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Modeling Nonheme Diiron Enzymes: Hydrocarbon ‘Bu
Hydroxylation and Desaturation by a High-Valent tauOOH

L) 1, \\ 'Bu
5o

Figure 1. Reactions of [Fgu-O)(TPA)]*" (1) mimicking oxidations
carried out by the diiron centers of methane monooxygenase, fatty acid
Receied October 15, 1996 desaturases, and ribonucleotide reductase.
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Table 1. Hydrocarbon Oxidations by the High-Valent Nonheme

Methane monooxygenase (MM®3,stearoyl ACPA®-de- Diiron Complex1?

saturaseA9D).2 and ribonucleotide reductase (RNREomprise

a new class of metalloenzymes that activate dioxygen at a substrate products yiéld
nonheme diiron active sit¢o carry out diverse functions such PhCH(CH). PhC(OH)(CH),  0.17
as the hydroxylation of methane, the desaturation of saturated (500 mM) PhC(CH=CH, 0.2F
fatty acids, and the generation of the catalytically essential Tyr Ph(%'(‘)'(gcﬁl\)ﬂz_ i ITDI’;]CC::((?)?%(E?H)Z 8-%
i i i i i mM In air .

(rjadlcal for ribonucleotide reduction. The mechanisms for PhCHCH, PhCHOMCH  0.1% (kfko = 22 & 3)°

ioxygen activation appear to involve high-valent species as _ f
N . : : ; (500 mM) PhCH=CH; 0.1% (kn/kp = 28 + 3)
indicated by the spectroscopic properties of intermediates PhC(O)CH trace
of MMO (intermediateQ)’~® and RNR (intermediat¥().10-12 (120 mMm)

However, the absence of a porphyrin requires a mechanistic a A typical reaction mixture consisted of 2 mM @fand substrate
paradlgm that dlffer§ fro.m the high-valent IFODX0 porphyrin at —40 °C under Ar (except where noted) in acetonitrile with 0.75%
radical commonly implicated as the key oxidant for heme 5" The lower concentration used for cycloheptane was because of
enzymes? Instead, species with a high-valent ;eO), its low solubility. ® Yield given in moles of product/moles df All
diamond core have been proposed to serve as the oxidizingproducts were identified and quantified by gas chromatography. The
intermediates for this class of enzyniés.This hypothesis Vsubstrate reaction stoichiometry for alkane oxidation under Ar is 2:1
derives from the recent synthesis of a series of metastable/!h @ maximum product yield of 50% based fnsincelis a one-

: ) . - electron oxidant and the products are oxidized by two electrons. In
Fe(llHFe(lV) comp_lexes W'th the BG:-O) d_lamond coré using the presence of Dthe sole function ofl is to generate the substrate
the tetradentate tripodal ligand TPA and its methylated deriva- gikyi radical, so the reaction stoichiometry is 1:1 and the maximum
tives, [Fe(u-O)L]3" (Figure 1) (, L = TPA; 2, L = 5-Mes- yield of products under these conditions would be 100%, assuming no
TPA; 3, L = 6-Me-TPA)15-17 these complexes represent the radical chain proces§Ratio unchanged over the course of the reaction.
first high-valent nonheme ireroxo species to be synthesized. d Product isotope effects. Reactions were carried out on 1:4 to 1:10
In this paper, we demonstrate that an(f€D), species can carry mixtures of ethylbenzene and ethylbenzeigto improve the accuracy
out oxidation reactions corresponding to those associated Withfor measuring the amounts of the deuterated products.

MMO, A9D, and RNR.
Complexesl and 2 have been formulated to have thexFe
(1) Rosenzweig, A. C.; Frederick, C. A.; Lippard, S. J.; Nordlund, P.  (4-O), diamond core on the basis of electrospray ionization mass

Nagg)reRlogsge?;lfvsggsngscf.g'Nordmnd P - Takahara P. M. Frederick c. SPectral, Raman, and EXAFS evideri€eTheir characteristic

A;; Lippard, S. J.Chem. Biol.1995 2, 409-418. intense green colof( Amax 614 nm,e 5500 Mt cm™; 2, Amax
15(2)0Iéi£1d2(\)/i952t. Y.; Huang, W.; Schneider, G.; ShanklinEMBO J.1996 616 nm,e 5200 M1 cm™1) arising from the FgO, core provides
d - : - a convenient probe for monitoring oxidation reactions which
3951_1) Nordlund, P.; Sjberg, B.-M.; Eklund, HNature199Q 343 393~ are carried oufa{—40°C in C|-|3CNgtO inhibit self decomposi-
(5) Logan, D. T.; Su, X.-D.; Aberg, A.; Regnstrom, K.; Hajdu, J.; Eklund, tion. Thus,1 and 2 can quantitatively oxidize 2,4-dert-
H-?(go\;\‘/j;‘flg‘rjig-%tf“ﬁtusrgérﬁa 3" gﬁg;nlogg- 1696 96, 26252657 butylphenol within seconds to its phenoxy radical (Figure 1),
(7) Lee, S.K.; Nes?‘leim, J. C.; Lipscomb, J. D.Biol. Chem.1993 which dimerizes readily to form the 2:Biphenol as analyzed
268 21569-21577. _ ) by NMR. Concomitantly the oxidant is converted to its (
3 '&8%L8C%e%-KS-:OE%>§38-1%:g;glg_n&gq/- A.; Lipscomb, J. D.;"Mik, E. oxo)diiron(Ill) precursor complex as shown by NMR, demon-
"(9) Lit, K. E.. Valentine, A. M.: Wang. D.; Huynh, B. H.: Edmondson,  Strating thatl and 2 act as one-electron oxidaris. Thus, 1
D. E.; Salifoglou, A.; Lippard, S. 1. Am. Chem. S0d.995 117, 10174~ and2 mimic the role of RNR intermediat¥ in the assembly
101%3-8 linger 3. M. Edmondson. b. E.- Huvih. B. H.: Fillev. 1. Norton. 1 IN€ @e-oxo)diiron(lll)-Tyr radical cofactor of RNR?~*2
2 e ey Do ooy Deg MUy B- H Filley, JiNorton, — gimijarly, 1 oxidizes hydrocarbons and becomes reduced to
(11) Ravi, N.; Bollinger, J. M., Jr.; Huynh, B. H.; Edmondson, D. E.; its (u-oxo)diiron(lll) precursor, while organic products derive
Stu?ge'sﬂ- Am. CBheg‘; 30%993 1%% Br?O;_-Bthh B.H.- Edmondson. TOM hydroxylation or desaturation of the substrate, similar to
o B e e G YoB i HER°™ the action of MMO and\D, respecively (Figure 1). Cumene
7557. is converted to cumyl alcohol ardmethylstyrene, and ethyl-

(13) Ortiz de Montellano, P. R., EdCytochrome P-450: Structure, benzene is converted to 1-phenylethanol and styrene; but

Me(‘:lﬁa)"gsu”; aL'Td J'?.'.Oggfg's\tgéih%mhef]:?;séi'\é%‘g’ gg”fgcl)??gé. cycloheptane is not oxidized (Table 1). The desaturation

(15) Abbreviations used: FTACN = 1,4,7-trialkyl-1,4,7-triazacy- reaction in particular is a novel result for this nonheme oxidant
clononane, TPA= tris(2-pyridylmethyl)amine, 5-MeTPA = tris(5-methyl-
2-pyridylmethyl)amine, 6-Me-TPA= N-(6-methyl-2-pyridylmethyl)N,N- (18) Groves, J. T.; Nemo, T. B. Am. Chem. S0d.983 105 5786~
bis(2-pyridylmethyl)amine. 5791.

(16) Dong, Y.; Fujii, H.; Hendrich, M. P.; Leising, R. A.; Pan, G; (29) Inchley, P.; Lindsay Smith, J. R.; Lower, RNew J. Chem1989
Randall, C. R.; Wilkinson, E. C.; Zang, Y.; Que, L., Jr.; Fox, B. G.; 13 669-676.
Kauffmann, K.; Munck, EJ. Am. Chem. S0d.995 117, 2778-2792. (20) Meunier, B.Chem. Re. 1992 92, 1411-1456.

(17) Dong, Y.; Que, L., Jr.; Kauffmann, K.; Munck, 5. Am. Chem. (21) Minisci, F.; Fontana, F.; Araneo, S.; Recupero, F.; Banfi, S.; Quici,
Soc.1995 117, 1137711378. S.J. Am. Chem. Sod.995 117, 226-232.
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Figure 2. Concentration dependence of the decompositiah(8fmM)
in the presence of ethylbenzene or ethylbenzbpext —40 °C under
Ar in CH3CN.

and one that has not been associated with synthetie-iogn
porphyrin complexe&—21

Kinetic studies ofl in the presence of ethylbenzene in £H
CN at—40 °C show that its decomposition is a process that is
first order in1 and first order in substrate, demonstrating that

the rate-determining step entails a bimolecular collision between
The second-order rate constant for

1 and the substrate.
decomposition is 4.& 10~3 M~* s for ethylbenzene and 2.4

x 1074 M~1 s71 for ethylbenzeneh,, corresponding to kq/kp

of 20 (Figure 2); similarly, large isotope effects have been found
for the cleavage of €H bonds by the related [G(i-O)(Rs-
TACN),]?" (ka/ko = 26 & 2 for R=i-Pr and 40 for R= benzyl

at —40 °C)?2 and by MMO intermediat& (ku/kp > 20 at 4
°C).23 Consistent with the kinetic results akg/kp values
derived from product ratios in competition experiments using
a mixture of ethylbenzene and ethylbenzehg- 22 + 3 for
alcohol and 28&3 for styrene. These results demonstrate that
cleavage of the substrateC—H bond is a major component
of the rate-determining step for both hydroxylation and desatu-
ration. However, cleavage of thiC—H bond for the latter
has a significantly smaller isotope effect (ca. 1.3), indicating

that the desaturation involves asynchronous scission of the two

C—H bonds, as has been observed for yessb >
A proposed mechanism for hydrocarbon oxidation with

cumene as an example is shown in Figure 3. In the first and

rate-determining stepl abstracts a hydrogen atom from the

substrate generating an intermediate alkyl radical which then

reacts in a fast step with a second equivalerittofyield alcohol
or olefin (pathway a). The alcohol would result either from
the capture of the alkyl radical by the & diamond core,

analogous to the proposed “oxygen rebound” step in heme-

catalyzed hydroxylation®, or from electron transfer between
the alkyl radical and and nucleophilic trapping of the resulting

(22) Mahapatra, S.; Halfen, J. A.; Tolman, W. B. Am. Chem. Soc.
1996 118 11575-11586.

(23) Nesheim, J. C.; Lipscomb, J. Biochemistry1996 35, 10240~
10247.

(24) Buist, P. H.; Behrouzian, Bl. Am. Chem. S0d.996 118 6295-
6296.

(25) Groves, J. TJ. Chem. Educl985 62, 928-931.

(26) It has not been possible to determine the extent,#f®exchange
into 1 by mass spectrometry, due to its instability and the presence of
interfering features from other components in the reaction mixture. However,
the mass spectral analysis of the more st2{l@8 mM in CHCN) treated
with 250 equiv of H'80 showed that 68% of the molecules were doubly
180-labeled and 27% of the molecules were sing®-labeled. Transfer of
one of the oxo groups to cumene would then afford about 80% vyield of
labeled cumyl alcohol.
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Figure 3. Proposed mechanism for alkane oxidationlby

3+
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carbocation. In support, when cumene oxidation is carried out
in the presence of $#£0 (250 equiv), the cumyl alcohol obtained

is 77% labeled with'®0, consistent with the amount &fO
incorporated into the bigfoxo)diiron core by K80 exchang@®

The olefin, on the other hand, would derive from the abstraction
of a # hydrogen by the F©, diamond core or its equivalent
(e.g., electron transfer followed by loss ofigoroton). Thus,

the oxidation of substrate requires 2 equivlpffor cumene
oxidation, the transformation efficiency is 88%. What governs
the partitioning between hydroxylation and desaturation at this
nonheme diiron center is not currently understood and presum-
ably reflects a competition between—© bond formation to
form alcohol and loss of thg hydrogen to form olefin, as
manifested by the differing product isotope effects noted above.

Further support for the two-step mechanism derives from
results obtained for the cumene oxidation undgr Onder these
conditions, cumyl alcohol and acetophenone are the reaction
products, and neither product shows &% incorporation when
the reaction is carried out in the presence of%9. These
products derive from the breakdown of cumylperoxy radical
formed by the trapping of the intermediate alkyl radical by O
(pathway b, Figure 3).

In this study, we have demonstrated thatthe first high-
valent nonheme iroroxo complex to be synthesizé®lcan
carry out a range of oxidations analogous to those associated
with the diiron sites of RNR, MMO, and9D. Because it is
an Fe(lll)Fe(1V) complex] cannot be as powerful an oxidaht
as MMO intermediat®) or its putativeA9D analogue, both of
which are formally Fe(IV)Fe(IV). Oxidation of hydrocarbons
with stronger C-H bonds may be expectedlifcould be further
oxidized to the Fe(IV)Fe(lV) state, by analogy to the reactivities
of the oxoiron(IV) porphyrin and its one-electron oxidized
counterpart820.28 The diverse reactivity exhibited by thus
supports a new paradigm in which an,ge0Q), diamond core
serves as the common structural unit for the high-valent
intermediates in the oxygen activation mechanisms of these
nonheme diiron enzymé§.
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(27) While it would be highly desirable to quantify the hydrogen affinity
of 1 along the lines described by Gardner and Mayer (Gardner, K. A.; Mayer,
J. M. Sciencel995 269 1849-1851), a meaningful estimate cannot be
obtained with the information currently available.

(28) Liu, M.-H.; Yeh, C.-Y.; Su, Y. OJ. Chem. Soc., Chem. Commun.
1996 1437-1438.



