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Mononuclear nonheme iron enzymes comprise an important 100
group of dioxygen-activating enzymes that are involved in many
metabolically important oxidative transformatidrihe mechanistic
details of dioxygen activation and oxygen atom transfer reactions 50
by the enzymes and their model compounds have been extensively e 450 476 480 a6 as0
studied over the past two decades, thereby proposing high-valent
iron(IV)-oxo intermediates as the active oxidizing speéié¥ery 0 . .
recently, existence of such iron(1V)-oxo species has been evidenced 300 600 900 mj/z
in enzymatic and biomimetic reactiofi2 Notably, Minck, Nam, Figure 1. Electrospray ionization mass spectrundh a solvent mixture
Que, and their co-workers have shown the generation, characteriza®f CH:CN and ethanol /v = 1:1). Insets show the Obsefyed isotope
tion, and substrate reactivity of mononuclear nonheme oxoiron(IV) cli'ztr::jbllégz’?a%ttg;lsggglggtzaf'glfgv\:gdtl? fda(;:i:liggso?{j(l%égdeeeagtgﬁ)e g
complexes. Experimental Conditions in Supporting Information.

Although the use of dioxygen as the primary oxidant is of
fundamental importance in biomimetic oxidation reactions, there tris(2-pyridylmethyl)amine¥? [Fe(N4Py)f+ (N4Py = N,N-bis(2-
are many intrinsic problems that should be overcome to control pyridylmethyl)-bis(2-pyridyl)methylaminé,and [Fe(BPMENR{*
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477 477 479 479
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dioxygen activation by metal complex&¥.ery recently, Borovik

(BPMEN = N,N'-bis(2-pyridylmethyl)-1,2-diaminoethane) did not

and co-workers demonstrated that the activation of dioxygen by afford oxoiron(IV) intermediates by reacting with, O

mononuclear nonheme iron(ll) complexes afforded iron(lll) species

with a terminal oxo ligand.More recently, Lippard and co-workers

reported the aerobic oxidation of organic substrates by dinuclear (v/v =

nonheme iron(ll) complexés.Furthermore, it has been well
documented that iron(ll) porphyrins react with, @ yield oxo-
iron(1V) porphyrins that oxygenate PPt PhPO? With these

The catalytic aerobic oxidation of organic substrateslhyas
then investigated in a solvent mixture of gEN and butyl ether
1:1) at 25°C (Supporting Information, Experimental
Conditions). Upon addition of 100 equiv of PPto a reaction
solution containin@ that was generated frothin the presence of
O,, 2 disappeared immediately. Analysis of the reaction mixture

precedents, we explored the chemistry of dioxygen activation by after 2 h incubation under £atmosphere revealed that 8 equiv of
mononuclear nonheme iron(ll) complexes. We now report that a PPh were converted to RRO!? The catalytic aerobic oxidation

mononuclear nonheme oxoiron(IV) complex, [Fe(IV)(TMC)(®)]

of PPh was also carried out in a reaction solution containing a

(2) (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane), small amount of K0 (15xL) to understand whether the phosphine
is generated in the reaction of its corresponding iron(Il) complex, oxidation was mediated bg or a radical type of autoxidation

[Fe(IN(TMC)(CRS05)7] (1), and Q. We also report the catalytic
aerobic oxidation of substrates Hywithout the need to add an
external reductant.

The iron(Il) complext was stable and did not show any spectral
changes in @saturated CECN solution. Interestingly, whehwas
exposed to air in a solvent mixture/¢ = 1:1) of CH;CN and
ethanol, butyl ether, or THF at 25C,10 the formation of a pale
green intermediat® with Anaxat 825 nm é = 370 M~ cm~1) was

processP Analysis of the reaction solution by LC-ESI MS revealed
that 83% of the oxygen in the BPO product derived from #€0,
demonstrating tha? formed in the reaction of and Q exchanges

its oxygen with H'80 at a fast rate (vide supra) and that the
phosphine oxidation was mediated Bynot by an autoxidation
process. Other substrates such as thioanisole and benzyl alcohol
were also aerobically oxidized to methyl phenyl sulfoxide (turnover
number of 7) and benzaldehyde (turnover number of 6), respec-

observed (Supporting Information, Figure S1). The electrospray tively, under the catalytic conditions. Moreover, when PPh

ionization mass spectrum (ESI MS) @&xhibited a prominent ion
at a mass-to-charge ratiofz) of 477, whose mass and isotope
distribution pattern correspond to [Fe(IV)(O)(TMC)(§Fs)] "
(calculatednz of 477) (Figure 1f2 The mass peak atVz of 477
upshifted accordingly upon introduction 80 when€0O-labeled
dioxygen,t®0,, was used instead &0, (Figure 1, inset B). Further,
upon addition of a small amount of,HO (15uL, 34 mM) to the
solution of 2 prepared in the reaction df and%O,, a mass peak
corresponding to [Fe(IVIO)(TMC)(CRSO;)]™ appeared im-
mediately atm/z of 479 (Figure 1, inset C), indicating th&
exchanges its oxygen with MO at a fast rate under the condi-

oxidation by1 and Q was carried out in a solvent mixture of
CH3;CN and benzyl alcohol{v = 1:1), PRPO and benzaldehyde
were obtained with the turnover numbers of 7 and 8, respectively.
Other iron(ll) complexes (i.e., [Fe(TPAY], [Fe(N4Py)}", and
[Fe(BPMEN)E") did not oxidize PPhto PhPO in the presence

of Oo.

The observation that the formation @ffrom 1 and Q was
markedly dependent on solvents prompted us to investigate the
solvent effect in various solvents (Table #)Among the tested
solvents, the conversion df to 2 was observed in ethers, THF,
and alcohols, but not in GJ&N, acetone, and CGi&1,.1° In addition,

tions!! These results demonstrate that a mononuclear nonhemethe formation of2 was also dependent on the kinds of alcohols
oxoiron(lV) intermediate was generated in the reaction of its (see Table 1). Interestingly, a correlation was observed between

corresponding iron(ll) complex and,Qt is of interest to note that
other nonheme iron(ll) complexes such as [Fe(TPA[TPA =

4178 =m J. AM. CHEM. SOC. 2005, 127, 4178—4179

the conversion ofl to 2 and the F&" redox potentials ofl in
solvents (Table 1 and Figure S#)That is, 1 with a low Fe'/"

10.1021/ja043083i CCC: $30.25 © 2005 American Chemical Society
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Table 1. Solvent Effects on the Formation of 2 from 1 and O, and

) ) ) a mononuclear nonheme oxoiron(IV) complex and in the catalytic
the Redox Potentials of 1 in a Solvent Mixture of CH3CN and

aerobic oxidation of organic substrates. We have demonstrated that

Cosolventab .
the solvent system as well as the structure of nonheme iron
formation of 2 from 1 and O, complexes is an important factor that controls the formation of
yes no oxoiron(lV) intermediates by activating,(Future studies will focus
cosolvent Eyp (V)ed cosolvent Eyp (V)ed on attempts to understand the solvent effect on thedivation
butyl ether —0.28(q)  CHCN 0.01 (1) and to synthesize iron catalysts with greater oxidative reactivities
propyl ether —0.22(qr)  acetone 0.08 (qr) that can be used in aerobic oxidation reactions.
THF —0.14(qr)  CHCl 0.02 () Supporting Information Available: Text containing experimental
CH;OH —0.08(n (CH)sCOH 0.10 (ar) details, Table S1, and Figures S1 and S2. This material is available
CHsCH,0H —-0.15(r) CRCH.0H 0.20 () ' o
(CHz),CHOH —0.27 (ar) free of charge via the Internet at http://pubs.acs.org.
CsHsCH20H —0.16 (1) GHsC(CHs)20H  0.06 (qr)
CsHsCH(CHg)OH —0.23(r) References

aDue to a low solubility ofl in certain solvents, all reactions were carried
out in solutions containing 50% GEN in volumel® b See Experimental
Conditions in Supporting Informatio.F€'"" redox potentials are vs E&

Fc.9The r and gr in parentheses stand for reversible and quasi-reversible

electrochemical processes, respectively, in the given solvent systems.

Scheme 1. Proposed Mechanisms for Dioxygen Activation by (A)
1 and (B) MMO
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redox potential was converted2de.g.,<—0.1 V). Moreover, other
nonheme iron(ll) complexes that did not show the formation of
oxoiron(IV) species exhibited relatively high'i?& redox potentials
(e.g.,>0.2 V) (Supporting Information, Table S1). Since thd'fte
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; ; ; used to make the reaction solution homogeneous due to the insolubilit
_squeSt that th? elegtrop richness of 'r(_)n(”) comple_xes IS an of 1in certain solvents such as ethers. ngever, the formatidhveds Y
important factor in activating ©to form oxoiron(IV) specie$>16 not affected by the presence and absence ofGBH That is,2 was formed
However, other factors such as the change of spin states of iron

in pure solvents such as THF, @&H, CH;CH,OH, etc.
ion in different solvents and steric effect of iron complexes may
play an important role in the Qactivationl® Thus, detailed
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activation of Q by metal complexe’®16

Finally, a mechanism for the Qactivation byl is proposed on
the basis of the analogy of Cactivation by iron(ll) porphyrins
(Scheme 1A};1%in which two molecules ofl react with Q to
form au-peroxo-bridged diiron(lll) species, [(TMgHe! »(u-0,)]4+
(3).17 Subsequent ©0 bond homolysis of3 results in the
generation of two molecules @fthat are involved in oxygen atom
transfer reactions. Although we failed to det8cwith ESI mass
spectrometry, the ratio df to O, was determined to be2 for the
complete conversion of to 2 with dioxygen-uptake manometry
(Supporting Information, Experimental Conditions). It is worth
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cycle of methane monooxygenases (MMO) (Scheme!dB)which
a dinuclear nonheme iron(Il) complex activatest®form a dif-
oxo)diiron(lV) intermediate (MMOH]) that effects the hydroxyl-
ation of organic substrates including ¢H

In summary, we have used,(not artificial oxidants such as
peracids, iodosylarenes, and hydroperoxitliesthe generation of
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