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Abstract: Two tetracarboxylate diiron(ll) complexes, [Fex(u-O,CAr™),(0,CAr™),(CsHsN),] (1a) and [Fe,-
(u-O2CAI™N4(4-BuCsHyN),] (2a), where Ar™'CO,~ = 2,6-di(p-tolyl)benzoate, react with O, in CH,Cl, at
—78 °C to afford dark green intermediates 1b (Amax = 660 nm; e = 1600 M~ cm™1) and 2b (Amax = 670 nm;
€ = 1700 M~ cm™1), respectively. Upon warming to room temperature, the solutions turn yellow, ultimately
converting to isolable diiron(lll) compounds [Fex(u-OH)a(u-O2CAr™N,(0,CAr™),L,] (L = CsHsN (1c),
4-BuCsHuN (2c)). EPR and Mdssbauer spectroscopic studies revealed the presence of equimolar amounts
of valence-delocalized Fe"Fe'" and valence-trapped Fe''Fe'V species as major components of solution 2b.
The spectroscopic and reactivity properties of the Fe''Fe'V species are similar to those of the intermediate
X'in the RNR—R2 catalytic cycle. EPR kinetic studies revealed that the processes leading to the formation
of these two distinctive paramagnetic components are coupled to one another. A mechanism for this reaction
is proposed and compared with those of other synthetic and biological systems, in which electron transfer
occurs from a low-valent starting material to putative high-valent dioxygen adduct(s).

Introduction unsaturated dimetallic centers are used to harness the oxidizing

Structural modules comprising two iron atoms ligated by four POWer of dioxygen. In the enzyme reaction cycles, highly
carboxylate and two imidazole residues occur in selected non- reactive intermediates are accessed through controlled delivery
heme diiron enzymes that activate dioxydeFhe hydroxylase of reducing equivalents to the metal-boungtd&rived ligands.

component of methane monooxygenase (MM®Fithe R2 Notable functional features of this enzyme family include the
component of ribonucleotide reductase (RNR2)45 and evolution of distinctive higher oxidation state intermediates from

stearoyt-acyl carrier protein (ACPA®-desaturase9D)6” are essentially identical initial dioxygen adducts (Scheme 1). Current

representative of such metalloenzymes, in which coordinatively informatiop po.ints toward Fhe .involvement of high-valent .iron-
(IV) species in C-H activation by MMOH and tyrosine

lMassac_husetts Institute of Technology. oxidation by RNR-R2. The mechanism(s) by which reductive

§Er"’r‘]'gglg't‘fn'i\\"lg'r';?yun'vers'ty- activation of an G-O bond affords reactive iroroxo units,
(1) (a) Feig, A. L.; Lippard, S. Them. Re. 1994 94, 759-805. (b) Wallar, however, is not fully understood. Specifically, two-electron
B. J; Lipscomb, J. DChem. Re. 1996 96, 2625-2657. (c) Que, L., Jf reduction of the peroxide ligand by iron in (peroxo)diiron(lll)

Dong Y.Acc. Chem. Re4996 29, 190-196. (d) Lange, S. J.; Que . . _
Jr.Curr. Opin. Chem. Biol1998 2, 159-172. (e) Stahl, S. S.; Lippard, .~ Species affords an Fé=eV center in MMOH,8~10 whereas

J. Inlron Metabolism Inorganic Biochemistry and Regulatory Mechanisms i i i i
Ferreira, G. C. Moura J.J. .. Franco. R, Eds.. Wiley-VeH: Weinneim. delivery of one external electron is required for a conversion to

Germany, 1999; pp 363321. (f) Du Bois, J.; Mizoguchi, T. J.; Lippard, ~ the F&'FeV core in RNR-R2 X .11 The fate of these &derived

S. J.Coord. Chem. Re 200Q 200-202 443-485. (g) Solomon, E. I; ; B ;

Brunold, T. C.; Davis, M. |.; Kemsley, J. N.; Lee, S.-K.; Lehnert, N.; Neese, mterr_nedlates mlght be af_feCted by CarbOXylat? sHﬂ‘tE_he

F.; Skulan, A. J.; Yang, Y.-S.; Zhou, Chem. Re. 200Q 100, 235-349. functional relevance of which needs to be elucidated in con-
(2) Merkx, M.; Kopp, D. A.; Sazinsky, M. H.; Blazyk, J. L.; Mler, J.; Lippard, : : : H : H : :

S. J.Angew, Chem.. Int. Ed. ENGR001, 40, 2782-2807. junction with the dynamic core conversions implicated in the

(3) Whittington, D. A.; Lippard, S. J. IrHandbook of Metalloproteins catalytic cycle?
Messerschmidt, A., Huber, R., Poulos, T., Wieghardt, K., Eds.; John Wiley
& Sons: Chichester, U.K., 2001; pp 74224.

(4) Logan, D. T.; Su, X.-D.; Aberg, A.; Regnstrp K.; Hajdu, J.; Eklund, H.; (8) Lee, S.-K,; Fox, B. G.; Froland, W. A,; Lipscomb, J. D.;"Mik, E.J. Am.
Nordlund, P.Structure1996 4, 1053-1064. Chem. Soc1993 115, 6450-6451.

(5) Stubbe, J.; van der Donk, W. &hem. Re. 1998 98, 705-762. (9) Liu, K. E.; Valentine, A. M.; Wang, D.; Huynh, B. H.; Edmondson,

(6) Lindqvist, Y.; Huang, W.; Schneider, G.; ShanklinEMBO J.1996 15, D. E.; Salifoglou, A.; Lippard, S. J. Am. Chem. S0d995 117, 10174~
4081-4092. 10185.

(7) Yang, Y.-S.; Broadwater, J. A.; Pulver, S. C.; Fox, B. G.; Solomon, E. |. (10) Shu, L.; Nesheim, J. C.; Kauffmann, K.;"Mek, E.; Lipscomb, J. D.; Que,
J. Am. Chem. S0d.999 121, 2770-2783. L., Jr. Sciencel997, 275 515-518.
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between diiron(lll) complexes and,B, and studied as spec-
troscopic and structural models for RNIR2 X.32 Related
Fe'FeV species were accessed by one-electron chemical
oxidation of a dig-oxo)diiron(Ill) precursof® or by reactions
between a diiron(ll) precursor and,@t low temperature®
Most of the model compounds investigated so far, however,
are built on polyamine/imine donor ligands, a coordination
environment significantly different from those of the carboxy-
late-rich active sites in MMOH and RNRR2. Integrating a
parallel functional chemistry into a well-defined structural
replica of the non-heme diiron enzymes is a long-standing
problem in bioinorganic chemistry, the solution to which would
provide significant insights into the underlying chemical

Well-defined synthetic analogues having chemical properties Principles of enzyme action.

comparable to those of non-heme diiron enzymes have comple-

mented our understanding of biological dioxygen activa-
tion1¢f13-15 Several examples are now available in which
reactions between diiron(Il) complexes anglaiford (peroxo)-
diiron(l1) species (Table ST 22the mechanisms of formation
and decay of which have been investigated by kinetic tech-
niques2®:22-26 A few (peroxo)diiron(lll) complexes have been
isolated at low temperatures and structurally charactetf?éd;18
providing insights into the geometric and electronic structures
of the transient enzyme intermediaté€g’ 3! High-valent di-
(u-oxo)iron(ll)iron(1V) complexes were prepared by reactions

(11) (a) Ravi, N.; Bollinger, J. M., Jr.; Huynh, B. H.; Edmondson, D. E.; Stubbe,
J.J. Am. Chem. Sod994 116 8007-8014. (b) Bollinger, J. M., Jr.; Tong,
W. H.; Ravi, N.; Huynh, B. H.; Edmondson, D. E.; Stubbe].JAm. Chem.
Soc.1994 116, 8015-8023. (c) Sturgeon, B. E.; Burdi, D.; Chen, S;
Huynh, B. H.; Edmondson, D. E.; Stubbe, J.; Hoffman, B.JMAm. Chem.
So0c.1996 118 7551-7557. (d) Burdi, D.; Sturgeon, B. E.; Tong, W. H.;
Stubbe, J.; Hoffman, B. MJ. Am. Chem. Sod.996 118 281-282. (e)
Willems, J.-P.; Lee, H.-l.; Burdi, D.; Doan, P. E.; Stubbe, J.; Hoffman, B.
M. J. Am. Chem. S0d.997, 119, 9816-9824. (f) Burdi, D.; Willems, J.-
P.; Riggs-Gelasco, P.; Antholine, W. E.; Stubbe, J.; Hoffman, BJM.
Am. Chem. Socd998 120, 129106-12919.

(12) Rardin, R. L.; Tolman, W. B.; Lippard, S.New J. Chem1991, 15, 417—
430

(13) Que, L., JrJ. Chem. Soc., Dalton Tran$997, 3933-3940.

(14) Westerheide, L.; Pascaly, M.; Krebs, ®urr. Opin. Chem. Biol200Q 4,
235-241.

(15) Tolman W. B.; Spencer, D. J. Eurr. Opin. Chem. Biol2001, 5, 188—

(16) (a) Kltajlma N.; Tamura, N.; Amagai, H.; Fukui, H.; Moro-oka, Y.;
Mizutani, Y.; Kltagawa T, Mathur R.; Heerwegh K Reed, C. A,;
Randall, C. R.; Que, L., Jr.; Tatsumi, Kl. Am. Chem. Sod994 116,
9071-9085. (b) Kim, K.; Lippard, S. JJ. Am. Chem. Sod996 118
4914-4915.

17) (a) Menage, S.; Brennan, B. A.; Juarez-Garcia, C:nieki E.; Que, L., Jr.

Am. Chem. Sod99Q 112 6423-6425. (b) Dong, Y Meage S,
Brennan B. A.; Elgren, T. E.; Jang, H. G.; Pearce, L. L.; Que, LJJr
Am. Chem. Sod.993 115 1851—1859. (c) Dong, Y., Yan, S.; Young, V
G., Jr.; Que, L., JrAngew. Chem., Int. Ed. Engl996 35, 618-620.

(18) Ookubo, T.; Sugimoto, H.; Nagayama, T.; Masuda, H.; Sato, T.; Tanaka,
K.; Maeda, Y.; Okawa, H.; Hayashi, Y.; Uehara, A.; Suzuki, M.Am.
Chem. Soc1996 118 701-702.

(19) Dong, Y.; Zang, Y.; Shu, L.; Wilkinson, E. C.; Que, L., JrAm. Chem.
So0c.1997 119 12683-12684.

(20) LeCloux, D. D.; Barrios, A. M.; Mizoguchi, T. J.; Lippard, S.J.Am.
Chem. Soc1998 120, 9001-9014.

(21) Hagadorn, J. R.; Que, L., Jr.; Tolman, W.BAm. Chem. S04998 120,
13531-13532.

(22) MacMurdo, V. L.; Zheng, H.; Que, L., Jnorg. Chem200Q 39, 2254~
2255,

(23) Feig, A. L.; Lippard, S. 3. Am. Chem. Sod.994 116, 8410-8411.

(24) Feig, A. L.; Becker, M.; Schindler, S.; van Eldik, R.; Lippard, Sindrg.
Chem.1996 35, 2590-2601.

(25) Feig, A. L.; Masschelein, A.; Bakac, A.; Lippard, SJJAm. Chem. Soc.
1997 119 334-342.

(26) Kryatov, S. V.; Rybak-Akimova, E. V.; MacMurdo, V. L.; Que, L., Jr.
Inorg. Chem.2001, 40, 2220-2228.

(27) Valentine, A. M.; Stahl, S. S.; Lippard, S.J.Am. Chem. S0d999 121,
3876-3887.

(28) Lee, S.-K.; Lipscomb, J. Biochemistryl999 38, 4423-4432.

(29) Bollinger, J. M., Jr.; Krebs, C.; Vicol, A.; Chen, S.; Ley, B. A.; Edmondson,
D. E.; Huynh, B. H.J. Am. Chem. S0d.998 120, 1094-1095.

(30) Broadwater, J. A.; Ai, J.; Loehr, T. M.; Sanders-Loehr, J.; Fox, B. G.
Biochemistry1998 37, 14664-14671.
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Recently, we reported that tetracarboxylate diiron(ll) com-
plexes [Fe(u-OCArT),(O,CArt,(CsHsN),] (1a) or [Fe-
(u-O2CAIT) 4(4-BuCsHaN);] (23), where AFeICO,™ = 2,6-di-
(p-tolyl)benzoate, react with dioxygen in GEl, at —78 °C to
afford thermally sensitive intermediates having broad intense
visible absorptions at 666670 nm3+35 EPR and Mssbauer
data were consistent with the existence of an equimolar amount
of FE'Fe" and Fé'FeV species as major components of these
intermediate$® A mechanism for this unprecedented process
was proposed (eq 1), based solely on the observed reaction
stoichiometry.

Fe'Fe! + 0z —= {Fe 05"

J» FelFe!l + FellFeV(0?), (1)

FellIFeIII

In this paper, we present a full description of the reactions
of la and 2a with dioxygen. Spectroscopic and reactivity
properties of the metastable reaction intermediates are described
and compared with those of independently synthesized mixed-
valence compounds. Mechanistic implications of this novel
transformation are discussed and compared with other synthetic
and biological systems, highlighting the importance of regulated
electron trafficking in reductive activation of dioxygen.

Experimental Section

General Considerations.All reagents were obtained from com-
mercial suppliers and used as received unless otherwise noted.
Dichloromethane was distilled over Catihder nitrogen. Diethyl ether,
pentanes, and tetrahydrofuran (THF) were saturated with nitrogen and
purified by passage through activated®d columns under nitroges.

The compounds [H(ORX](BAr's)%"% and 3,35,5-tetratert-butyl-
1,1-bi-2,2-phenot® were synthesized according to literature proce-
dures. Syntheses of the compounds (F€,CArT™),(O,CArT™'),-
(CsHsN)] (1a),34 [Fex(t-O2CArT) (4-BuCsHaN)o] (28),% [Fex(u-OH),-
(ﬂ-OzCAI’TDl)z(OZCAI’TOI)g(C5H5N)2] (10)734 [Fez(,u-OH)z(,u-OZCArW')z-

(31) Brunold, T. C.; Tamura, N.; Kitajima, N.; Moro-oka, Y.; Solomon, El.I.
Am. Chem. Sod998 120, 5674-5690.

(32) (a) Dong, Y.; Fujii, H.; Hendrich, M. P.; Leising, R. A.; Pan, G.; Randall,
C. R.; Wilkinson, E. C.; Zang, Y.; Que, L., Jr,; Fox, B. G.; Kauffmann,
K.; Miinck, E.J. Am. Chem. Sod.995 117, 2778-2792. (b) Dong, Y.;
Que, L., Jr.; Kauffmann, K.; Mock, E.J. Am. Chem. Sod995 117,
1137711378. (c) Hsu, H.-F.; Dong, Y.; Shu, L.; Young, V. G., Jr.; Que,
L., Jr.J. Am. Chem. S0d.999 121, 5230-5237.

(33) Zheng, H.; Yoo, S. J.; Mk, E.; Que, L., JrJ. Am. Chem. So@00Q
122 3789-3790.

(34) Lee, D.; Lippard, S. . Am. Chem. S0d.998 120, 12153-12154.

(35) Lee, D.; Du Bois, J.; Petasis, D.; Hendrich, M. P.; Krebs, C.; Huynh, B.

H.; Lippard, S. JJ. Am. Chem. S0d.999 121, 9893-9894.

(36) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers,
F. J.Organometallics1996 15, 1518-1520.
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(O2CAI™N,(4-BUGsHAN)z] (20),% [Fex(u-OCArT™)4(CsHsN)o](OTH)
(Imv), and [Fe(u-O,CAr™h,(4'BuCsH4N),J(PFs) (2mv)*° were re-

experiments were executed by using a custom-made quartz cuvette with
a 1 cm path length fused into a vacuum-jacketed dewar. Low-tem-

ported previously. Dioxygen (99.994%, BOC Gases) was dried by perature titration was monitored by using a Spectral Instruments Model

passing the gas stream through a column of Drieff®-enriched
dioxygen (99%) was supplied by ICON, NY. All air-sensitive manipu-

lations were carried out under nitrogen in a Vacuum Atmospheres

440 CCD Array UV~vis spectrophotometer in conjunction with a
remote fiber-optic dip probe wita 1 cmpath length.
Resonance Raman Spectroscopp Coherent Innova 90 Krlaser

drybox or by standard Schlenk line techniques. Manometric experiments with an excitation wavelength of 647.1 nm and 50 mV of power was

were performed according to a literature proceddtwiith [IrCI(CO)-
(PPh),] as a standard.

Oxygenation of 1a and 2aln a typical reaction, compounth or
2awas dissolved in freshly distilled CEl, and loaded into a vessel
fitted with a rubber septum. The solution was cooled-t8 °C in a

dry ice/acetone bath. Dioxygen was bubbled directly into the solution,

resulting in a color change from yellow to dark emerald green,
indicating the formation ofLb or 2b.

X-ray Crystallographic Studies. Intensity data were collected on
a Bruker (formerly Siemens) CCD diffractometer with graphite-
monochromated Mo ¥ radiation ¢ = 0.710 73 A), controlled by a
Pentium-based PC running the SMART software packadsingle

used to acquire Raman data. A 0.6 m single monochromator (1200
grooves/nm grating), with an entrance slit of 100, and a TE-CCD-
1100-PB-VISAR detector (Princeton Instruments, Inc.) coole¢40

°C were used in a standard backscattering configuration. A holographic
notch filter (Kaiser Optical Systems) was used to attenuate Rayleigh
scattering. Spectra were collected in £l solution at—78 °C with

the same low-temperature dewar used in-bNs studies. Solutions
were made as concentrated as possiblE) mM in the best cases, to
ensure an optimal signal-to-noise ratio. A total of 400 scans, each with
a 1 s exposure time, were typically collected for each sample. Raman
shifts were calibrated with DMF as an external standard. The data were
processed on a Gateway 2000 computer using WINSPEC 3.2.1 software

crystals were mounted at room temperature on the tips of quartz fibers, (Princeton Instruments, Inc.).

coated with Paratone-N oil, and cooled to 188 K under a stream of

cold nitrogen maintained by a Bruker LT-2A nitrogen cryostat. Data
collection and reduction protocols are described elsewfieTde
structures were solved by direct methods and refine& by using
the SHELXTL software packagé.Empirical absorption corrections
were applied with SADABS? part of the SHELXTL program package,

MoOssbauer SpectroscopyField-dependent Mesbauer spectra were
acquired on a spectrometer equipped with a Janis 12 CNDT/SC
SuperVaritemp cryostat ancha@8 T superconducting magnet. Zero-
field MOssbauer spectra were obtained at 4.2 K on an MS1 spectrometer
(WEB Research Co.). The spectrometers were operated in constant
acceleration mode in transmission geometry. Zero velocity of the

and the structures were checked for higher symmetry by the program M&ssbauer spectra refers to the centroid of the room temperature

PLATON.* All non-hydrogen atoms were refined anisotropically unless

spectrum of metallic Fe-foil. Solid samples B were prepared by

otherwise noted. Hydrogen atoms were assigned idealized positionsconcentrating the oxygenation product2# (100 mg) in CHCI, (3
and given thermal parameters equivalent to either 1.5 (methyl hydrogenmL) at —78 °C by using a diffusion pump operating al.0-> mm Hg.
atoms) or 1.2 (all other hydrogen atoms) times the thermal parameterA dark green solid material thus isolated was suspended in BN and

of the carbon atom to which they were attached. The disorderéd
butyl group on 4tert-butylpyridine in [Fe(QCAr™,(2,4:Bu,CsH30)-
(4BuGsHsN)] is equally distributed over two positions and refined
isotropically.

Physical Measurements.!H NMR spectra were recorded on a

Varian Mercury 300 spectrometer; chemical shifts are reported versus

stored at 77 K. A solid sample @t was prepared by suspending.02
mmol of the powdered material in Apeizon N grease and packing the
mixture into a nylon sample holder. A frozen solution samplof
was prepared in THF by loading 1 mL of~-a20 mM solution into a
nylon sample holder and freezing it at 77 K.

The Messbauer spectra dIb were analyzed by using the spin

tetramethylsilane and were referenced to the residual solvent peaksHamiltonian (eq 2), in whicl. represents the electronic properties of
FT-IR spectra were recorded on a Bio Rad FTS-135 instrument with the diiron clusters anéfy; describes the hyperfine interactions of the

Win-IR software. U\-vis spectra were recorded on a Hewlett-Packard
8452A diode array spectrophotometer. The low-temperature- W%/

(37) Abbreviations used: [BA~, [(3,5-(CFs)2CeH3)aB]~; HoXDK, m-xy-
lylenediamine bis(Kemp’s triacid imide); BXDK, the benzyl derivative of
XDK; dipic, 2,6-pyridinedicarboxylate; kdifmp, 2,6-diformyl-4-methylphe-
noldioxime; HPTB, anion oN,N,N,N'-tetrakis(2-benzimidazolylmethyl)-
2-hydroxyl-1,3-diaminopropane;!|.[2+2] condensation product of pro-
pylenediamine and 2,6-diformyl-4-methylphenol?, IN,N-ethylenebis-
(salicylamine); 1, N,N,N,N'-tetramethyl-(R 2R)-cyclohexanediamine;
MesTACN, 1,4,7-trimethyl-1,4,7-triazacyclononane; 6-MEPA, tris(6-
methyl-2-pyridylmethyl)amine; 6-Me-TPA-(6-methyl-2-pyridylmethyl)-
N,N-bis(2-pyridylmethyl)amine; OAg, acetate; Ph-bimp, 2,6-bis[p&-(1-
methyl-4,5-diphenylimidazolyl)methyaminomethyl]-4-methylphenolate;
PhCyCQH, 1-phenylcyclohexanecarboxylic acid; p3,5-bis(isopropyl)-
pyrazolyl; Hsalmp, 2-bis(salicylideneamino)methylphenoM&COH, 2,6-
dimesitylbenzoic acid; ArFP"CO,H, 2,6-di(4-fluorophenyl)benzoic acid.

(38) Brookhart, M.; Grant, B.; Volpe, A. F., Jdrganometallics1992 11, 3920~
3922.

(39) van der Linden, A.; Schaverien, C. J.; Meijboom, N.; Ganter, C.; Orpen,

A. G.J. Am. Chem. Sod.995 117, 3008-3021.

(40) Lee, D.; Krebs, C.; Huynh, B. H.; Hendrich, M. P.; Lippard, SJ.JAm.
Chem. Soc200Q 122 5000-5001.

(41) (a) Mahapatra, S.; Halfen, J. A.; Wilkinson, E. C.; Pan, G.; Wang, X.;
Young, V. G., Jr.; Cramer, C. J.; Que, L., Jr.; Tolman, WJBAm. Chem.
Soc.1996 118 11555-11574. (b) Mahapatra, S.; Halfen, J. A.; Tolman,
W. B. J. Am. Chem. S0d.996 118 11575-11586.

(42) SMART v5.05: Software for the CCD Detector SysteBruker AXS:
Madison, WI, 1998.

(43) Felg A L, Bautlsta M. T.; Lippard, S. thorg. Chem1996 35, 6892~
6898

(44) Sheldrlck G. MSHELXTL972: Program for the Refinement of Crystal
Structures University of Gdtingen: Gitingen, Germany, 1997.

(45) Sheldrick, G. M.SADABS: Area-Detector Absorption Correctiddni-
versity of Gdtingen: Gatingen, Germany, 1996.

(46) Spek, A. L.PLATON, A Multipurpose Crystallographic TodUtrecht
University: Utrecht, The Netherlands, 1998.

iron nuclei with their surrounding electrons. The electronic plgt,

Hs=He + Hy 2
contains the zero-field and Zeeman interactions (eq 3)Hancbntains

the quadrupolar (the first summation) and magnetic (the second
summation) hyperfine interactions (eq 4). All symbols have their usual
meaning. The symb@ represents the total electronic spin of the ground

mo=o[5- 350 g2 52| +asen @
2 eQV, L+ 1)
o=y — [ ; +g(|xi2—|yf) +
2
(SA~ g 5H1) (@)

state of the diiron clusters, andl is the magnetic hyperfine tensor
describing the interaction between the total spiand the individual
iron nuclear spind,. The M&ssbhauer spectra @t were fit to Lorentzian
lines by using the WMOSS plot and fit prograt.

EPR Spectroscopy.X-band (9 GHz) EPR spectra were recorded
on a Bruker 300 spectrometer equipped with an Oxford ESR 910
cryostat for low-temperature measurements and a Bruker bimodal cavity

(47) Kent, T. AWMOSS/2.5: Muossbauer Spectral Analysis SoftwalEB
Research Co.: Minneapolis, MN, 1998.
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for generation of the microwave fields parallel and transverse to the to a quantitative simulation by using the spectral parameters given in
static field. Q-band (35 GHz) EPR spectra were recorded on a Bruker Figure 4. This value was later confirmed, to within 10% of the
200 spectrometer equipped with a locally built low-temperature concentration, by a pure sample 2riv of known concentration. The
microwave probe and cryogenic systéhfor both instruments, the S = 1/2 component was quantitated by double integration of the EPR
microwave frequency was calibrated by a frequency counter and the signal.
magnetic field was calibrated with an NMR gaussmeter. The Oxford Generation of 2b in the Presence of H. Solution samples ofa
thermocouple temperature was calibrated using a carbon glass resisto(1.21 mM) mixed with [H(OE#);](BAr's) (0.63 mM) were prepared in
temperature probe (CGR-1-1000 Lake Shore Cryotronics). For X- and CH,CI, and loaded into calibrated EPR tubes. Oxygenation was carried
Q-band EPR, the magnetic field modulation was 100 kHz unless noted out in a manner similar to that described for EPR kinetics (see above),
otherwise. All experimental data were collected under nonsaturating and the reaction was quenched after incubation for 5 min. The amounts
conditions. of S= 9/2 andS = 1/2 components were quantitated and compared
EPR Simulations. Interpretation of the EPR spectra utilizes the spin  with those of a kinetics sample quenched after an identical period of
Hamiltonian given in eq 3. Simulations of the EPR spectra are calculated time.
from diagonalization of eq 3 with a locally written program. The powder Ligand Recovery. A CH,Cl, (30 mL) suspension ofa (102 mg,
pattern is generated for a uniform spherical distribution of the magnetic g9 4,mol) was cooled to-78 °C. Dioxygen was bubbled through the
field vectorB. The transition intensities are calculated from the square go|ytion for 5 min, and the resulting dark emerald green solution was
of the transition moment. The spectral line width is dominated by girred for 0.5 h. Unreacted dioxygen was removed by bubbling Ar
D-strain and simulations use distributions of h@andE/D to give the through the solution for 0.5 h. The solution was warmed to room
correct line widths. The distributions are specifiedoasand oerp. temperature and quenched by adding an aqueous HCI solution (10%,
The simulations are generated with careful consideration of all 20 mL). The organic layer was separated, and the agueous layer was
intensity factors, both theoretical and instrumental. This approach allows extracted with 3x 20 mL portions of CHCl,. The combined extracts
direct comparison of simulated spectra to the absolute intensity scaleyyere dried over MgSg) filtered, and concentrated under reduced
of the experimental spectrum having a known sample concentration. yressure to afford AP'CO,H as an off-white solid (79 mg, 0.261 mmol,
The only unknown factor relating the spin concentration to signal 9494 recovery yield)!H NMR (300 MHz, CQ,Cl) 6 7.52 (t, 1H), 7.35
intensity is an instrumental one that depends on the microwave detectiony 2H), 7.31 (d, 4H), 7.22 (d, 4H), 2.41 (s, 6H); FT-IR (thin film
system. This factor, however, is determined by the spin standard, geposited from CECI, solution on NaCl, cmi) 3027, 2925, 1699,
CUEDTA, for which the copper concentration was accurately deter- 1516 1455, 1294, 816, 803, 781. LRMS (EHvz 302 (M*).
mined from plasma emission Spectroscopy. . - Reactions of 1b with 2,4,6-Tritert-butylphenol. A CH,ClI, solution
Magnetic Susceptibility Measurements.Magnetic susceptibility (10 mL) of 1a (0.37 mM) was purged with dioxygen at78 °C to
data for solid samples dfc and2c were measured between 5 and 300 afford 1b. Excess @was removed by bubbling Ar through the solu-
K with applied magnetic fields of 0.1 T using a Quar_1tum Design MPMS tion. A portion of 2,4,6-tritert-butylphenol (8.1«mol, 2.2 equiv) in
SQUID sus_ceptomgter. Samples were '9"’?‘?‘?" in gel capsules andCH2CI2 (30 4L) was added, and the spectral change was monitored by
suspended in plastic straws. The susceptibilities of the straw and geluvais spectroscopy. A similarly prepared sample D was
capsule were independently determined at the same temperature ranggansferred to a precooled EPR tube containing an equal volume of

and field for correction of their contribution to the total measured Ar-purged toluene. The mixture was rapidly frozen at 77 K and analyzed

susceptibility. Underlying diamagnetism of_the samp_le_\_/vas calculated by X-band EPR spectroscopy. The spectra were compared with those
from Pascal’s cons_tan’é%.'l’h_e molar magnetlc_suscept'lblllty d_ata were ¢ 2,4,6-tritert-butylphenoxyl radical generated independently by a
fit to the expression derived from the spin-only isotropic HDvV chemical metho&

exchange Hamiltoniay/ = —2JSy'S;, where$, = S, = 5/2. This Reaction of 2b with 2,4-Ditert-butylphenol. A CH,Cl, solution

fe;p_:_e;;sg;n Zgln\gzn ::atelg in V\:T;:s; JKT. No corrections were made (10 mL) of 2a (204 mg, 0.129 mmol) was purged with, @ —78 °C
P 9 P ' to afford 2b. The dark green solution was stirred  h at—78 °C,
and excess dioxygen was removed by Ar bubbling. A portion of 2,4-

_ N ug” 262 + 106 + 2861 + 602 + 110%™ di-tert-butylphenol (55 mg, 0.27 mmol) was added as a solid. The

MTOKT 1+ 3¢ + 5™ + 7el + 962 + 1163 ©®) mixture was warmed to room temperature to afford an intense blue
solution. Volatile fractions were removed, and the remaining solid
Titration of 2b with Cp ,Fe or Cp*sFe. A CH,Cl, solution of2a, material was extracted into GBI, (25 mL). A portion of aqueous HCI

typically ~0.45 mM, was cooled to-78 °C and subjected to an,O (10%, 15 mL) was added, and_ the organic Ia_yer was separated. The
purge for 5 min. The development @b was followed by U\-vis aqueous layer was extracted with425 mL portions of CHCl,. The

spectroscopy for 1 h, during which time the 670 nm absorption reached CoMPined extracts were dried over Mg @itered, and concentrated

a maximum. Excess Owvas removed by bubbling argon through the under reduced pressure to provide a pale yellow residue. The mixture
solution for>20 min. Aliquots of either Cgre or Cp%Fe in CHCl (203 mg, 98% overall recovery yield) comprised"ACO:H, 2,4-di-

were delivered to the solution under argon by using a gas-tight ertPutylphenol, and 3% 3-tetratert-butyl-1,1-bi-2,2-phenol, as

microsyringe. Spectral measurements were made after each additioud9€d by comparisqn with théd NMR spectra of authentic samples.
and corrected for dilution. The amount of the 2;2biphenol product (2&mol, 40% based o@a)

EPR Kinetics. Kinetic experiments were performed in calibrated V&S determined by comparison of the integration of the methyl group
EPR tubes. A ChCl, solution sample ofa (1.12 mM) was prepared peaks (1.45 and_ 1.33 ppm) against the methyl proton signals from the
in a drybox, and each 300L aliquot was loaded into an EPR tube  Unréacted 2,4-dertbutyiphenol (1.41 and 1.30 ppm).
fitted with a rubber septum. The samples were brought out, placed under R€action of 2mv with 2,4-Ditert-butylphenol. To a dark green
a positive Ar pressure, and held a8 °C. Dioxygen (2.5 mL) was ~ CH:Cl2 (10 mL) solution of2mv (114 mg, 65.§mol) was added 2,4-
bubbled through the solution over a period of 30 s by injection from a di-tert-butylphenol (58 mg, 0.28 mmol) under nitrogen. The reaction
gas-tight syringe. The reactions were kept-&28 °C for varying mixture was stirred fo2 h atroom temperature and quenched by adding
periods of time (+45 min) and quenched by flash-freezing the EPR adueous HCI (10%, 15 mL). The components in theClilayer were
tubes at 77 K. The amount &= 9/2 species was determined relative isolated and analyzed as described above. The mixture (124 mg, 91%

(48) Petasis, D.; Hendrich, M. B. Magn. Reson1999 136, 200-206. (50) Goldberg, D. P.; Koulougliotis, D.; Brudvig, G. W.; Lippard, SJJAm.
(49) Carlin, R. L.MagnetochemistrySpringer-Verlag: New York, 1986. Chem. Soc1995 117, 3134-3144.
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Figure 1. Electronic absorption spectra for the formation of dioxygen
adducts of diiron(ll) complexes in GiEl, at —78 °C and their thermal
decay products(-): (A) [Fex(u-O2CArTh,(0,CArT),(CsHsN),] (1a); (B)
[Fex(u-O2CAITN4(4-BuCsHaN)] (2a).

overall recovery yield) was composed of A€O,H and unreacted 2,4-
di-tert-butylphenol, as judged by comparison with theNMR spectra
of authentic samples. No coupling product, ' 53-tetratert-butyl-
1,1-bi-2,2-phenol, was detected.

Results

Reactions of Diiron(ll) Complexes [Fe(u-O,CAr Toh,-
(O2CArTh,(CsHsN),]  (1a) and  [Fe(u-O.CAr To),(4-
BuCsH4N);] (2a) with O,. (a) UV—Vis Spectroscopy.Oxy-
genation of a ChlCl, solution ofla at —78 °C resulted in the
formation of a deep green speciHswith a broad {1, = 3700
cm™1) visible absorption centered at660 nm § = 15 200
cm1 e = 1600 M1 cm™1) (Figure 1A). Sincela cannot be
regenerated fronmib by evacuation or Ar purging, this process
is effectively irreversible. Addition of 2 equiv of [H(OBt]-
(BAr'y) as a source of protons to the solution Xdf did not
alter the intensity of the absorption. Although stable @ h
at —78°C, 1b rapidly decayed to a pale yellow solution upon
warming to room temperature (Figure 1A).

Exposure oRato O, under similar conditions resulted in an
analogous irreversible color change from bright yellow to deep
green (Figure 1B). The buildup of a broad, = 3400 cnt?)
visible absorption o2b centered at-670 nm § = 14 900 cn?;

e = 1700 M1 cm~1) was monitored by UV-vis spectroscopy
at —78 °C, affording t;, = 7.7 min under the conditions
employed (gentle purging with {for 1 min; see Supporting
Information Figure S1). The thermal stability b is compa-

rable to that oflb; no diminution in the intensity of the
absorption band occurs up to 12 h-af8 °C. Upon warming

to room temperature, howeve2h decays to a bright yellow
material (Figure 1B).

(b) Resonance Raman SpectroscopjRraman spectra were
obtained forlb and 2b in CH.Cl, at —78 °C. As shown in

850 800 750
Raman Shift (cm")

Figure 2. Resonance Raman spectra of fluid solutions of (e

OchrTO')2(OchrT°')2(CsH5N)2] (1a), la+ 160, (1b), andla+ 180, (1b*)

in CH,Cl, at —78 °C. Excitation wavelengtk 647.1 nm. Solvent features

are labeled with asterisks.

700

enhanced peak appeared at 851 ¢rfor 1b. This feature is
absent both in the precursor compouhd and in the de-
composition product olb. Although this frequency falls into
the right range for the ©0 stretching mode of aufperoxo)-
diiron(lll) species (see Supporting Information Table S1), no
shift in the peak position was observed for samples prepared
by reactingla with either80-labled dioxygen 1b*) (Figure

2) or a 50:50 mixture of%0:1%0-labeled material under identical
conditions (data not shown). A similar result was obtained for
2b, which also exhibits a resonance enhanced vibration at 851
cm! (see Supporting Information Figure S2). Raman spectra
were obtained for mixed-valence'Fe!" compounddmv and
2mv, which are one-electron chemical oxidation products of
la and?2a, respectively (Scheme 2). Under conditions similar
to those used fotb and2b, resonance enhanced peaks appear
at 851 cnt? for bothimv and2mv (see Supporting Information
Figure S3).

(c) EPR SpectroscopyFigure 3A displays the EPR spectra
obtained for frozen ChkCl, samples oRb. A strongg = 2 signal
and a less intense absorptiongat 9.5 were observed, which
accounted for 70% of the total ircf The signal agy = 2 arises
from anS= 1/2 species (40% based ony}ehe g-anisotropy
of which is similar to that of the antiferromagnetically (AF)
coupled FEFeY core in RNR-R2, species %1¢d:35The signal
atg = 9.5 originates from ai® = 9/2 species (30% based on
Fe), which was tentatively assigned as a mixed-valence Fe
Fe' complex3® This assignment is now confirmed by the EPR
spectrum of2mv, the independently synthesized, one-electron
oxidized form of2a.

Figure 4 displays X-band (A) and Q-band (B) EPR spectra
obtained for a frozen CHLI, sample of2mv. The signal ob-
served atg = 9.5 and 2.0 in X-bandhy = 0.3 cnT?)
perpendicular mode (B1B) originates from a transition within
the ground doublet of th8 = 9/2 manifold. In the strong field
limit, the transition occurs between, = £1/2 states. The signal
at g = 4.3 originates from trace contamination-2%) of
rhombic Fe(lll) § = 5/2). In Q-band perpendicular modewv(
= 1.2 cnT?), three distinct transitions were observed. Bor
9/2 complexes withe/D ~ 0, we expect resonances to occur at
g = 10, 10, and 21ts = +1/2) andg = 0, 0, and 6 Ifns =
+3/2), based on the standard diagramgdf vs E/D.%! For D
< hv, as is the case here, however, significant mixing of the
doublets occurs, thus invalidating such diagrams. The signals
atg = 8.9 and 2.9 originate from the groundnr(= £1/2) and

Figure 2, upon excitation at 647.1 nm, a strong resonance first-excited-state doublets = +3/2) of theS= 9/2 manifold,
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Figure 3. (A) Perpendicular mode (BC B) X-band (9.62 GHz, 10 K)
EPR spectra of a frozen GBI, solution sample ofb (solid line) and its
thermolysis product (dashed line) prepared by thav@bdor 1 h under a

He atmosphere at60 °C and re-freezing. (B) Parallel mode (B B)
X-band (9.26 GHz) EPR spectra 2€ (1), thermolysis product o2b (Il),

and a sample prepared by exposing aCHhlsolution of2ato dioxygen at
room temperature and freezing (Ill). Spectra | and Ill were measured at 10
K; Il was measured at 18 K.

respectively. The signal gt= 4.2 is novel and originates from
an interdoublet transition between thge = +1/2 and—3/2
levels. The quantitative simulations overlaid on the data of
Figure 4 confirm this assignment and gibe= 1.13 cnt! and
E/D = 0.007. The line widths are dominated Bystrain, which

is modeled with distributions in the paramet&sandE/D of
Gaussian widthop and ogp, respectively. The spectral fit
determines both parameters independently, with values,of
= 0.03 cnT! andogp = 0.004. The EPR spectra @mv and
theS= 9/2 component i”2b are essentially identical, indicating

(51) Krebs, C.; Davydov, R.; Baldwin, J.; Hoffman, B. M.; Bollinger, J. M.,
Jr.; Huynh, B. HJ. Am. Chem. So@00Q 122, 5327-5336.

(52) Valentine, A. M.; Tavares, P.; Pereira, A. S.; Davydov, R.; Krebs, C.;
Hoffman, B. M.; Edmondson, D. E.; Huynh, B. H.; Lippard, SJJAm.
Chem. Soc1998 120, 2190-2191.
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Figure 4. X-band (A) and Q-band (B) EPR spectra (solid lines) of a frozen

CHCI, solution sample o2mv measured at 11 and 6 K, respectively.
Simulations (dashed lines) are calculateddoer 2.0261,D = 1.13 cn1?,

= 0.03 cn7?, E/D = 0.007, andogp = 0.004. EPR conditions:
frequency, 9.62 (X-band) and 34.2 GHz (Q-band); microwave power, 0.2
(X-band) and 0.02 mW (Q-band).
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that a valence-delocalized 'Heg! species is generated by the
reaction betweeRa and dioxygen at-78 °C.

Anaerobic thawing at-60 °C of the frozen CHCI, solution
sample of2b resulted in the total loss of the signals arising
from S = 1/2 andS = 9/2 species and buildup of two new
signals in the X-band EPR spectra (Figure 3). The signgl at
= 4.3 (Figure 3A), constituting ca. 20% of the diiron starting
material, originates from a rhnombic Fe(lll) syste®= 5/2).
Figure 3B displays the parallel mode EPR spectra of-t6@
°C thawed sample, showing the appearance of a signal at
g = 10.2, which was tentatively assigned to an AF coupled
Fel'Fe! species. A similag = 10.2 signal was observed when
the reaction betweepa and dioxygen was conducted at room
temperature. This signal, however, is different from the
19.8 signal o2c, which arises from a transition within ttf&=
5 manifold of a ferromagnetically coupled'iHee!" center. This
result confirms that the crystallographically characterized com-
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L Removal of the contribution of [R&u-O,CArT,-

(4BuCsH4N);]* from the raw data ofb yields the spectrum
shown in Figure 5B. The lines at2.7 and+3.4 mm/s are well-
resolved and can be assigned to the valence-trappé&d¥e

0.0+

1.0} species. The solid line shown in Figure 5B is a theoretical
| simulation of this species using the parameters presented in
20k Table 1 and accounts for 36% of the total iron absorption.

Removal of this component from the spectrum shown in Figure
5B yields the spectrum (Figure 5C) arising from ar'Fe"
species, which shows features-at, +0.5, and+2.1 mm/s.
The theoretical simulation of this component, which is plotted
B as a solid line in Figure 5C, was calculated by using the
parameters given in the caption of Figure 5 and assuming
101 T diamagnetism§ = 0). The Massbauer parameters, which are
= . typical of N/O-coordinate high-spin Fe(lll) ior?$;5° and the
diamagnetism are consistent with the assignment that this
component represents an AF coupled'Fé" species. This
0.0 7 component accounts for approximately 19% of the total
- C > intensity, and the large line width indicates the presence of some
10k 4 microheterogeneity.
S S S SO R W (2) Valence-Delocalized P&-€" Species.As mentioned
8 4 0 4 8 above, a major spectral component observed in the spectrum
VELOCITY (mm/s) of 2b recorded at 4.2 K ah8 T is accurately represented by
Figure 5. Deconvolution of the Mesbauer spectrum of the solid powder  the spectrum of a solid sample &fnv recorded under the same
sample of2b recorded at 4.2 K in an applied field of 8 T. (A) Raw data of  conditions. This result indicates thab includes the valence-

2b (hatch marks) and the spectrum of a solid sample of [F@,CArT),(4- . I . Tol ) n
BUGsH4N)2](PFs) (2mv) (solid line) scaled to 45% of the absorption delocalized Fé&Fe!" cation [Fe(u-O,CArT),(4-BuCsHaN),] .

intensity of the hatch-marked spectrum. (B) The hatch-marked spectrum is TO illustrate this point, a spectrum of soltnv (Figure 6A) is
generated by subtracting the solid-line spectrum of A from the hatch-marked compared to the B&e" component in2b (Figure 6B). The
spectrum of A. The solid line is a theoretical simulation of thé' Fev imilarities between these two spectra are obvious. In Figure
species using parameters from Table 1 and corresponds to 36% of the totaF . Hgdl - ' .
iron absorption. (C) The hatch-marked spectrum is generated by subtracting®C 1S Shown the component ir2b recorded at 4.2 Kin
the solid-line spectrum of B from the hatch-marked spectrum of B. The an applied field of 4 T. This spectrum consists of a single six-
solid "ni is a theoretical Slmlilatlon using= 0.54 mm/s AE; = 1.05 line pattern, indicating that both iron sites contribute identical
mmy/s,; = 0.4, and line-widtHT" = 0.55 mm/s, and assuming diamagnetism. < ccp o 1o spectra. This observation demonstrates unequivocally
L . . . . that the F&F€'" component in2b is a valence-delocalized
plex 2c (vide infra) is not an immediate oxygenation product cluster, [Fe(u-OsCAI™),(4-BuCsHaN);]*. EPR and SQUID
of 2a ' .
. . ) , measurements demonstrate thap{E&,CAr),(4-BuCsHsN);]
@ l\_/lOssI_o_auer Spectrogcopy_Prewous MGSbauer studies has aS = 9/2 ground staté? Furthermore, the zero-field
of 2b identified three major d”“"? spemé%.Among these parameters have been determined by EPR spectroscopy and are
components, only the Species hav$g= 1/2 spin S'Fate has 4 D =1.2cnr! and E/D = 0.013% For the analysis of the
strong dependepce on the orientation of the applied field with Mdssbauer spectrum of the [Ke-O,CAIT™),(4-BuCsHaN)]
respect to the dlrectlpn of therays. The presence of the AF component in2b, we use egs 3 and 4 and assume that the
coupled__Fé' F€ species (36% based onjreas thqs revealed electronic relaxation is slow compared to th#e nuclear
from M_ossbauer §pectra recorded at 4'.2 K with a 50 mT Larmor precession and th&fD = 0.013. With these assump-
magnetic field applied parallel and" perpendicular tojthrays=® tions, the parameteDb can be determined from the field-
Ina complsmde_ntahry ﬁpproach, tpemauegr i_pect[jadﬁb were dependent Mssbauer data for the following reasons. The size
now recorded in higher magnetic fie st8 1) and deconvo- of the magnetic splitting of a Mesbauer spectrum depends on
luted into three spectral components through an iterative processy, magnitude of the internal fiel@GA, wherelSrepresents
_(_1) Spectral Deconvolutlon._Shown in Figure 5A IS the the spin expectation value at the Fe sites. For the cafe-~of
Méssbauer spectrum of a solid sample2tf (hatched lines) gBH, which describes the current situation, the expectation

recorded at 4.2 K in a magnetic field ® T applied parallel to values for the three components,;] [S,] and (5, of (S0

ABSORPTION (%)
<o
(=]
T
i

1

they-ray beam. The two well-resolved outermost lines-&t2 depend sensitively on the ratio BgSH. Consequently, it is
and +7.7 mm/s are closely matched, in both positions and ,gsjple to determine the valueDffrom the field dependence
shapes, by those of the spectrum of a solid samplef(solid of the spectra. Such an analysis giies= 1.2 &+ 0.2 cnt?,

line) recorded under identical experimental condititfhisdi-
cating that they arise from the valence-delocalife 9/2
Fe'Fe! species. By matching the intensities of these outer lines
to that of the spectrum of solig, it is estimated that 45% of  (53) Kurtz, D. M., Jr.Chem. Re. 1990 90, 585-606.

which is in excellent agreement with the value determined by
EPR spectroscopy (vide supra).

i i i iq i EE@ (54) Gitlich, P.; Ensling, JInorganic Electronic Structure and Spectroscppy
the tOtTall Iront in the gre?_n mixture Is Ir,] the fo'rm of Solomon, E. I., Lever, A. B. P., Eds.; John Wiley & Sons: New York,
O,CArToN4(44BuCsH4N)] ™ (see the caption of Figure 5A), an 1999; Vol. |, pp 161211.

; ; 0 ; (55) Munck, E.Physical Methods in Bioinorganic Chemistry: Spectroscopy and
amount Sllghtly hlghel’ than that\'('M /0) estimated from the Magnetism Que, L., Jr., Ed.; University Science Books: Sausalito, CA,
50 mT spectral analys#S. 2000; pp 287319.
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Table 1. Madssbauer Parameters of the Fe!"Fe!V Component in 2b and Related Valence-Trapped Fe!"Fe!V Centers Having a S = 1/2

Ground State

o (mm/s) AEq (mm/s)

7 Ay (MH2) Ay (MH2) Ay (MHz) ref

2b Fe(lll)
Fe(lV)
Fe(lll)
Fe(lV)
Fe(lll)
Fe(lV)
Fe(lll)
Fe(lV)

0.56
0.19
0.56
0.26
0.48
0.14
0.48
0.08

0.9
0.8
—0.9
—0.6
-0.9
—0.6
1.6
0.5

RNR—R2, species X
MMOH —Qx

[Fex(u-O)o(6-Me-TPAY]3+ 37

-75 this work
26
—74.2

27.5
-70
26
—64.5
20

—70.5
37.5
—72.2
36.8
—75
30
—64.5
36.5

—75
23.8
—73.2
36.8
—75
32
—64.5
36.5

11la,c
52

32b

0.0 V‘“"“"‘\" f.’\vm- :F" .A./\\_ .’W ~
10 5 S o .
20} .. v . .

ABSORPTION (%)

-

-8 -4 (¢} 4 8
VELOCITY (mm/s)

Figure 6. Mossbauer spectra (4.2 K) of [fe-O,CAr™ 4(4-BuCsH4N);]-
(PFs) (2mv) in the form of solid (A) and the F&€"" component ireb (B
and C). The spectra in A and B are recorded in a parallel applied field of

smaller quadrupole splitting, however, is unclear. For the
compound [Fgu-OH)3(MesTACN),]2737 the value of the
quadrupole splittingAEq = —2.14 mm/s, was attributed to the
delocalized electron being indy orbital 5" More recently, the
interaction between the two Fe-centeidorbitals (with the
Fe—Fe vector defining the-axis) was identified as a mechanism
for promoting the electron delocalization between the two Fe
sites®® The reduced magnitude of the quadrupole splitting in
2mv, AEq = —0.63 mm/s, however, indicates that the orbital
ground state o2mv is not a pured2 orbital, but rather a quan-
tum admixture, possibly ofiz and dy, orbitals. Sincedz and
dyy orbitals generate opposite electric field gradiéAtsguantum
admixture of these two orbitals would reduce the magnitude of
the quadrupole splitting. DFT calculations are currently in
progress to gain further insights into the electronic structure of
2mv and to understand these unusualdgloauer parametef.

(3) Valence-Trapped Fé'FeV Species.Figure 7 displays
the Massbauer spectra (hatch marks) of thé' FéV species in
2b recorded at 4.2 K in a parallel applied field of 4 (A) or 8 T
(B). These spectra can be deconvoluted into two equal intensity
spectral components corresponding to two valence-localized Fe
sites. Each site contributes approximately 18% of the total iron
absorption. Characteristic parameters obtained for the two Fe
sites are listed in Table 1, and theoretical simulations of each
individual component are displayed in Figure 7 above the

8 T, and the spectrum in C is recorded in 4 T. The spectra in B and C were experimental spectra. The solid lines overlaid with the experi-

prepared by removing the contributions of the''FeV (36%) and the
Fel'Fe' species (19%) from the raw data using theoretical spectra of
Fe''Fev and the FEF€' species simulated with parameters listed in Table
1 and quoted in the caption of Figure 5.

From the analysis of the Misbauer spectra, other charac-

mental spectra are the superpositions of the two individual
spectral components. The observation that the magnetic splitting
of one of the components (depicted as dashed lines above the
data)increaseswhereas that of the other component (shown as
solid lines above the dataecreaseswith increasing applied

teristic parameters can also be determined (Table 2). Theoreticafield demonstrates the antiparallel orientation of the individual
simulations using these parameters are plotted in Figure 6 asspins of the Fe sites in the ground state and establishes

solid lines overlaid with the corresponding experimental spectra.

unambiguously the AF coupling nature of'ffedv. The different

The agreement between theory and experiment is excellent. Infield dependence is reflected in different signs of Ahgensors.

Table 2, the parameters determined for J[reO,CArT),-
(4'BuCsH4N),] ™ are compared with those of related valence-
delocalized F&~€" compounds. The Nesbauer parameters of

The Fe site with a negativa-tensor has an isomer shifi,=
0.56 mm/s, typical of a high-spin Fe(lll) ion with N/O
coordination?3-55 In accord with this assignment, tihetensor

a valence-delocalized compound are the arithmetic means ofof this site is rather isotropic, as expected for high-spin Fe(lll)

those of the corresponding pure Fe(ll) and Fe(lll) sites in the
same ligand environmeft.Accordingly, the ranges of isomer
shifts (0.74-0.84 mm/s) and magnitudes of quadrupole splittings
(1.86-2.14 mm/s) observed for valence-delocaliZee= 9/2
Fe'Fe'' compounds are between the typical values for N/O
coordinated high-spin Fe(lll) and N/O coordinated high-spin
Fe(ll) sites’”%0 In comparison with these values, the isomer
shift, = 0.65 mm/s, and quadrupole splitting\Eg| = 0.63
mm/s, determined famv, are significantly smaller. The smaller
isomer shift observed famv can in part be explained by the
fact that the iron centers are five coordinate. The origin of the

4000 J. AM. CHEM. SOC. = VOL. 124, NO. 15, 2002

compounds. The second Fe site has a posi#sensor with

(56) Blondin, B.; Girerd, J.-JChem. Re. 199Q 90, 1359-1376.

(57) Ding, X.-Q.; Bominaar, E. L.; Bill, E.; Winkler, H.; Trautwein, A. X;
Drieke, S.; Chaudhuri, P.; Wieghardt, K.Chem. Phys199Q 92, 178—
186.

(58) Dutta, S. K.; Ensling, J.; Werner, R.; Fe, U.; Haase, W.; Glich, P.;
Nag, K. Angew. Chem., Int. Ed. Engl997, 36, 152-155.

(59) Hagadorn, J. R.; Que, L., Jr.; Tolman, W. B.; Prisecaru, I'n&ky E.J.
Am. Chem. Socd999 121, 9760-9761.

(60) Krebs, C. Ph.D. Thesis, Ruhr-UniveisiBochum, Germany, 1997.

(61) Gamelin, D. R.; Bominaar, E. L.; Kirk, M. L.; Wieghardt, K.; Solomon,

E. I.J. Am. Chem. So0d.996 118 8085-8097.

(62) Rodriguez, J. H.; Ok, H. N.; Xia, Y.-M.; Debrunner, P. G.; Hinrichs, B.
E.; Meyer, T.; Packard, N. Hl. Phys. Chem1996 100, 6849-6862.

(63) Rodriguez, J. H.; Lee, D.; Lippard, S. J. Unpublished results.
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Table 2. Mdssbauer Parameters of the Fe''Fe!l Component in 2b, [Fez(u-O2CAr™h,(4-BuCsHsN)2]", and Related Valence-Delocalized

Fe'lFe!" Centers Having a S = 9/2 Ground State

d (mm/s) AEq (mm/s) 7 A (MHz) Ay (MHz) A;; (MHz) ref
[Fex(u-O2CArT,(4-BuCsHaN) 2] * 0.65 —0.63 0 —15.2 —15.8 —20.7 this work
[Fex(u-OH)3(MesTACN),] 2t 37 0.74 —2.14 0 —14.5 —14.5 —18.5 57
[PhB{ Fex(u-dfmp)s} BPh] 37 0.82 —1.86 0 —14.8 —14.8 -17.0 60
[LFe(u-OACc)] +37 0.84 2.09 0.1 a a a 58
[Fex(u-OPr)y(u-0,CArMes) (O,CArMes) ;| 37 0.76 2.0 0.7 a a a 59

a0nly the internal fields, 43.5 T for ref 58 and 41.0 T for ref 59, along the magnetic uniaxis have been reported.

ABSORPTION (%)

8 -4 0 4 8
VELOCITY (mm/s)

Figure 7. Mossbauer spectra (4.2 K) of the'fHeeV component in the
solid powder sample o2b in applied fields of 4 (A) ad 8 T (B). The

[Fez] (mM)

4 ¥ 1 I

20 30

Time (min)

Figure 8. Time-dependent development of tBe= 1/2 (V) andS = 9/2
(a) components irRb as determined by X-band EPR spectra of freeze-

guenched samples prepared by oxygenafiad1.12 mM) in CHCI, at

—78 °C. Fits to experimental data for tf#= 1/2 (dashed line) an8 =
9/2 (solid line) species indicatgps= 0.184+ 0.02 mirm. Spin quantitation

was carried out as described in the Experimental Section.

1:1 stoichiometry observed for the formation of discrete
(peroxo)diiron(lll) species in other studi&®:2°
() EPR Kinetic Studies. The relatively slow formation rate

hatch-marked spectra were prepared by removing the contributions of of naramagnetic intermediates-a78 °C allowed us to monitor

Fe'Fe'' (45%) and the P&F€" cluster (19%) from the raw data using
theoretical spectra simulated with parameters listed in Table 2 and quote

qthe buildup ofS= 1/2 andS= 9/2 components i@b by X-band

in the caption of Figure 5. The solid lines overlaid with the experimental EPR spectroscopy as a function of time. Identical solution

data are theoretical simulations of'ffledV using parameters listed in Table
1. The spectra of the Fe(lll) and Fe(IV) sites are plotted above the
experimental data as solid and dashed lines, respectively.

significant anisotropy (about 30%). The isomer shift of this site,
0 = 0.19 mm/s, is below the typical range for high-spin Fe(lll)

samples of2a were prepared in C}Cl,, and reactions were
initiated by injecting known amounts of dioxygen-a¥8 °C.
Following different incubation times at78 °C, each sample
was frozen at 77 K and analyzed by X-band EPR spectroscopy.
Shown in Figure 8 is a plot of the concentrationSof 1/2 and

ions and is assigned to a high-spin Fe(IV) site. The anisotropy S= 9/2 components as a fupcti.on of time. The _concentrations
of the A-tensor is consistent with this assignment. Similar were determined from quantitation of the EPR signalg at2

valence-trapped HE€V clusters have been observed for the
RNR—R2 reaction intermediate ¥2Cthe state MMOH-Qx,

and 9.5, respectively. Both components build up at the same
rate and exist in the same relative amounts throughout the

which is a cryoreductively generated one-electron-reduced reaction. A pseudo-first-order fit to the data is shown in Figure

intermediate Q from the MMOH reaction cydand the model
compound [Fgu-O)(6-Me-TPAY]3+.326:37 As presented in
Table 1, the Mesbauer parameters of the''Feg¥ component

in 2b compare very well with those of RNRR2, species X
and MMOH-Qx. This result indicates that, compared with the
nitrogen-rich donor atom sets in [fe-O)(6-Me-TPA)]3",32b:37

the coordination environment of the enzyme intermediate is

better reproduced by the tetracarboxylate ligand system em-

ployed in this investigation.
(e) Manometric Studies.Dioxygen uptake was monitored

8, which gavekops= 0.184 0.02 mint at —78 °C. This result

is strong evidence that the processes leading to the formation
of S= 1/2 andS = 9/2 components irkb are coupled to one
another. The reaction approaches completion>d6 min,
affording ca. 38% of theS = 1/2 and 36% ofS = 9/2
components (based &a).

The presence of a proton source significantly affects the
development of th& = 1/2 andS = 9/2 species. Figure S4 of
the Supporting Information shows the EPR spectra2bf
guenched 5 min after oxygenation-at8 °C. When 0.5 equiv

by manometric measurements (three replicate runs) for theof [H(OEt),](BAr';) was added t®a prior to reaction with

reaction between £and2ain CH,Cl, at —78 °C. Compound
2a consumed 0.75- 0.1 equiv of Q to provide 2b. This
substoichiometric consumption of dioxygen contrasts with the

0O,, the amount of th&= 9/2 component formed is comparable
to that in the absence of a proton source. The amount dbthe
= 1/2 component, however, is drastically reduced from 19%

J. AM. CHEM. SOC. = VOL. 124, NO. 15, 2002 4001
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g ‘e tallographic coordinate¥.
S 02l “‘.
o V. . . ~ 0 . . - °
5 e sAfAnS in ~40% yield based oa Upon warming from—78 °C to
0 . . . o room temperature, the color of the solution turned blue, as for
02 04 06 08 1 1b. A mononuclear iron(lll) complex [Fe(TAr™,-
Equiv Cp*2Fe (2,44Bu,CsH30)(4'BuCsH4N)] (Figure S5 of the Supporting

Figure 9. (A) Representative U¥vis spectra for the reaction @b with
Cp*;Fe in CHCIl, at —78 °C. The spectral traces track the decay of the
Amax= 670 chromophore upon addition of Gfe. (B) A plot of Ag7oversus
the equivalents (peka) of Cp*,Fe added. The values are corrected for
dilution.

(without H') to 2% (with H") of the diiron(ll) starting material
2a. This result indicates that the FE€V species has ligand

Informationf® was isolated by vapor diffusion of pentanes into

the reaction mixture, indicating that the blue color arises from

a phenoxide-to-iron(l1l) LMCT bané’ No 2,4-ditert-butylphe-

nol coupling product was detected when a similar reaction was

carried out with the PE-€" compound2mv.
Di(u-hydroxo)di(g-carboxylato)diiron(lll) Complexes [Fex-

([l-OH)z([I-OQCAI'TOI)z(OzCArTOI)sz], L = C5H5N (1C) and

fragments that are susceptible to protonation. Changes in the4-BuCsH4N (2c). (a) Synthesis and Structural Characteriza-

metal oxidation states may be triggered by ligand protonation,

resulting in the loss of the AF coupled'lfé€Y component in
2b.

Reactions of the Oxygenation Intermediates with External
Reagents. (a) CpFe and Cp*Fe. Addition of CpFe to a
CH_ClI; solution of2b at —78 °C did not perturb the electronic
absorption at 670 nm, whereas Gp& completely abolished
this transition. This finding requires that the reduction potential
of 2b lie between—130 mV and+460 mV vs SCE* A redox
titration of 2b was therefore carried out by monitoring the decay
of the 670 nm absorption band as a function of gq&added
under Ar at—78 °C. Typical UV—vis traces are displayed in
Figure 9. An average oxidizing equivalent of 045.04 (three
replicate runs) was determined for thgax = 670 nm chro-
mophore in2b.

(b) Oxidation of Phenol SubstratesBoth 1b and2b act as

tion. Quadruply bridged diiron(lll) complexedc and 2c
were isolated in good to excellent yields (790%) following
vapor diffusion of pentanes into the thermal decomposition
product(s) ofLb and2b in CH,Cl,, respectively?*3>The solid-
state structure dfcis shown in Figure 10; selected bond lengths
and angles ihcand2care listed in Table 3. In both cases, two
chemically identical but crystallographically inequivalent mol-
ecules were identified in the unit cell, each sitting on an
inversion center. The structurestif and2c are essentially the
same, having two iron atoms bridged by two hydroxide and
two u-1,3 carboxylate ligands. Assignment of the single atom
bridging ligands as hydroxide is supported by the—Ee
distances of 1.949(3)2.012(2) A, as well as by the location
and refinement of the associated hydrogen atoms in the X-ray
structure determination. The +d~e distances of 2.8322(8)
2.8843(9) A inlc and 2c are significantly below the range

one-electron oxidants and proton acceptors. Addition of 2.2 (3.089(2)-3.155(3) A) obtained for doubly bridge@Fe-

equiv of 2,4,6-tritert-butylphenol to a CHCI, solution of1b
at —78°C did not result in any change in the UWis spectra.

(u-OH)z} 4+ cores®®69and lie between 2.95(1) and 2.714(2) A
observed fof Fe(u-0)(u-OH)} 3™ 70 and{ Fex(u-O),} 2" "* core

Upon warming to room temperature, however, absorption peaksfragments, respectively. This trend nicely demonstrates the

develop at 383 and 401 nm, which are characteristic of the 2,4,6-

tri-tert-butylphenoxyl radicat*6% Formation of the phenoxyl
radical was further confirmed by an EPR signabat 2.005
in a sample prepared under similar conditiéhsit room

(66) Crystal data for [Fe(&CAr™),(2,4Bu,CeHs0)(4<BuCsH4N)]: space group
P2y/n with a = 17.9762(6) f\,b = 14.4378(5) Ac = 23.7130(7) A =
104.1780(10), V = 5966.9(3) &, Z = 4, R= 7.76%,R,2 = 17.28%.

(67) Lever, A. B. PInorganic Electronic Spectroscopgnd ed.; Elsevier Science
Publishers B. V.: Amsterdam, The Netherlands, 1984.

temperature, the reaction mixture remains blue. When 2,4-di- (68) Borer, L.; Thalken, L.; Ceccarelli, C; Glick, M.; Zhang, J. H.; Reiff, W.

tert-butylphenol was allowed to react wittb, the 3,3,5,5-
tetratert-butyl-1,2-bi-2,2-phenol coupling product was obtained

(64) Connelly, N. G.; Geiger, W. EChem. Re. 1996 96, 877—910.
(65) Altwicker, E. R.Chem. Re. 1967, 67, 475-531.
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M. Inorg. Chem.1983 22, 1719-1724.

(69) Thich, J. A.; Ou, C. C.; Powers, D.; Vasiliou, B.; Mastropaolo, D.; Potenza,
J. A.; Schugar, H. 3. Am. Chem. S0d.976 98, 1425-1433.

(70) Zang, Y.; Pan, G.; Que, L., Jr.; Fox, B. G.;'Nuk, E.J. Am. Chem. Soc.
1994 116, 3653-3654.

(71) Zang, Y.; Dong, Y.; Que, L., Jr.; Kauffmann, K.; Mck, E.J. Am. Chem.
Soc.1995 117, 1169-1170.
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Table 3. Selected Bond Lengths (A) and Angles (deg) for 1c and
2ca

lc 2c
molecule 1 molecule 2 molecule 1 molecule 2

Fel--Fe2 2.8843(9) 2.8473(8) 2.8432(8) 2.8322(8)
Fel-O1 1.986(2) 1.976(2) 1.949(3) 1.955(2)
Fel-02 2.012(2) 1.969(3) 1.957(3) 1.955(2)
Fel-O1A 1.970(2) 1.964(2) 1.966(2) 1.965(2)
Fel-0O1B 2.076(2) 2.096(2) 2.082(2) 2.081(2)
Fel-0O1C 2.040(2) 2.060(2) 2.055(2) 2.048(2)
Fel-N 2.148(3) 2.144(3) 2.136(3) 2.127(3)
01:--:02A 2.888(3) 2.773(4) 2.725(4) 2.736(4)
Fel-O1-Fe2 92.34(10) 92.38(11) 93.42(12) 92.82(11)
Ol1-Fel-02 87.66(10) 87.62(11) 86.58(12) 87.18(11)

aNumbers in parentheses are estimated standard deviations of the last

significant figures.

systematic shortening of the metametal distances in the
{M,L,}"" rhombic cores by decreasing the-M distances, as
well as by increasing the number of bridging units. For
comparison, an FeFe distance of 2.9788(6) A was obtained
for the triply bridged{Fex(u-OH)(u-O,CR)}3" unit in [Fe-
(1-OH)(u-O,CArTN(O,CAr™)3(N-Bnen)(N,N-Bnzen)] /2 the
first structural model compound of the diiron(lll) core in
MMOH. The Fe-Onydroxide—Fe angles irlcand2crange from
92.34(10) to 93.42(12) The two terminaly-carboxylate

ligands are hydrogen bonded to the bridging hydroxide groups

(Onyaroxide **Ocarboxylate= 2.725(4)-2.888(3) A). Binding of the
two pyridine ligands, disposed anti across the-Fe vector,

|
S
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(=]
[72]
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Figure 11. Zero-field M&ssbauer spectra (experimental dg}adalculated

fit (—)) recorded at 4.2 K for [Fgu-OH)y(u-O2CArTN,(O,CArTol),-
(4+BuGsHaN)2] (20) (A) as a solid-state sample and (B) as a THF frozen
solution sample.

transition within anS = 5 manifold was observed f&c. This
signal is shown in Figure 3B (spectrum I), and its temperature

completes the pseudo-octahedral coordination spheres of the twélependence indicates that it originates from the ground doublet

iron(lll) centers.

or a nearby state. Plots of the effective magnetic momesj (

For edge-shared octahedral metal centers, quadruply bridgednd molar susceptibilityxfs) versus temperature fdic and2c

units consisting of two hydroxide and two ®ICO,~ ligands
can only be accommodated by a trans-disposition oftie3
carboxylates across tHé(u-OH),} " plane, a configuration
that alleviates steric interactions betweengkelyl groups. An

are presented in Figures 12 and S6 (Supporting Information),
respectively. At temperatures abovel50 K, the effective
magnetic moment is essentially constant ati&4for 1c) and
8.5 us (for 2¢), values consistent with the presence of two

analogous dicobalt(lll) complex was recently synthesized and UncoupledS = 5/2 centers witlg = 2.00 (calculated spin-only

structurally characterize@®, suggesting that théMo(u-OH),-
(u-O.CR)}2" core fragment may be a general structural
motif for quadruply bridged trivalent dimetallics supported by
ArTlCO,~ and related ligands.

(b) MOssbauer, EPR, and Magnetic PropertiesZero-field
Maossbauer spectra of both solid and solution sampl@s ofere
collected at 4.2 K. The spectrum of powder2ddisplays a
relatively sharp{ = 0.36-0.39 mm s1) quadrupole doublet
(Figure 11A) witho = 0.49(2) mm s* and AEq = 1.01(2)
mm s1, values typical for high-spin Fe(lll) iorf§-5° Identical

value of uef = 8.37 ug). Upon lowering the temperaturgess
gradually increases to 10.23 and 10.37g at 5 K for 1cand

2c, respectively. These values are close to the theoretical
moment of 10.9%g calculated for atge. = 5 spin state arising
from two ferromagnetically couple8 = 5/2 centers witlg =
2.00. The magnetic susceptibility data were fit by using an
expression derived from the spin-only isotropic HDvV exchange
Hamiltonian% = —2J5;-S,, whereS; = S, = 5/2. The best fit
was obtained fod = +0.69(4) cnt? for 1c (Figure 12) and

= +0.70(4) cn1? for 2c (Figure S6 of the Supporting Informa-

Méssbauer parameters were obtained for the frozen THF tion) by fixing g = 2.00.
solution states (Figure 11B). Although the peaks are significantly ~Compoundslc and 2c belong to a rare class of diiron(lIl)

broadenedI{ = 0.52-0.53 mm s?) in the latter case, this result
indicates that the integrity of the diiron(lll) core is maintained
in solution.

Compoundd.cand2cdisplay weak ferromagnetic coupling,

affording S = 5 ground spin states. An EPR signal from a

clusters displaying ferromagnetic interactions. Other examples
include [Fe(salmp}],3” in which two phenoxide bridging ligands

(72) Lee, D.; Lippard, S. JJ. Am. Chem. So@001, 123 4611-4612.
(73) Lee, D.; Hung, P.-L.; Spingler, B.; Lippard, S.ldorg. Chem 2002 41,
521-531.
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Figure 12. Plots of effective momenpts) per molecule versus temperature
(A) and molar susceptibilityyfu) versus temperature (B) for [Hg-OH)>-
(u-O2CAITN,(O,CArTN),(CsHsN),] (10). The solid line in B corresponds
to the best fit, obtained by parameters described in the text.

mediate weak ferromagnetic coupling & +1.21 cnt?)

Figure 13. Comparison of the electronic absorption spectra of[{F©.-
CArTh,(4BuCsH4N)2](PFs) (2mv) (solid line withO) and2b (solid line)
in CH.Cl,. The dotted line represents the spectrun2wiv scaled to 54%
to match the absorption maximum 2b at 670 nm.

coefficients exceeding-1000 M~* cm™! (Table S1), values
significantly above those (39620 M1 cm™1) of the 674
688 nm absorption maxima displayed by valence-trapped
Fe'Fe" complexes [Fgu-0)(u-O.CR)(MesTACN)]* (R =
CHs or CgHs).3775 No isotope-sensitive ©O vibrations,
however, were detected in the resonance Raman spectia of
UV —vis data ofLlmv and2mv 4% now unambiguously establish
that the optical transitions dfbo and2b actually arise from the
mixed-valence P& components, [F£-O,CArT),(CsHsN),]
(Amax = 660 nm;e = 2900 M1 cm™1) and [Fe(u-O.CArT™),-
(44BUCsH4N)2]t (Amax = 670 nm; e = 3200 Mt cm),
respectively. In Figure 13 are displayed the Y¥s spectra of

between two high-spin Fe(lll) centers separated by 3.063(1) A 2b and2mv scaled such that the absorption maxima match one

(Fe—Ophenoxise"Fe = 97.06(9§).”* Structurally related di(-
hydroxo)diiron(lll) compounds, [fFex(u-OH),)% (Fe--Fe=
3.155(3) A; Fe-Onyaroxide—Fe = 102.8(3}) and [(dipic)Feg-
OH)z(HzO)2]37 (Fe---Fe = 3.089(2) A; FeOhydmxide—Fe =
103.6(2)), however, display weak AF interactions with=
—10.4 and—11.4 cnt?, respectively?859 The smaller Fe
Onydroxide—Fe angles irlcand2c, owing to the presence of two
u-1,3 carboxylate ligands, may lead to a crossover from
antiferromagnetism to ferromagnetism.

Discussion

Spectroscopic Identification of Intermediates in the Reac-
tion of [Fey(O,CAr T)4L ;] Complexes with Dioxygen.Oxy-
genation oflaand2ain CH,Cl, at —78 °C generates thermally
sensitive intermediate$b and 2b, which decay to affordlLc

another. Theilnax = 670 chromophore oRb is perfectly
accounted for by the intervalence charge-transfer (IVCT) band
of the F&F€!' cation that constitutes'’54% of the total diiron
concentration. This result is consistent with th@.45 oxidizing
equivalent of2b determined by redox titration with CpFe.
The mixed-valence speci@sv (Fé'Fe''/Fe'Fe' = +244 mV

vs SCEJ® acts as a one-electron oxidant toward gfe
(Fe'/Fé" = —130 mV vs SCE¥ to afford2a and CpsFe’. A
similar analysis can be made witth, for which the corre-
spondinglmv component hagmax = 665 nm. Comparison of
the extinction coefficients indicates thab comprises~55%

of Imv. Taken together, these results indicate that the dark green
color of 1b and2b arises predominantly from the Hee'", not

the Fd'FeY, component in the oxygenation reaction mixture.
For comparison, the f#=€Y chromophore in RNRR2 X has

and2c, respectively, as the isolated products (Scheme 2). The anabsorption band at360 nm and none at higher wavelengtHs.

electronic structures olb and 2b were probed by various
spectroscopic techniques. EPR anddslmauer studies provided
compelling evidence th&b comprises equimolar amounts of
Fe''FeV and FéF€' as major components. Independent chemi-
cal synthesis and spectroscopic characterization of thEd?e
complexes1mv and2mv,*® enabled us to understand fully the
contribution of each paramagnetic component to the overall
spectroscopic properties @b and2b.

The intense { = 1600-1700 M! cm™1, based on [F4)
visible transitions at 660670 nm as well as the thermal
instability of 1b and 2b are reminiscent of the properties of
(peroxo)diiron(lll) clusters. Peroxide-to-iron(lll) LMCT transi-
tions in these units usually occur at 56800 nm with extinction

The resonance enhanced peak at 85I'cin the Raman
spectra oflb and 2b originates from the Fd=€!' components
1mv and 2mv, respectively, and is thus not affected Bp
labeling. At present, we do not have an assignment for this
vibration, which is observed upon excitation of the IVCT band
of the valence-delocalized Hee'" cores.

Mechanistic Considerations. Formation of F&FeY and
Fe'Fe' species from a reaction between al'fFé& precursor
and dioxygen is an unprecedented process among non-heme
diiron systems. On the basis of the spectroscopic and kinetic
data obtained here and in other investigati¢h§,we propose
the working mechanism depicted in Scheme 3 to account for
this novel chemical transformation.

(74) Snyder, B. S.; Patterson, G. S.; Abrahamson, A. J.; Holm, R. Am.
Chem. Soc1989 111, 5214-5223.
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(75) Payne, S. C.; Hagen, K. $. Am. Chem. So200Q 122, 6399-6410.
(76) Fc/F¢ = 0.46 V vs SCE.; 0.40 V vs NHE*
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(a) Carboxylate Shifts.In the solution state, we presume an
equilibrium between doubly bridged\( Scheme 3) and qua-
druply bridged B, Scheme 3) isomers of the [F®,CArT),L,]
module. This postulate reflects the fact that ba#gnand 2a
display essentially identical reactivity patterns toward dioxygen,
affording reaction intermediateld and2b having comparable
spectral properties (vide supra). Given the distinctively different
solid-state structures dfa (isomerA) and?2a (isomerB), this
result is quite unexpected. The steric environments of the coor-

dinatively unsaturated metal centersArandB are significant- ) . . ol Tol

ly different, as indicated by space-filling representations (Figure Figure 14. Space-filling representations of [{8-O:CAT)2(02CAr %)z

y di , dicated by sp g represe _ 9U® (C5HsN)] (1) (top) and [Fe(u-O.CAI™),(4-BuCsH4N);] (2a) (bottom)

14). Open coordination sites on the five-coordinate iron atoms generated using the crystallographic coordin&tégwhere N is blue, O is
in A are readily accessible to exogenous ligands, whereas thebright red, and Fe is dark red.

coordination sites available for the sixth ligandBries along

the Fe-Fe vectqr buried in;ide the hydrophobic cav_ity._ Core initial adductD, which, by analogy to the RNRR2 and MMOH
rearrangement is thus required B®tefore dioxygen binding. intermediates s most likely either a peroxo-tygdd(02)}++

Variable temperaturF NMR studies indicated that a related ), 4 Q-type{ F&V,(027),} 4+ unit. Although rapid reaction with
compound [FgO,CAr* *)y(THF)]* can exist in both iso- g (yide infra) precluded detailed investigation Bfunder the
meric formsA (windmill) and B (paddlewheel), the relative 4 gitions employed, the sterically more hindered analogue of
populations of which strongly depend on the temperatGte. 1a, [Fex(u-O;CAIMes),(0,CAMes),(MeCN),], 37 reacts with di-
CH.Cl, at —80°C, B is a dominant isomer for [0,CAr* ™), oxygen to afford a (peroxo)diiron(lll) intermediateA (per-
(THF),, although bothA andB are present at room temperature. - o, q)giiron(ill) intermediate precedes the assembly of a
Such flexibility is illustrated by structural characterization of  rrdiipgv(02-),}3+ core in reactions between [Fe-OH),-
the mixed-valence P&e!' compounds [Fgu-O;CArT),L,]X (6-Mes-TPAY]2* and dioxyger?2.2637

(L = THF, GHsN; X~ = PFs™, OTf").“ Here, a paddlewheel (c) Paramagnetic IntermediatesThe first spectroscopically
core forms following one-electron oxidation of a windmill core  jpservable intermediatds and2b contain equimolar amounts
without any apparent steric penalty. These findings corroborate ¢ Fdigd!l (E) and F&'FeV (F) species as major constituents
speculation that both isomeric f_o_rnﬁs,andB, can be accessed (Scheme 3). The spectroscopic propertie& shatch perfectly
by 1laand2aunder certain conditions. Formal double carboxy- hose ofimv and 2mv, indicating thatE indeed is a one-elec-
late shifts betweem-1,3 bridging andp?-terminal positions tron oxidized form ofB, [Fex(u-O,CAr™),L,]* (L = CsHsN
would allow core interconversion betweénand B to occur or 41BUCsH,N). Formation of a 1:1 mixture & andF requires
by a triply bridged intermediateC. We propose that the  ¢4ma| four-electron oxidation of two molecules of e
paddlewheel isome dominates the solution population of both  recyrsors. This metal oxidation is coupled to four-electron
laand2aat low temperatures. reduction of dioxygen, formally affording two oxo groups.
(b) Nature of the Initial O 2 Adduct(s). As mentioned above,  Accordingly, F is formulated as F&FeY(02-), (eq 6).
core rearrangement iB is required to provide a dioxygen
binding site. Shifts of one or two bridging carboxylate ligands 2FdFd' + 0,— Fd'Fd" + Fé'FY(0™),  (6)
in B would affordC or A as functionally competent isomers.

Reaction of the diiron(ll) species with dioxygen leads to an

The nature of the oxidant effecting one-electron oxidation
(77) Lee, D.; Lippard, S. J. Submitted for publication. of B to E has significant implications about the chemistry we
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observe. Both dioxygen and a metal-based oxidant might cannot oxidize the phenols, confirmed that the oxidizing power
promote outer-sphere electron transfer (ET), a process that wouldof 2b originates fromF, which acts both as a one-electron

preserve the structural integrity of the'fFe' precursor. Outer-
sphere ET fronB to O, would generaté&e and a superoxide
anion. Formal three-electron reduction of the latteBayould
afford F (eq 7). The first step in this conversion has been

Fé'Fd' + 0,— Fé'Fd" + O,~

Fd'Fe' + 0,” — Fe'"Fd"(0*), (7)
previously implicated in the formation of mixed-valence'Fe
Fe' compounds having at least one single atom bridging
ligand5975.78.7Considering the oxidation potential (Feg!/Fe!-

Fe! = +284 mV vs NHE}%76 of 2ain CH,Cl,, however, we

can rule out the outer-sphere, one-electron reduction of dioxygen
(0,/O,~ = —330 mV vs NHE$® as a coupled process for the
formation ofE. Alternatively, inner-sphere ET from metal-bound
O, might be invoked (eq 8). To account for the simultaneous
formation of an equimolar quantity &f, however, the super-
oxide complex would have to be selectively and completely
trapped by another equivalent &, which seems unlikely.
Moreover, there is no precedent for the three-electron reduction
of superoxide by iron(ll) compounds.

Fe'Fe +0,—Fd'Fd"(0,)
Fd'Fe' + Fe'Fé"(0,") — F"Fe"(0?"), + FE'Fe" (8)

Instead, we propose th&l acts as a one-electron oxidant
toward B, affording the observed 1:1 mixture & andF (eq
9). The coupled formation dt andF is fully consistent with
the EPR kinetic data. Although rapid ET froB to D

oxidant and a proton acceptor. This process closely parallels
the mechanism of RNRR2, in which a high-valent P&FeV
intermediate X oxidizes an adjacent tyrosine residue. Related
{Fe"FeV(u-O)} 3" core fragments supported on polypyridyl
ligands effect similar transformatiod&8?

(e) Reactivity and Magnetic Properties: Structural Im-
plications for Fe'''FeV. Different reactivity patterns of and
F toward H' indicate thafr has ligand unit(s), the protonation
of which alters magnetic coupling between the metal centers.
Addition of 0.5 equiv of H prior to oxygenation only slightly
affected the amount & generated, whereas a 10-fold decrease
was observed for- as determined by EPR spectroscopy.
Consistent with this finding, the contribution Bfto the visible
absorption oflb was not affected by addition of 2 equiv of H
at —78 °C. This result indicates that the structural integrity of
the [Fe(O,CArT™h,L,]* cation €) is maintained in the presence
of H*, whereas protonation of the putative-@erived ligand-
(s) significantly decreases the stabilityfofis well as increasing
its rate of reduction. The formulation of thE core as
{F'"FeV(0?),} 3" is compatible with such an observation.
Protonation of the oxo groups {ire" FéY(0?2),} 3+ may trigger
reduction of the Fe(IV) center to Fe(lll), affording an'Hed"
species. At this point, we cannot conclusively determine which
species serves as an electron donorHoBince the amount of
E produced upon oxygenation is only slightly affected in the
presence of M, we believe that botiB and E could act as
reductants forF.

The large exchange coupling constant|2f > 200 cnt?!
(%= —235,°S,), estimated forF by EPR spectroscopy,
implies the presence of an efficient superexchange pathvay.

presumably prevents accumulation of a detectable amount of We propose that at least one of the oxo groups within the
D under the conditions employed, the kinetic data provide {Fée''FeV(0?");}3" core inF acts as a bridging ligand, mediating
compelling evidence for the presence of an intermediate the strong net AF interaction between the Fe(lll) and Fe(lV)
precedinge andF, the most reasonable candidates being either sites. A valence-localized f¢&€eV complex having d Fe(u-

a peroxo- or a Q-type dioxygen adduct. 0),} 3+ core also exhibits a large couplingJ| > 80 cnt (%7
—2JS;-S,).32b Although the correlation betweehand the
shortest Fe O—Fe pathway has been well-established for (
oxo)diiron(lll) complexes$? an analogous magnetostructural
correlation is not available for the &€V units, largely owing

to the limited number of well-defined basis sets available.

() Decay of the Intermediates and Isolation of a
Diiron(l1l) Complex. Mechanistic information about the de-
composition oft andF is currently unavailable. Studies bifnv
and2mv reveal thatE is thermally stable but rapidly decom-
poses in the presence of dioxygen at room temperéfure.
Decomposition oE upon warming thus can be partially ascribed
to reactions with residual dioxygen. Alternatively, reactions
betweerE andF may occur at elevated temperatures, although
preliminary EPR data suggest that their decay processes are not
coupled.

The EPR spectra obtained for a thermal decay produgbof
htFigure 3) display spectral patterns distinctively different from
that of 2c. This result clearly indicates th&c is not an
immediate reaction product &b. Although the{ Fe(u-OH)z} 4+
cores inlcor 2c are reminiscent of analogofi€u,(u-OH),} 2+
cores obtained following €H activation by high-valenfCu,-

Fé”Fel”(Ozzf)
Fe'Fe' +0,—{ or
Fd'FeY(0™),

Fe"Fé"(0,%)
or
Fd'FeY(0™),

+ Fd'Fe' —

Fd"Fe"(0?), + FE'FE" (9)

(d) Oxidation of Phenol Substrates: Functional Mimic of
RNR—R2, Species X.The high-valent PEFeV speciesF
effects oxidation of phenol substrates. Thd0% yield of the
coupled biphenol product from 2,4-tBt-butylphenol is close
to the upper limit (50% based on diiron(ll) precursor)Fofn
the proposed mechanism (Scheme 3; eq 6), and consistent wit
the quantitation afforded by EPR and'b&iauer spectroscopy.
Control experiments with the EE€" compound2mv, which

(78) Bossek, U.; Hummel, H.; Weyherifter, T.; Bill, E.; Wieghardt, KAngew.
Chem., Int. Ed. Engl1995 34, 2642-2645.

(79) Cohen, J. D.; Payne, S.; Hagen, K. S.; Sanders-Loeldr, Am. Chem.
So0c.1997 119 2960-2961.

(80) Bertini, I.; Gray, H. B.; Lippard, S. J.; Valentine, J. Bioinorganic
Chemistry University Science Books: Mill Valley, CA, 1994,

(81) Kim, C.; Dong, Y.; Que, L., JJ. Am. Chem. S0d997, 119, 3635-3636.
(82) Gorun, S. M.; Lippard, S. Jnorg. Chem.1991, 30, 1625-1630.
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(u-O)2} 2t intermediated! no ligand oxidation was observed in  Q-type transient intermediate is involved that accepts the
the present investigation. The good to excellent isolated yields electron to afford the F&-€V intermediate X.
(75—90%) of 1cand2c also strongly suggest that not all of the Self-hydroxylating monooxygenase reactivities occur in
oxygen atoms in the OHbridging ligands originate from £ certain mutants of RNRR28 which strongly support a
Incorporation of adventitious #D in the crystallization media  unifying theory connecting the chemistry of non-heme dioxy-
most likely contribute to the assembly of thEe(u-OH)z} 4" gen-activating centers. A similar one-electron reduction of the
core from the initial thermal decay product(s), the details of high-valent diiron(IV) species in MMOHicould be effectively
which were not further investigated. blocked either by the lack of an efficient ET pathway or by
(g) Branching Pathways.In addition to the major intermedi- ~ the binding of other. MMO component protgins. Conformgtional
atesE and F described above, a diiron(lll) component was changes in the primary metal coordination sphere might be
detected in EPR and Msbauer samples @b.35 Although the induced by such binding events, which could shift the redox
mechanism depicted in Scheme 3 does not account for theWindow to avoid deleterious quenching of the oxidizing
formation of this diiron(lll) product, it must arise either through ~ €duivalents.
a reaction betweertE and F or via a branching pathway  Summary and Perspective
involving the diiron(ll) precursor and dioxygen. Such processes

ma " Tetracarboxylate diiron(Il) complexes react with dioxygen
could be operative in the concentrated1Q0 mM) diiron

' : to access the Fe(IV) oxidation state, a process that parallels the
solutions used for the manometry, EPR, antsbtmuer studies.  chemistry of several non-heme diiron enzymes. The spectro-
The stoichiometry of @ consumption (0.75+ 0.1 equiv per  gcopic and functional properties of the'fesV species faithfully
diiron(1l)) exceeds that (0.50) expected solely from the chemistry reproduce features of the enzyme intermediate RRR X.
of eq 6, implying the involvement of additional, unidentified  gpectroscopic and kinetic studies revealed the simultaneous
oxygenation processes. Thermal decay or reactionskvittay formation of both F&Fe! and F&'FeV species in this trans-
be responsible for the detection of less than a quantitative formation, the mechanistic implications of which relate well to
amount ofF in the Méssbauer sample, which required solvent 5 recent proposal for the enzyme. The untimely ET from the
removal at—78 °C over a period 018 h to prepare. low-valent starting material to putative high-valent dioxygen
Biomimetic Formation of Fe'FeV Species: Relevance to  adduct(s), as proposed in this investigation, poses a significant
RNR—R2. A high-valent F&'FeV species has now been challenge for future work to access dioxygen-activating model
prepared by reaction of dioxygen with [HK&,CRuL;] compounds that functionalize hydrocarbons. Bulky ligand
diiron(Il) complexes, a process that closely mimics the formation fragments have been frequently exploited to shield highly
of the enzyme intermediate RNAR2 X (Scheme 1). Prior to  reactive species against unwanted side reactions. Although the
our previous communication of this chemistPyno synthetic steric hindrance provided by such constructs may suppress
system existed that utilized dioxygen as a terminal oxidant to reactions involving bond-forming processes, deleterious ET
access the Fe(lV) state from Fe(ll) precursors. Analogous high- reactions may still occur even between well-shielded small
valent non-heme BE-¢Y compounds had previously been molecules. Uncontrolled electron trafficking may quench a
obtained only by oxidation of dif-oxo)diiron(lll) precursors reactive intermediate before it accumulates in amounts sufficient
with H.0,,32 and in these cases polypyridyl ligands unlike those to effect the chemical transformations of interest. A detailed
in the proteins were employed. understanding of this process would undoubtedly facilitate

One external electron is required to balance the equation for &fforts to gain better control over the oxidizing power of
the formation of a tyrosyl radical and the-¢xo)diiron(l1l) core dioxygen in synthetic constructs.
describing the reaction between reduced RNRR and Q Acknowledgment. This work was supported by grants from
(Scheme 1). The source of this extra electron and its injection the National Science Foundation and National Institute of
point along the reaction coordinate are currently unclear. After General Medical Sciences. We thank Drs. J. Du Bois and T. J.
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H', this intermediate transformed into an''fe complex, Supporting Information Available: Physical characterization
and again the source of the extra electron needed for the ¢ 1y 20 2mv. and 2c (Figures St+S4, S6), an ORTEP
conversion of the former to the latter was not established. A diagrarr'1 of ,[Fe(Q&:ArTO')z(Z 4 -‘BuzceHgO)(4itBuQ:H N)] (Fig-

recent mechanistic proposal suggests that, in RRR, the
diiron clusters are functionally distinctive, one reacting with
dioxygen and the other supplying reducing equivaléts.
Although the requisite €' intermediate has yet to be
identified in the biological system, the mechanism depicted in

Scheme 3 suggests that carboxylate-bridged diiron(ll) centers

can indeed function to supply the required electron by ET. It
still remains to be determined, however, whether the ET occurs
directly to a (peroxo)diiron(lll) unit or whether conversion to a
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