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The mechanism of @activation and oxygenation of GHo Scheme 1
CH3OH by soluble methane monooxygenase hydroxylase (sM- H
MOH) is of great current intere$tThe diiron(ll) center of ! .
SMMOH binds dioxygen to form a-peroxodiiron(lll) intermedi- incl;l%z[:lfegfs

at 0°C

ate P? via two transient intermediate® and P*,* and P is
converted to an active intermedia@e® P andQ have been studied 1b
spectroscopicalfy® and followed by model studi€s.A radical-

rebound mechanism of the-G4 oxygenation byQ has been  now, the next target is to clarify the mechanism for the conversion
proposed on the basis of product analysis and the kinetic isotopeys p 1o Q.4asce

effect® These results have been supported by DFT calculations.

2(CF,S03)

A thermally stableg-1,2-peroxo)diiron(Ill) complex which can
be activated to oxygenate hydrocarbons is useful to study the O
(1) (a) Doshisha University. (b) Nagoya University. (c) National Institute ~activation’ Although a few thermally stable«{1,2-peroxo)diiron-

5 of Béo'f%e”rfeEarl“{' g;*mnaﬂj'TTe‘?*(‘:”P'Sg\S;i- (d'?AKIVHf(hUmUI”ivefJSi%-_ . (I1) complexes of sterically hindered ligands have been prepared,
@) (S"’_‘?K_;‘)L%hr?eért",\l:; Netésg’ Fo .Sklil,an?A.Sj.; Yah'g, ?_;‘?%hoﬁhém_ee’ their Qz-a_ct_ivation has npt b_een clarified yet. The steric__hindrance
Rev. 200Q 100, 235. (b) Waller, B. J.; Lipscomb, J. @hem. Re. 1996 may inhibit the Q-activation. We reported that diiron(lll)
32.3 Z(GdZ)SQ (© tluj KbE-: Ll%paf% hS- Jﬁgvﬁgg%gclhg%m(-l?i%‘lz complexes of a hexapyridine dinucleating ligand (L) f&8-

. ue, L., Jr.; Dong, YAcc. Chem. Re , . (e) Kodera, _
M.; Kano, K.; Funabiki, T. IlNonheme Monooxygenas&ainabiki, T., (OAC)Z(L)JXZ {X _,CIO“ (1a) and CESQ, (1b)} catalyze alkane
Ed.; Kluwer Academic Publishers, 1997; Vol. 19, pp 2833. oxygenation by usingrCPBA as an oxidant where the turnover
(3) g%)aLzeleé ESS§_|(<5;) ltlesf;;einlli J.hC..; LBpSéorrllb. J.S Dfioll_._ Chemg9§9§D number (ca. 1000) is not affected by, @olecules, indicating
. Iu, Y.; Nesheim, J. C.; Lee, 5.-K.; LIpscombDb, . H H i H H
Biol. Chem 1995 270, 24662. (¢) Liu, K. E.- Wang. D.: Huynh, B. H.: that thc_a oxy_gt_enatlon_ is not a radical chain r_eac_ﬂbmhe high
Edmondson, D. E.; Salifoglou, A.; Lippard, SJJAm. Chem. So2994 catalytic activity ofl is due to the small steric hindrance of L.

116, 7465. (d) Liu, K. E.; Valentine, A. M.; Qiu, D.; Edmondson, D.  Here we report the synthesis, characterization, and activation of

Eé;géplple?"zgg’?E('e')_'L;i Spiro, -T\'/aGlgnlt_iir?ga,&dMS-'vJ\l/'aﬁr;'DchﬁTynio% a thermally stable (-acetato)-oxo)(u-1,2-peroxo)diiron(lll)
H.; Edmondson, D. E.; ’Sa.lifo.élou, A Li[’)pérd,.’S.JJAn’w. Chem. Soc,  complex [Fg(O,)(O)(OAc)(L)](CRSGs) (2). The transformation

1995 117, 10174. of the diiron complexes in this study is shown in Scheme 1.

(4) (a) Lee, S.-K.; Lipscomb, J. DBiochemistry1999 38, 4423. (b) : ;
Valentine, A. M.: Stahl, S. S.; Lippard, S. J. Am. Chem. Sod.999 To a solution oflb (38 mg, 0.033 mmol) in MeCN (10 mL)

121, 3876. (c) Lee, S.-K.; Fox, B. G.; Froland, W. A.; Lipscomb, J. D.; Were added 1L of Ets;N (0.072 mmol) and 10@L of 20%
Miinck, E.J. Am. Chem. S0d.993 115, 6450. H,0O,/MeCN (0.50 mmol of HO,) at —30 °C; then the solution

(5) Shu, L. J.; Nesheim, J. C.; Kauffmann, K.;'Ntk, E.; Lipscomb, J. D.; e :
Que. L. Jr.Sciencel997 275 515. turned dark purple. Upon addition of dry Bt to the mixture

(6) (a) Hayashi, Y.: Kayatani, T.; Sugimoto, H.; Suzuki, M.; Inomata, K.; after concentratior2 (36 mg, 95% yield) precipitated as a purple
Uehara, A.; Mizutani, Y.; Kitagawa, T.; Maeda, ¥. Am. Chem. Soc. solid. In the solid state? is stable at room temperature. The

1995 117, 11220. (b) Ookubo, T.; Sugimoto, H.; Nagayama, T.; Masuda, i i O, -
H.; Sato, T.; Tanaka, K.; Maeda, Y.; Okawa, H.; Hayashi, Y.; Uehara, e(l:emgnta!élgagillsfagrees Wlthka formula [m, )7(?()33(0?0)%)]
A.; Suzuki, M.J. Am. Chem. S0d.996 118 701. (c) Dong, Y.; Yan, ( Fs Q) 2\ parent peak appears atz ([ Q( 2)'

S.; Young, V. G;; Que, L., JAngew. Chem., Int. Ed. Engl996 35, (O)(OAC)(L)]Y) in the FAB MS spectrum of. The electronic
618. (d) Kim, K; Lippard, S. JJ. Am. Chem. S0d.996 118 4914. (e) spectrum oR in MeCN shows two absorption bands at 56

Brunold, T. C.; Tamura, N.; Kitajima, N.; Moro-oka, Y.; Solomon, E. I. _ _ _ .
3. Am. Chem. S04.998 120, 5674 1300 Mt cm™) and 605 nm{ = 1310 M cm™) (Figure 1),

(7) (a) Dong, Y.; Fuijii, H.; Hendrich, M. P.; Leising, R. A.; Pan, G.; Randall, similar to that of [Fe(O)(0.)(6-Mes-TPA);](ClOy). (3).”° The
C. R.; Wilkinson, E. C.; Zang, Y.; Que, L., Jr;; Fox, B. G.; Kauffmann,  resonance Raman spectrum obtained with 593 nm excitation of

5‘5 Munck, E.J. Am. Chem. S0d.995 117, 2778. (b) Kim, C.; Dong, 2 shows strong bands at 816 and 472 &nwhich shift to 771
. Que, L., JrJ. Am. Chem. Sod997 119 3635. (c) Dong, Y.; Zang, d 1 by 80,-labeli ith H180 h 180
Y.: Shu, L.; Wilkinson, E. C.; Que, L., J3. Am. Chem. Sod997, 119, and 455 cm* by **O.-labeling with H*O,. These two*O-

12683. (d) Hsu, H.-F.; Dong, Y.; Shu, L.; Young, V. G., Jr.; Que, L., Jr.  sensitive bands are respectively assigned teghg and theveeo
J. Am. Chem. S0d.999 121, 5230. (e) MacMurdo, V. L.; Zheng, H.;
Que, L., Jr.lnorg. Chem.200Q 39, 2254. (f) Zheng, H.; Yoo, S. J,;

Minck, E.; Que, L., JrJ. Am. Chem. So00Q 122 3789. (9) (a) Siegbahn, P. E. Mnorg. Chem1999 38, 2880. (b) Basch, H.; Mogi,
(8) (a) Barton, D. H.; Beviere, S. D.; Chavasiri, W.; Csuhai, E.; Doller, D.; K.; Musaev, D. G.; Morokuma, KJ. Am. Chem. S0d.999 121, 7249.

Liu, W.-G.J. Am. Chem. S0d992 114, 2147. (b) Feig, A. L.; Lippard, (c) Dunietz, B. D.; Beachy, M. D.; Cao, Y.; Whittington, D. A.; Lippard,

S. J.Chem. Re. 1994 94, 759. (c) Fox, B. G.; Froland, W. A.; Dege, S. J.; Friesner, R. AJ. Am. Chem. So00Q 122, 2828.

J. E.; Lipscomb, J. DJ. Biol. Chem1989 264, 10023. (d) Priestley, N. (10) (a) Kodera, M.; Shimakoshi, H.; Kano, Khem. CommurL996 1737.

D.; Floss, H. G.; Froland, W. A.; Lipscomb, J. D.; Williams, P. G.; (b) Kodera, M.; Shimakoshi, H.; Nishimura, M.; Okawa, H.; lijima, S.;

Morimoto, H.J. Am. Chem. S0d.992 114, 7561. (e) Nesheim, J. C.; Kano, K.Inorg. Chem.1996 35, 4967.

Lee, S.-K.; Lipscomb, J. DBiochemistry1996 35, 10240. (f) Choi, (11) Elemental analysis data 8f Anal. Calcd for GeHaiFsFeNgO15S: C,

S.-Y.; Eaton, P. E.; Kopp, D. A,; Lippard, S. J.; Newcomb, M.; Shen, 46.72; H, 4.12; N, 8.38; Fe, 12.29. Found: C, 46.59; H, 3.80; N, 8.48;

R. J. Am. Chem. S0d.999 121, 12198. Fe, 12.14.
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Figure 1. UV —vis absorption spectra dfb and2 in MeCN. The first-
order plots of the spontaneous decompositior2 @ MeCN at 300 K
(inset).

of a bound peroxidé? The vo_o value of2 is notably below the
range of 848-900 cnm! reported for a lot ofg-1,2-peroxo)diiron-
(111) complexes®731t is reported thatvo-o value mainly depends
on the Fe-O—0 angle of the peroxodiiron complé%2 may have
smaller Fe-O—0O angles than the known complexes because the
Fe—Fe distance is decreased by L and byuaoxo bridge. The
Mdssbauer spectrum & at 4.2 K displays only a quadrupole
doublet with AEq = 1.67(8) mm/s and) = 0.53(8) mm/s;?
indicating that the high-spin diiron(lll) unit is symmetrically
bridged by the peroxide. These values are very closkHg =
1.68 mm/s an@d = 0.54 mm/s o3,/*andAEq = 1.79 mm/s and
0 = 0.52 mm/s of [FgO2)(OBz){HB(pZ)s},] (4).6%15 On the
basis of the Heisenberg modél = —2JS,-S;], the exchange-
coupling constant)j of 2 is estimated to be-55 cn%,1® showing
that the magnetic interaction in a pair of Fe(lll) ions »fis
stronger than that of (J = —33 cn1?) because of thei-oxo
bridge in2.%¢ All these data demonstrate ttahas the g-acetato)-
(u-oxo)(u-1,2-peroxo)diiron(lll) core structure which is quite
unique in the peroxodiiron(lll) complexes reported so far.
The spontaneous decompositionfin MeCN monitored at
605 nm obeys good first-order kinetics wikh= 2.5 x 10°5s1
at 300 K (the half-life timery, = 7.7 h) (Figure 1). They,,; value
of 2 is much larger than 10 min of [KD,)(O)(OAc)(tripy)]-
(ClOy) at 263 K (tripy= 2-(bis(2-pyridyl)methyl)-6-methylpyri-
dine; a half part of L) and 7.2 min & at 243 K. L specifically

Communications

Table 1. Oxygenation of Hydrocarbons via Activation &f

substrate reagents product [yield (%)]
cyclohexane m-CIC¢H,COCI/DMP  cyclohexanol [11
cyclohexane m-CICeH,COCI/DMA?  cyclohexanol [6]
cyclohexane CECOCI/DMP cyclohexanol [8]
cyclohexane CGCOCI/DMP cyclohexanol [29]
cyclohexane m-CICsH,COsH/1a cyclohexanol [419
cyclohexene m-CICeH,COCI/DMP  cyclohexenol [24],[28]P¢

cyclohexenone [5],[7]°4

2To a solution of (0.05 mmol) in CHCI/DMF (or DMA)/substrate
(2 mL/0.5 mL/2 mL) was added 5 equiv of RCOCI atfO under Ar.
Yield based or2 used.¢ Yield based om-CICsH,CO:H used.? The
reaction was carried out under.O

stabilizes the peroxodiiron core probably because L encapsulates
the Fg(O)(0,)(OAc) core.

Activation of 2 is examined under various conditions. Upon
spontaneous decomposition23f in the presence of alkane, alkane
is not oxygenated at all. Upon addition of HGIOr m-CICgH -
COCI (m-CBC), 2 decomposes more rapidlitps = 8.0 x 1072
st for 2 (1.0 x 1072 M)/m-CBC (3.0 x 1072 M) in CH,Cl,/
MeCN (6:2, v/v) at 273 K], but oxygenation of alkane does not
occur. In the presence of DMF, the decompositioraé 20-
fold acceleratedi,s = 1.6 s* for 2 (1.0 x 103 M)/m-CBC
(3.0 x 102 M) in CH,CI,/MeCN/DMF (6:2:1, viv) at 273 K],
and cyclohexane is oxygenated to cyclohexanol and cyclohexa-
none'® Upon using cyclohexene, similar results were obtained
as shown in Table 1. RCOCI may need activating with DMF (or
DMA) to acylate the peroxide oxygen & The yields of the
C—H oxygenation products witt/ RCOCI/DMF are not affected
under @, similarly to thela/m-CPBA, indicating that the reaction
is not autoxidation. It is concluded that the stable peroxodiiron-
(Il complex 2 is activated in the presence of acid chloride and
DMF to oxygenate external hydrocarbons, and an acylperoxodi-
iron(l1) complext®@[Fe(RCOs)(AcO)(O)(L)]*>" may be generated
as an intermediate. The acylation ®fmay decrease the-@D
bond energy to accelerate heterolytie-O bond scission. It is
postulated that the intermediaof SMMOH is converted by
protonation to au-1,1-Fé',0O,H species and activated via het-
erolytic O—O bond scissiofi¢ Therefore, the present results may
support that the heterolytic ©0 bond scission in the £

(12) The assignment of the two resonace Raman bands is consistent with thedCtivation by sMMOH is accelerated by protonation (acylation

observed®O-shifts of 45 and 17 cri for thevo-o and thevee_o bands,
respectively.

(13) (a) Dong, Y.; Meage, S.; Brennan, B. A.; Elgren, T. E.; Jang, H. G;
Pearce, L. L.; Que, L., JJ. Am. Chem. Socl993 115 1851. (b)
Kitajima, N.; Tamura, N.; Amagai, H.; Fukui, H.; Moro-oka, Y.;
Mizutani, Y.; Kitagawa, T.; Mathur, R.; Heerwegh, K.; Reed, C. A.;
Randall, C. R.; Que, L., Jr.; Tatsumi, K. Am. Chem. So0d.994 116,
9071.

(14)
ments with the same sample for several times, showing 2hiatnot

The Mssbauer spectra were reproduced by repetition of the measure-

in this study) to the peroxide moiety.
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Supporting Information Available: Experimental details for the
synthesis, characterization, and activation ofand Figures StS4
containing the FAB mass, the resonance Raman, and thesibdoer

decomposed during the measurements. The relatively small isomer shift spectra of2 and plots of the temperature dependence of magnetic

of 2 may be due to the back-donation to theamine ligands (pyridyl
groups of L).
(15) HB(p2); represents hydrotris(3,5-diisopropyl-1-pyrazolyl)borate.
(16)
moment of2 are shown in the Supporting Information (Figure S4). The
result indicates a strong antiferromagnetic spin-coupling between a pair
of Fe(lll) ions. An excellent fit of the;y — T data to a dinuclear model
is obtained wherd = —55 cnt?, g = 2.00, and paramagnetic impurity
(%) = 0.007 are assumed f@

susceptibility and the magnetic moment2fThis material is available
free of charge via the Internet at http://pubs.acs.org.

Temperature dependences of magnetic susceptibility and magneticlco:l_55434

(17) See the Supporting Information.
(18) Cyclohexane is oxygenated to cyclohexanol as shown in Table 1 with a
trace amount of cyclohexanone.





