the homolytic-8D bond cleavage, and they
rebound for G-H bonds, and the one-electron oxidation and cooperatively perform a €H bond cleavage step with a
oxygen rebound for sulfoxide or sulfide. Such redox behavior subsequent €0 bond formation step in the hydroxylation
between F¥ and Fé in the two-electron oxidation may be  which must exhibit not only the nucleophilic character but
unique to non-heme iron complex with the electron-deficient also lower oxidative ability as compared with heme iron
ligand HBPPA. The observed nucleophilic property and 0xo compounds.
lower reactivity of the active species will successfully be  In summary, this paper describes the first success of the
explained by this proposal rather than that in cytochrome isolation and recovery of the mononuclear iron(lll) complex

P450 which involves reduction of Feo Fe" species. with hydroperoxide in the end-on mode, [Feligpa)-
In C—H bond activations of hydrocarbons, if the elec- (OOH)F". Itis interesting that the stoichiometric oxidations
tronegative F€=0 species, as compared with'FeO one, of substrates with the isolated F&OH species in the

can carry out the hydrogen abstraction but not subsequentabsence of free #D; afforded the reasonable understandings
oxygen rebound, an alternative mechanism should be pro-for the reactivity and electronic property of non-heme metal
posed for the observed highly selective hydroxylations. 0xo species. The implication of the non-heme iraxo rad-
Judging from the spectroscopic data, the active speciesical species with nucleophilic property confirmed here stands
responsible for the oxidations is not the-F@OH intermedi- in sharp contrast to the typical heme ireoxo compounds

ate itself because compléxis relatively stable at-70 °C and thus may represent an intrinsic difference in oxidations
even in the presence of substrates. On the other hand, theatalyzed by natural heme and non-heme iron enzymes.
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selective hydroxylations under such a condition: By the |cop1058H

homolytic O-O bond cleavage of e-OOH species, Fé=
O (<> Fe"—0r) and HO are generated and then both of them (17) If HO* would proceed oxygen transfer reaction of substrates com-

simultaneously attack a substrate in nearly concerted fashion. ~ Pletely, the two equimolar amounts of M@r one substrate should
be required because such oxygen transfer reactions are generally

supposed to proceed by two-electron oxidation processes as mentioned

(14) Harris, D. L.; Loew, G. HJ. Am. Chem. S0d.998 120, 8941. in the text. In our experiments, oxidation products with more than
(15) Kim, J.; Harrison, R. G.; Kim, C.; Que, L., J3. Am. Chem. Soc. 50% yields (Table 1, entries 1, 5) based on the-©©H complex
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