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We describe the synthesis and dioxygen reactivity of diiron(ll) tetracarboxylate complexes [Fe(u-O,CAI™),(0-
CAr™),(N,N-Me,en),] (2) and [Fe(u-0,CArT™),(0,CAr™),(N,N-Bn,en),] (6), where ArPCO,~ = 2,6-di(p-tolyl)benzoate.
These complexes were prepared as models for the diiron(ll) center in the hydroxylase component of soluble methane
monooxygenase (MMOH). Compound 6 reacts with dioxygen to afford PhCHO in ~60(5)% vyield, following oxidative
N-dealkylation of the pendant benzyl group on the diamine ligand. The diiron(l1l) complex [Fes(u-OH)(t-0;CAI™)(O,-
CAr™5(N-Bnen)(N,N-Bn.en)] (8) was isolated from the reaction mixture. The 4.2 K Mdsshauer spectrum of 8
displays a single quadrupole doublet with parameters 6 = 0.48(2) mm s~ and AEq = 0.61(2) mm s~*. The
{ Fea(u-OH),(u-0,CR)} ** core structure in 8 matches that of the fully oxidized form of MMOH. The conversion of
6 to 8 closely parallels the chemistry of MMOH in which an O,-derived oxygen atom is inserted into the C—H bond
of methane. Several reaction pathways are considered to account for this novel chemical transformation, and
these are compared with mechanistic frameworks previously developed for related cytochrome P450 and copper(l)
dioxygen chemistry.

Introduction transfer steps in cytochrome P450 (cP450) enzyhiesd
The selective oxidation of hydrocarbons under ambient their synthetic analogués*® exemplify how such endeavors

conditions is a formidable synthetic tasiCertain iron(lI} can be rewarded by complementary approaches.
and copper(P centers in biological systems use dioxygen  |he hydroxylase component Qf methane monooxygenase
to effect the controlled two-electron oxidation of organic (MMOH) houses carboxylate-bridged non-heme diiron cen-
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ters that bind and activate dioxygé&tt:e1415Cleavage of a  Scheme 1
metal-bound G-O bond affords a highly reactive gi{oxo)- A B
diiron(1V) species MMOH'® that can insert one oxygen Ar Ar
atom mto_C—H bon_ds of various substrates, |nclud|_ng £H _ Of'k\o,(Ar A0 O/J§o L
The reaction coordinates traversed by the enzyme intermedi- I LOI20 YCul A
ates have been predominantly probed by direct biological Ib_OF% fe—L == 07";6 /Fe\_:)j)\
studies on MMOH itself*16-17and further evaluated by DFT Ar7'5‘\~‘//0 L oﬁ”o O™ ~Ar
calculationg'®22 Parallel progress in non-heme iron-model- Ar Ar
ing chemistry has been hampered, however, by the scarcity
of enzyme analogues that integrate biomimetic structural and lo2
functional properties into a single systénMechanistic ) "
information obtained by well-defined low molecular weight Fe” "No—Fe
analogues can be used to calibrate the geometric and or
electronic parameters involved in key-@ and C-H bond JeN
activation steps of the MMOH reaction cycle. Felv\ ,Felv

For some time, w& 2> and other& 2" have been exploring °
the chemistry of non-heme diiron complexes supported by Ar —|+ c
m-terphenyl-derived carboxylate ligands. Key architectural o/)ko ‘\(A’ / \
fef';ltures of the carboxylate-rlch enzyme active sites haye been L—||=e"'oi|=e‘£L Fe'"Fe"V(0%),
faithfully reproduced in such construé®some of which o)’%o’l
display biomimetic @ reactivity propertieg*2?é Depending Ar Yo

Ar

on the choice of carboxylate ligands, either (peroxo)diiron-

(1) 28 or high-valent iron(lll)iron(IV}* species were ac-
cessed. Effective steric shielding provided by the aryl

A to B conversion via carboxylate shifté.Under these

moieties apparently prevents deleterious bimolecular decom-conditions, the putative initial ©adduct(s)C is rapidly
positions of the highly reactive dioxygen adduct(s) encap- "educed byA, affording a mixture of Fe(ll)Fe(lV) and

sulated therein.
During our investigation of the AP'CO, -based model

system, we realized that some of the oxidizing equivalents
of the dioxygen adduct(s) were being quenched by electron

Fe(I)Fe(lll) species as the products. Overlap between the
redox windows ofA and C facilitates this unwanted ET
process.

To generate significant quantities of functionally competent

transfer (ET) from the diiron(ll) precursor compound (Scheme high-valent diiron(lV) oxo species, we reasoned that it would

1)2* According to this mechanistic mode, is the major
isomer in equilibrium withB for the [Fe(u-O,CAr™,L ]

(L = pyridine derivatives) system at low temperature. The
oxygenation reaction is slow, presumably because it requires
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be advantageous if the reactive isorBewere predominant
in solution. Rapid reaction @& with dioxygen would prevent
the quenching of oxidizing equivalents@ To achieve this
goal, we implemented two different synthetic strategies, as
depicted in Scheme 2. In one, theterphenyl ligand
fragment is laterally expanded, (Scheme 2), enhancing
interligand steric crowding and thus destabilizing the qua-
druply bridged core irA. Alternatively, the doubly bridged
isomer B') is accessed by installing a bidentate ligand at
each iron atoml{, Scheme 2). In the latter case, the six-
coordinate isomeA' adopts a highly strained coordination
geometry that introduces a significant degree of steric
crowding at the axial positions. Strate¢)ydid not lead to
the desired results. Instead, reactivity patterns similar to that
depicted in Scheme 1 were obser@dy higher nuclearity
iron(ll) complexes were obtaineéd.Strategyll was suc-
cessfully implemented, however.

In particular, [Fe(u-OCArT),(O,CAr™N,(N,N-Bnen)]
(6) reacts with dioxygen to afford the diiron(lll) complex
[Fex(u-OH)z(u-O,CAr™N)(O,CArT)3(N-Bnen)(N,N-Bnen)]
(8).3 This chemistry closely parallels the activation of
dioxygen by non-heme diiron enzymes and is analogous to

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

(29) Lee, D.; Lippard, S. J. Unpublished results.

(30) Lee, D.; Sorace, L.; Caneschi, A.; Lippard, Slnarg. Chem 2001,
40, 6774.
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Scheme 2 tylphenyl)benzoic acid (ArBuP"CO,H),3° N,N-dibenzylethylene-

diamine (N,N-Bn,en)3637 and N,N-dibenzylpropylamin® were
prepared as described in the literature. The synthesis and charac-
terization of the compounds [H@a-O,CAr™),(O,CArT)(THF),]
(1)% and [Fe(u-O,CAr™N,(4-BuCsH4N),]2* have been reported.
The sodium salts of the carboxylic acids, N&BrT™,
NaQ,CAr+FPh and NaQCAr+tuPh were prepared by treating a
MeOH solution of the free acid with 1 equiv of NaOH and removing
the volatile fractions under reduced pressure. Air-sensitive ma-
nipulations were carried out under nitrogen in a Vacuum Atmo-
spheres drybox or by standard Schlenk line techniques.

Physical MeasurementsFT-IR spectra were recorded on a Bio-
Rad FTS-135 instrument with WIN-IR software. bWis spectra
were recorded on a Hewlett-Packard 8453 diode array spectropho-
tometer. M@shauer spectra were obtained on an MS1 spectrometer
(WEB Research Co.) with®Co source in a Rh matrix maintained
at room temperature in the MIT Department of Chemistry Instru-
mentation Facility. Solid samples were prepared by suspending
~0.015 mmol of the powdered material in Apeizon N grease and
packing the mixture into a nylon sample holder. All data were
collected at 4.2 K, and the isomer shiff (values are reported with
respect to natural iron foil that was used for velocity calibration at
room temperature. The spectra were fit to Lorentzian lines by using
the WMOSSplot and fit progran?®

[Fez([l'(:)zCArTo')z(OchrTOI)z(N,N'MEzen)z] (2), [Fez(ﬂ'OZ'

CAr To)3(0,CAr T)(N,N-Mesen)] (3) and [Fe(Q.CAr To),(N,N-
Mezen),] (4). To a rapidly stirred CHCI, (4 mL) solution of1
. o (181 mg, 0.124 mmol) was added dropwise neat-Me,erd! (27

the dealkylation of heteroatom-containing substrates eﬁectedm_’ 0.25 mmol). The pale yellow reaction mixture was stirred for

by cP45(% A consequence of this biomimetic oxidative 0.5 h, mixed with PhCl (1 mL), and layered with pentanes. Pale

N-dealkylation was the synthesis of the long-sought structural yellow blocks (87 mg, 47% based di) deposited within a few

model of the diiron core in MMOB}.3! In this contribution, days and were analyzed by X-ray crystallography. Repeated

we report full details of this chemistry as well as the synthesis attempts to isolate analytically puwere not successful. The
and characterization of the carboxylate-bridged diiron(ll) major contaminants includeland4, as judged by crystallographic
precursor complexes. Collectively, these findings representchemical analysis.

a significant expansion in the scope of structural and [Fex(u-O:CAr “B);(OTh),(N,N-Bnsen)] (5). To a rapidly

reactivity properties of non-heme diiron model compounds. Stireéd MeCN (10 mL) solution of Fe(OT#2MeCN (218 mg, 0.500

Aspects of this work have been previously communicated, ™Mol was added a single portion of NATAr*'=:"(210 mg, 0.514
" mmol). The reaction mixture clarified within a few minutes. A

portion of neatN,N-Bn,en (120 mg, 0.500 mmol) was added
dropwise, and the resulting pale yellow solution was stirred for 2
General Considerations. All reagents were obtained from  h. Volatile fractions were removed, and the off-white residual solid
commercial suppliers and used as received, unless otherwise notedmaterial was extracted into GBI, (20 mL). Insoluble material
Dichloromethane and acetonitrile were distilled over aiHder was filtered off, and the filtrate was concentrated to ca. 10 mL.
nitrogen. Diethyl ether, pentanes, and THF were saturated with Vapor diffusion of pentanes into the filtrate afforded colorless blocks
nitrogen and purified by passage through activategDAtolumns of 5 (165 mg, 99.3umol, 40%), which were suitable for X-ray
under nitroger#® Dioxygen (99.994%, BOC Gases) was dried by crystallography. FT-IR (KBr, cmt): 3337, 3323, 3276, 2966, 2905,
passing the gas stream through a column of Driet¥@-enriched 2870, 1593, 1568, 1456, 1389, 1317, 1240, 1220, 1169, 1032, 849,
dioxygen (99%) was supplied by ICON, NY. The compounds Fe- 752, 703, 635, 578. Anal. Calcd fogglegN4O1oFsFeS,: C, 63.61;

Experimental Section

(OTf),»2MeCN2# 2,6-difp-tolyl)benzoic acid (AFF'CO,H),? 2,6- H, 5.94; N, 3.37. Found: C, 63.57; H, 5.89; N, 3.37.

di(4-fluorophenyl)benzoic acid (AFPCO,H),3 2,6-di(4tert-bu- [Fex(u-O,CAr Tol),(0,CAr To),(N,N-Bn,en),] (6). To a rapidly
stirred yellow CHCI; solution (10 mL) ofl (505 mg, 0.346 mmol)

(31) Abbreviations used: Af'CO,”, 2,6-dif-tolyl)benzoate; A¥esCO,™, was added dropwise nebtN-Bn,en (166 mg, 0.691 mmol). The

2,6-dimesitylbenzoate; MMO§, MMOH in the iron(lll)/iron(lI1)

oxidation states; MMOHg MMOH in the iron(ll)/iron(ll) oxidation resulting pa!e yellow solution was stirred for 10 m:)n and.flltered
states;N,N-Bn,en, N,N-dibenzylethylenediaminell,N-Me,en, N,N- through Celite. Pale yellow blocks & (608 mg, 98%), suitable
dimethylethylenediamingy-Bnen,N-benzylethylenediamine;L-N,N- for X-ray crystallography, were obtained by vapor diffusion of

bis(pyridin-2-ylmethyl)N,N"-bis(3,4,5-trimethoxybenzyljethane-1,2-  pentanes/hexanes (1:1) into the filtrate. FT-IR (KBr, &mn 3324,
diamine; TMEDA, N,N,N,N'-tetramethylethylenediamine

(32) Lee, D.; Lippard, S. 1. Am. Chem. So2001, 123 4611.
(33) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; (36) Guillaume, D.; Aitken, D. J.; Husson, H.-Bynlett1991, 747.

Timmers, F. JOrganometallics1996 15, 1518. (37) lwanami, S.; Takashima, M.; Hirata, Y.; Hasegawa, O.; Usuda, S.
(34) Hagen, K. Slnorg. Chem.200Q 39, 5867. Med. Chem1981, 24, 1224.
(35) (a) Du, C.-J. F.; Hart, H.; Ng, K.-K. OJ. Org. Chem1986 51, 3162. (38) Trapani, G.; Reho, A.; Latrofa, Aynthesis1983 1013.
(b) Saednya, A.; Hart, Fsynthesid996 1455. (c) Chen, C.-T.; Siegel, (39) Kent, T. AWMOSS : Mesbauer Spectral Analysis Softwaversion
J. S.J. Am. Chem. S0d.994 116, 5959. 2.5; WEB Research Company: Minneapolis, MN, 1998.
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Table 1. Summary of X-ray Crystallographic Data
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5 6 7-CHJCl; 8:2PhCH0.5GH12
formula CagHoeN4O10F6sSF € Cr18H10N408F & Ci00HsoN40sCloFgFe; Ci23.4H10N4010CloF €
fw, g/mol 1659.51 1793.73 1908.37 1991.75
space group P2,/c P1 P2:/n P1
a, 11.7193(3) 11.3953(5) 13.7575(0) 15.0043(18)
b, A 19.4414(5) 14.7207(7) 21.0669(5) 16.907(2)

c, A 18.3893(3) 15.2957(7) 17.7305(4) 24.019(3)
a, deg 77.8360(10) 95.570(2)

p, deg 101.6710(10) 72.1730(10) 99.2350(10) 108.017(2)
y, deg 82.1620(10) 104.939(2)
V, A3 4103.19(16) 2380.64(19) 5072.19(17) 5493.8(11)
z 2 1 2 2

Peale, g/Cn? 1.343 1.251 1.250 1.204

T,°C -85 -85 -85 -85

« (Mo Ko, mm?t 0.479 0.366 0.410 0.372

0 limits, deg 1.77-28.31 1.82-28.28 1.5%28.27 1.64-28.26
total no. of data points 30 462 15061 31670 48 676

no. of unique data points 9480 10 469 11783 24 430
no. of parameters 513 608 611 1241

R (%)? 4.38 5.53 7.23 5.46

R.2 (%0)° 10.18 11.84 21.16 15.70

max, min peaks, efA 0.734,—0.580 0.435;,-0.397 1.188;-0.698 0.866;,-0.905

AR = Z[|Fo| — [Fell/Z|Fo|. ° R? = {Z[W(Fo* — F)F/ZW(Fo?)T} 2

3261, 3052, 3024, 2919, 2794, 1605, 1561, 1515, 1494, 1454, 1410fibers, coated with Paratone-N oil, and cooled to 188 K under a
1383, 1307, 1268, 1187, 1146, 1110, 1170, 1044, 1020, 977, 855,stream of cold nitrogen maintained by a Bruker LT-2A nitrogen
820, 801, 784, 765, 748, 736, 701, 584, 544, 521. Anal. Calcd for cryostat. Data collection and reduction protocols are described
CuH10N4OsFe: C, 77.50; H, 6.05; N, 3.12. Found: C, 77.22; elsewheré! The structures were solved by direct methods and
H, 6.35; N, 3.08. refined onF2 by using theSHELXTLsoftware packag® Empirical
[Fex(u-O,CAr #FPM,(O,CAr 4FPM,(N,N-Bnen)] (7). To a absorption corrections were applied wBADABS? which is part
rapidly stirred THF (10 mL) solution of Fe(OTf2MeCN (220 of the SHELXTLprogram package, and the structures were checked
mg, 0.504 mmol) was added dropwise ndghN-Bn,en (132uL, for higher symmetry by using the prografLATON** All non-
0.498 mmol). A portion of NagCAr4FPh (340 mg, 1.02 mmol) hydrogen atoms were refined anisotropically unless otherwise noted.
was added, and the heterogeneous mixture was stirred overnighin general, hydrogen atoms were assigned idealized positions and
to afford a pale yellow, clear solution. Volatile fractions were given thermal parameters equivalent to either 1.5 (methyl hydrogen
removed, and the residual pale yellow solid was extracted inte CH atoms) or 1.2 (all other hydrogen atoms) times the thermal parameter
Cl, (7 mL). Insoluble material was filtered off. Vapor diffusion of ~ of the carbon atom to which they were attached. The hydrogen
Et,O into the filtrate afforded pale yellow blocks @f(350 mg, atoms associated with the following groups were located in the
97%), which were suitable for X-ray crystallography. FT-IR (KBr, difference Fourier maps and refined isotropically: Nifoups on
cm™1): 3324, 3062, 2800, 1606, 1576, 1545, 1512, 1454, 1405, 2—8, the NH group or8, and OH groups o. Hydrogen atoms
1382, 1225, 1160, 1117, 1095, 1070, 843, 810, 792, 773, 750, 701,bound to disordered solvent molecules were not included in the
555, 532. Anal. Calcd for {ggHgaN4OsFsFe,: C, 70.90; H, 4.63; refinement. The structure o2 contains a disordered GBI,
N, 3.06. Found: C, 70.52; H, 4.57; N, 3.06. molecule that was distributed over three positions and refined
[Fea(u-OH) »(u-O2CAr ToN)(O,CAr Toh)5(N-Bnen)(N,N-Bn,en)] isotropically at occupancies of 0.5, 0.35, and 0.15. The carbon atom
(8)3L. A CH.Cl, solution (10 mL) of6 (355 mg, 0.195 mmol) was @ to the primary amine of thi,N-Bnyen ligand in6 was distributed
saturated with dry dioxygen at room temperature over a period of Over two positions and refined anisotropically at occupancies of
10 min. The dark brown solution was filtered through Celite, 0.75and 0.25. A disordered GEl, molecule in the structure af
concentrated to ca. 5 mL, and layered with pentanes at roomwas equally distributed over two positions and refined isotropically.
temperature. Bright yellow blocks & (166 mg, 95.3:mol, 49%) The lattice solvent molecules in the structure8ofvere modeled
were obtained within several days. Yellow blocks &RPhCH as pentane and chlorobenzene. Crystallographic information is
0.5GH.,, suitable for X-ray crystallography, were obtained by Provided in Table 1.
layering pentanes over a saturated PhCI solution of this material at General Procedures for Amine N-Dealkylation Studies.
room temperature. FT-IR (KBr, crd): 3579, 3328, 3275, 3057,  Samples £12 mM [Fe] dissolved in 1.0 mL of CkCl;) were
3025, 2920, 1607, 1543, 1515, 1495, 1454, 1407, 1337, 1186, 1144 prepared in the drybox and loadeddra 6 mLglass vial sealed
1110, 1070, 1021, 1002, 820, 801, 785, 766, 738, 699, 608, 584, with a rubber septum. For external substrate oxidation studiés,
546, 526, 449. Anal. Calcd for gH10N4O10Fe: C, 75.17; H, dibenzylpropylamine (1 equiv with respect to one iron(ll) center)
6.02; N, 3.22. Found: C, 75.30; H, 6.03; N, 3.10. was added to the solution. The sample was brought out of the
X-ray Crystallographic Studies. Intensity data were collected ~ drybox and gently purged with dry£at atmospheric pressure for
on a Bruker (formerly Siem_en_s) CCD diffractometer with graphite- (41) Feig, A. L; Bautista, M. T.. Lippard, S. norg. Chem.1996 35,
monochromated Mo K radiation ¢ = 0.71073 A) controlled by 6892.
a Pentium-based PC running tBMARTsoftware packag®.Single (42) Sheldrick, G. M.SHELXTL972: Program for the Refinement of

; Crystal StructuresUniversity of Gdtingen, Germany, 1997.
crystals were mounted at room temperature on the tips of quartz (43) Sheldrick, G. M.SADABS: Area-Detector Absorption Correction
University of Gdtingen, Germany, 1996.
(44) Spek, A. LPLATON: A Multipurpose Crystallographic Todltrecht
University: Utrecht, The Netherlands, 1998.

(40) SMART: Software for the CCD Detector Systeersion 5.05; Bruker
AXS: Madison, WI, 1998.
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5 min with constant stirring. The resulting oxidation mixture was
allowed to stir for 0.5 h, and a GBI, solution of 1,2-dichloroben-
zene was added as an internal standard. The mixture was filtered
through silica gel (0.5 cnx 1.0 cm), and the filter cake was washed
with additional CHCI, (2 mL). The combined filtrates were
analyzed by GC. No significant changes were observed in the
relative amounts of the PhCHO product and internal standard before
and after filtration through the silica plug.

GC Analyses.Analyses were carried out on a Hewlett-Packard
HP-5970 gas chromatograph connected to a HP-5971 mass analyzer.
An Alltech Econo-cap EC-WAX capillary column (30 m 0.25
mm x 0.25um) was used for GC/MS studies. A HP-5 cross-linked
5% PhMe-silicone column (25 mx 0.32 mmx 0.5um) was used
for GC studies. The following program was used to effect all
separations: initial temperature 50 °C, initial time = 10 min,
and a temperature ramp of 5200 °C at 5°C/min. The product,
benzaldehyde, was identified by comparing its retention time and
mass spectral pattern to those of an authentic standard. Coinjection
with the authentic sample confirmed the assignment. Integrations
were acquired by FID detection with a HP-3393 integrator. Figure 1. ORTEP diagram of [Fu-O-CArT)(O,CArT),(N,N-Mexen)]
Quantitative analysis was performed by comparison with the 1,2- (2) with thermal ellipsoids at 50% probability.
dichlorobenzene internal standard. Calibration plots for the detector
response were prepared for benzaldehyde and 1,2-dichlorobenzen

gable 2. Selected Bond Lengths and Angles fband5—72

by using stock solutions of known concentrations. At -C1A Ar(cm
Isotope-Labeling Experiments.A colorless CHCI; (2.5 mL) ® 82\\(2)’* N At "8 ‘6/\"6‘ N
solution of 6 (41 mg) was loaded into a Teflon screw-capped 2 ! \//N"_ \T?‘ =, | L
Schlenk flask. The sample was degassed by three successive ———N*’}F\e1 !,Fe? \;"é 1507':\91 fii":‘ﬁ\
freeze-pump-thaw cycles and placed in a liquid,Nbath. The N OO0 © N Ox20 07 ™ar
headspace was evacuated on a vacuum linel&ndvas vacuum- 1A 10\}; 1A 1€ .
transferred into the flask. The mixture was allowed to warm to Al
room temperature, resulting in a color change to yellowish green. 2and 5 6and7
The reaction mixture was stirred for 0.5 h and analyzed by-GC 2 5 6 7
MS: tgr = 9.9 min andwz (abundance¥ 108.10 (8068, PhCHO, Bond Lengths (&)
M), 106.00 (1048, PhCHO, M) Fel--Fe2 3.4245(5) 3.8108(6) 4.3598(8)  3.9854(9)
Fel-O1A 2.0608(13) 2.0062(15) 1.9608(19) 1.913(3)
Results Fel-01C 2.0437(13) 2.0248(15) 2.007(2) 1.981(3)
Fel-0O1B 2.0557(14) 2.1120(17) 2.1060(19) 2.019(2)
Synthesis and Structural Characterization of [Fe(u- E:i_(N)fi 22068(17) 214002 2223%((%‘59) 2-23%‘(12()3)
OCAr TO')f(OZCAr T)2(N,N-Mezen)] (2), [Fe2(l"o2(?ArT°')3' Fel-N2A 21838(17) 2.2355(18) '
(O2CAr ™) (N,N-Me,en)] (3), and [Fe(QCArT),(N,N- Bond Angles (deg)

Mezen),] (4). Compound2 was prepared from the reaction  Fe1-01A-C1A 129.64(12) 148.53(15) 152.7(2) 155.1(3)
of 1 with 2 equiv of N,N-Me,en3! Colorless blocks were Fe2-02A-C1A 136.57(12) 127.31(15) 144.8(2) 131.8(3)

obtained by recrystallization from GBI,/PhCl/pentanes and N1A-Fel-N2A  80.36(7) 81.18(7)
analyzed by X-ray crystallography. The crystal structure of =~ #Numbers in parentheses are estimated standard deviations of the last
2 is shown in Figure 1; selected bond lengths and anglesSignificant figures.
are listed in Table 2. Displacement of the weakly bound THF
molecules inl by the bidentate ligan®l,N-Me,en induces compoundl, owing to the presence of the three bridging
carboxylate shifts from terminal bidentate to monodentate carboxylate ligands. Bidentate terminal coordinatiorNgi-
(Scheme 3) ligands. The alleviation of steric repulsion Me,en and AFP'CO,~ ligands complete the highly distorted
between the-1,3 bridging and terminal carboxylate ligands trigonal bipyramidal coordination of each iron atom. The
in 2 is reflected in the significantly reduced metanetal tertiary amine group on the chelatidgN-Mezen ligand is
distance of 3.4245(5) A compared to 4.2822(7) Alin pointing away from the dimetallic cavity, alleviating inter-
Repeated attempts to prepare an analytically pure batch ofligand steric crowding. The pseudo-octahedral coordination
2 were unsuccessful. Crystallographic chemical analysis of sphere o#4 comprises WO, donor atom sets contributed by
the reaction batch revealed contamination with the triply two bidentate diamine and two monodentate carboxylate
bridged dinuclear compleXas well as with the mononuclear ligands. The metrical parameters are normal for a high-spin
compound4, which was obtained as colorless blocks that iron(Il) complex.
were barely distinguishable frord The crystal structures Synthesis and Characterization of [Fe(u-O,CAr #BuPh) -
of these compounds are displayed in Figures S1 and S2(OTf)2(N,N-Bnaen)] (5), [Fex(u-O,CArTo),(O,CAr ),
(Supporting Information). The FeFe distance of 3.1251(8)  (N,N-Bnen),] (6), and [Fex(z-O2CAr 4P (O,CAr +-FP) -

in 3 is considerably shorter than that in the precursor (N,N-Bn,en)] (7). Compound5 was prepared from a
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reaction between equimolar amounts of Fe(@RyleCN,
NaQ,CAr+tBuPh andN,N-Bnen in MeCN. Colorless blocks
were obtained in modest yield-40%) by recrystallization
from CH.Cl,/pentanes. When similar attempts were made
with NaQ,CAr™, a highly intractable solid material was
obtained after removal of the solvent (THF or MeCN),
precluding any further characterization. The crystal structure
of 5is displayed in Figure 2; selected bond lengths and angles
are available in Table 2. The five-coordinate iron centers in
5 are related by a crystallographic center of inversion, and
a metai--metal distance of 3.8108(6) A is spanned by two
trans-disposed carboxylate ligands. The diamine ligsidl
Bn,en coordinates in bidentate mode in a manner similar to
that of N,N-Me,en in 2.

The tetracarboxylate diiron complekwas prepared in
excellent yield ¢-98%) via displacement of the THF ligands
in 1 by N,N-Bn,en. Analytically pure pale yellow blocks were
obtained by recrystallization from GBl,/pentanes/hexanes.
A related compound was conveniently accessed through
direct self-assembly from 1:2:1 Fe(OTBMeCN/NaQ-
CAr“FPYN,N-Bnen. Pale yellow blocks were obtained in
excellent yield £97%) following recrystallization from CH
Cl/Et,O. The crystal structures & and 7 are shown in
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Figure 3; selected bond lengths and angles are listed in Table
2. In 6 and7, the terminal carboxylates are bidentate, and
the diamine ligandsl,N-Bn,en are monodentate, the opposite
of the situation in2. The significantly lengthened metal
metal distances of 4.3598(8) (B) and 3.9854(9) A (ir7)
compared to that of 3.4245(5) A i# indicates that these

Figure 2. ORTEP diagram of [Fgéu—OZCAr“"B“P')z(OTf)z(N,N-anen)z]
(5) with thermal ellipsoids at 50% probability.
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Figure 5. Ball-and-stick representation of the diiron(lll) core structures
of MMOH o (top) and [Fe(u-OH)(u-O2CArT)(O,CAr™h3(N-Bnen)(N,N-
Bn.en)] B8) (bottom) generated using the crystallographic coordinates. For
clarity, all atoms of the Ar!CO;,~ ligands in8, except for the carboxylate
groups and ther-carbon atoms, were omitted.

Figure 3. ORTEP diagram of [F£u-O,CArTo),(O,CArTh,(N,N-Bnen)]
(6) (top) and [Fe(u-O2CAr*FPN,(O,CAr*-FPN,(N,N-Bnzen)] (7) (bottom)

with thermal ellipsoids at 50% probability. mm s* and AEq = 2.90(2) mm s* that were obtained for
a single quadrupole doublet are typical of high-spin iron(ll)
centers in a N/O coordination environm&nt’ and are
comparable to those)(= 1.3 mm s?; AEg = 2.4 — 3.13
mm s%) obtained for MMOHk,160:31:48.49

Synthesis and Characterization of [Fe(u-OH)a(u-
O,CAr T (O,CAr T)3(N-Bnen)(N,N-Bn,en)] (8)3* Expo-
sure of a colorless Ci&l, solution of6 to dioxygen at room
temperature resulted in a rapid color change to brownish
yellow. Layering of pentanes over the solution afforded
bright yellow blocks of8 in modest yield £49%). The
crystal structure o8B is shown in Figure 5; selected bond
lengths and angles are available in Table 3. Structural
Ll b bl el aag analysis of8 revealed that one of thid,N-Bn,en ligands in
6 4 2 0 2 4 6 the precursor compour@iwas N-dealkylated to afford a new

Absorption

Velocity (mm/s) bidentate ligand\-Bner?! that was bound to Fe(1). The other
Figure 4. Zero-field Mssbauer spectrum (experimental dafadalculated N,N-Bnzen ligand remained intact and was coordinated to
fit (—)) recorded at 4.2 K for [Fu-O,CAr*)2(0,CAIT)a(N,N-Bnaen}] Fe(2) in a monodentate fashion, asiriThe two iron atoms

(6) in the solid state. See text for derived Mibauer parameters. .
have pseudo-octahedral geometry and are linked by one

carboxylate and two hydroxide ligands. The assignment of

s;ructurgl variations arilse'from steric croyvding within the o single-atom bridging ligand as hydroxide is supported
dimetallic core. The binding of the terminal carboxylate

ligands is asymmetric, as reflected in the two distinct-Be (45) Kurtz, D. M., Jr.Chem. Re. 1990 90, 585.

distances witAFe—O = 0.11~0.37 A (Table 2). The longer (46) Gitlich, P.; Ensling, J. Ininorganic Electronic Structure and
Fe—0O bonds are positioned trans to the N-donor atoms. The ﬁg‘jv‘:t;%flfo%gg'.o\rfoﬁni %pl'iéﬂ_f\ﬁri A.B.P., Bds.; Wiley & Sons:

ligand compositions 06 and 7, with four carboxylate and  (47) Minck, E. InPhysical Methods in Bioinorganic Chemistry: Spec-

two N-donor ligands, are similar to those of related com- ~ toscopy and MagnetignQue, L., Jr. Ed.; University Science
Tol Tol _ Books: Sausalito, CA, 2000; pp 28319.
pounds [Fe(u-OCAr™),(OCAr),L ], where L= CsHsN (48) Fox, B. G.; Hendrich, M. P.; Surerus, K. K.; Andersson, K. K.; Froland,
or 1-Melm?23 W. A.; Lipscomb, J. D.; Mack, E.J. Am. Chem. Sod 993 115
Figure 4 displays the 4.2 K zero-field Mdsbauer spectrum (49) i?]?\?ér’ S.: Froland, W. A.; Fox., B. G.; Lipscomb, J. D.; Solomon, E.
of 6in the solid state. The Misbauer parametels= 1.19(2) I. 3. Am. Chem. Sod.993 115, 12409.
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Table 3. Selected Bond Lengths and Angles &

Bond Length Bond Angle

A) (deg)

Fe(l)--Fe(1A)  2.9788(6)  O(1A}Fe(1)}-O(1) 92.85(7)
O(1A)—Fe(1)-0(2) 173.12(7)

Fe(1)-0(1) 1.9726(17) O(LyFe(1)-0(2) 80.27(7)
Fe(1)-0(2) 1.9977(17)  O(1A)}Fe(1)-O(1B) 87.61(7)
Fe(1)-O(1A) 1.9664(18)  O(L}Fe(1)-O(1B) 93.05(7)
Fe(1)-O(1B) 2.0106(17) O(2)Fe(1)-O(1B) 92.67(7)
Fe(1)-N(1N) 2.151(2) O(1A)-Fe(1)-N(1N) 91.20(8)
Fe(1)-N(2N) 2.172(2) O(1)-Fe(1)-N(1N) 94.12(8)
Fe(2-0(1) 1.9852(17)  O(2yFe(1)}-N(1N) 89.36(8)
Fe(2)-0(2) 1.9805(16)  O(1ByFe(1)}-N(1N) 172.78(8)
Fe(2)-0(2B) 2.1266(16)  O(1A}Fe(1)-N(2N) 93.54(8)
Fe(2)-0O(1C) 2.0045(17)  O(BFe(1)-N(2N) 171.61(8)
Fe(2-0(1D) 2.0171(17)  O(2Fe(1)-N(2N) 93.31(7)
Fe(2-N(1IM)  2.145(2) O(1B)-Fe(1)-N(2N) 92.64(7)
N(1N)—Fe(1)-N(2N) 80.32(8)

O(1)+-0(2C) 2.681(3) O(2yFe(2-0(1) 80.39(7)
0O(2)-+-0(2D) 2.668(3) O(2)Fe(2)-0(1C) 100.97(7)
N(2N)---O(2A)  2.891(3) O(1)-Fe(2)-0(1C) 92.40(7)
0O(2)-Fe(2)-0(1D) 93.50(7)

O(1)-Fe(2)-O(1D) 172.43(7)

O(1C)-Fe(2)-0O(1D) 93.16(7)

0(2)-Fe(2)-0(2B) 90.35(7)

O(1)-Fe(2)-0(2B) 85.53(7)

O(1C)-Fe(2)-0(2B) 168.00(7)

O(1D)-Fe(2)-0(2B) 90.07(7)

0(2)-Fe(2)-N(1M) 167.69(8)

O(1)—Fe(2-N(1M) 96.70(8)

O(1C)-Fe(2)-N(1M) 91.06(8)

O(1D)—Fe(2)-N(1M) 88.34(8)

O(2B)—Fe(2)-N(1M) 77.48(7)

Lee and Lippard
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Figure 6. Zero-field Méssbauer spectrum (experimental datacalculated
fit (—)) recorded at 4.2 K for [F£u-OH)x(u-O2CAr™)(0,CAr™)3(N-Bnen)-

(N,N-Bnzen)] (8) in the solid state. See text for derived "BMdbauer
parameters.

0.33-0.35 mm s?) well-resolved single quadrupole doublet
was obtained (Figure 6), which was fit with = 0.48(2)
mm s* and AEq = 0.61(2) mm s%. These parameters are
typical for high-spin iron(lll) centers with pseudo-octahedral
geometry®>-4” The narrow peak width indicates that the two
iron atoms in8 are indistinguishable under the s&bauer
conditions.

aNumbers in parentheses are estimated standard deviations of the last OXidative N-Dealkylation. Following exposure of Ci

significant figure. Atoms are labeled as indicated in Figure 5.

by the Fe-O distances, which range from 1.9726(17) to
1.9977(17) A, as well as by the location and refinement of

the associated hydrogen atoms in the X-ray structure deter-

mination. Comparable F&Onyqroxo distances exist in other
high-spin iron(lll) complexes havin§Fe(«-OH)} 4t core
fragmentg3245051The triply bridged diiron(lll) core irB is
further stabilized by hydrogen-bonding interactions in the

second coordination sphere (Figure 5). Specifically, the three
nonbridging carboxylate ligands are hydrogen-bonded to the

bridging hydroxides or to the newly derived secondary amine
group on theN-Bnen ligand, with Qupoxyiag**X (X =
Ohnydroxide OF Naming distances ranging from 2.668(3) to
2.891(3) A. The Fe-Fe distance of 2.9788(6) A is shorter
than those (3.089(2)3.155(3) A) in the doubly bridgefFe-
(u-OH)z} 4t cores®5t but longer than those (2.8322(8)
2.8843(9) A) in the quadruply bridge@Fes(u-OH)x(u-
0,CAr™),} 2 cores?324

Except for a shoulder at+330 nm, the UV-vis spectra
of 8 (Figure S3) are rather featureless and do not display
any longer-wavelength LMCT transitions. These properties
are consistent with the presence of hydroxo, not oxo, bridging
ligands?¢4> The Mossbauer spectrum obtained for a solid
sample oB at 77 K (Figure S4) exhibits a broall & 0.62—
0.74 mm s?') asymmetric quadrupole doublet that is indica-
tive of paramagnetic relaxation. At 4.2 K, a narrowEr=

(50) Thich, J. A.; Ou, C. C.; Powers, D.; Vasiliou, B.; Mastropaolo, D.;
Potenza, J. A.; Schugar, H.J. Am. Chem. Sod.976 98, 1425.

(51) Borer, L.; Thalken, L.; Ceccarelli, C.; Glick, M.; Zhang, J. H.; Reiff,
W. M. Inorg. Chem.1983 22, 1719.
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Cl; solutions of6 to dioxygen at room temperature, the
reaction mixture was analyzed. G®IS studies revealed the
formation of PhCHO in an average yield of 60(5)% based
on [Fe]. The origin of the oxygen atom incorporated into
PhCHO was established by use §0,, which afforded
PhCH?®0 as the major isotopomer (90:10 Ph&@/
PhCH®0) under similar conditions. This result provides
compelling evidence that th&l-Bnen ligand in8 is the
product of oxidative N-dealkylation @&. Insertion of an @
derived oxygen atom into the benzylic-® bond affords
the a-hydroxylamine, which decomposes to the final prod-
ucts, the dealkylated amine and PhCHO. This process is well-
documented for cP45%°2 as well as for copper dioxygen
chemistry*¢53-57 Upon prolonged exposure to air, the labeled
oxygen atom of PhCHO in the reaction mixture is
exchanged. We suspect that the small amount of PHCH
identified in the reaction mixture may result from the reaction
of PhCH?®0 with trace amounts of ¥D that are introduced
during sample handling.

When a noncoordinating analogue dfN-Bn,en such as
N,N-dibenzylpropylamine was employed as an external

(52) Silverman, R. B.The Organic Chemistry of Enzyme-Catalyzed
Reactions Academic Press: San Diego, CA, 2000.

(53) 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. Soc1996 118 11555.

(54) Mahapatra, S.; Halfen, J. A.; Tolman, W.B.Am. Chem. So4996
118 11575.

(55) Mahapatra, S.; Young, V. G., Jr.; Kaderli, S.; Zubérleu, A. D.;
Tolman, W. B.Angew. Chem., Int. Ed. Endl997, 36, 130.

(56) Mahadevan, V.; Hou, Z.; Cole, A. P.; Root, D. E.; Lal, T. K.; Solomon,
E. I; Stack, T. D. PJ. Am. Chem. S0d.997, 119, 11996.

(57) Mahadevan, V.; Henson, M. J.; Solomon, E. |.; Stack, T. D. Am.
Chem. Soc2000 122, 10249.
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AT A o models that lack substrate binding cavities. A similar strategy
AT, Tol A am L He . . .
N gl LTS, o 270, PR] Ny has been previously adopted for related copper oxidation
VA %”7790'/7“‘“:}_\/\ N7 IR '::'h chemistry 65359 as well as for metallohydrolase modé$?
LN At ﬁ:ﬁ: £k o‘f; o We therefore introduced thid,N-Bnen diamine ligand in
™ N ' the synthesis of the diiron(ll) complexes. The more sterically
N~ N~ demanding benzyl groups installed on the nitrogen atom
o ™ o ™ e, effectively blocked the formation of the undesired bis-
PP Pha@ PP (chelate) complexes, affording analytically pure diiron(ll)
H H H

compound$—7. The primary coordination spheres@®éand
7 comprise four carboxylate ligands and two N-donor ligands,
100 just like the diiron(Il) center in MMOWq and in related
- proteinSZ_a,c,e,14,15,62

Structural Model of MMOH ,«. Among several crystal
structures of MMOHK3! determined under different
conditions®?7¢ two examples feature thEFe(u-OH)x(u-
O,CR)}3* dimetallic core (Figure 55256 which previously
has not been reproduced outside the enzyme environment.
Analogous M(u-OH),(u-O,CR)} 3+ units exist in kinetically
inert dichromium(l11)° dimolybdenum(ll1)7° dicobalt(111),*
and diruthenium(Il1}? complexes. A survey of the CSD
revealed that triply bridgedFex(u-X)(u-O.CR)}" cores
comprising a single atom bridge (3¢ OH~ or OR") and
two u-1,3 bridging carboxylate ligands are preferred by diiron
complexesC, Scheme 4). The steric hindrance imposed by
Figure 7. Oxidative N-dealkylation of internal versus external amine thep-tolyl substituents on the A¥CO," ligand may preclude
substrates by mono- and dinuclear iron(ll) complexes. coordination of two bridging carboxylate ligands in the

orthogonal positions. As a result, only one carboxylate ligand

substrate in conjunction with either a mononuclear or a can be accommodated in the triply bridged core8ifD,
dinuclear iron(ll) complex, the yield of the N-dealkylation Scheme 4). Alternatively, two bridging 2CO," ligands
product was significantly reduced. Under reaction conditions can be arranged trans across {fe(u-OH),}** plane, as
similar to those used fof (2 equiv of amine substrate per in [Fey(u-OH)x(u-O2,CAI™),(0,CAr™),L ;2324 where L=
Fe's), [Fe(Q.CArm)(TMEDA)]***?afforded only 1.3(3)%  CsHsN or 4'BuCsH4N (E, Scheme 4). This configuration,
and [Fe(u-O;CAr™),(4-'BuCsHaN)2] %, 13(1)% of PACHO.  however, is not allowed fd8, owing to the bidentatsl-Bnen
Even with a 10-fold increase in the substrate loading, the ligand that occupies the axial position of Fe(1) (Figure 5).
efficiency of the external substrate oxidation is significantly
lower than that effected b§ (Figure 7).

[] o]
g (=] [=]
T

% PhCHO based on [Fe]

n
o

2equiv 10equiv 20 equiv 2equiv 10 equiv 20 equiv
\ J AN J

Y Y
| | 1]
Amount of A-benzyl Substrate

(58) Itoh, S.; Taki, M.; Nakao, H.; Holland, P. L.; Tolman, W. B.; Que,
L., Jr.; Fukuzumi, SAngew. Chem., Int. EQ200Q 39, 398.
(59) Zhang, C. X.; Liang, H.-C.; Kim, E.-l.; Gan, Q.-F.; TyéklZ.; Lam,
K.-C.; Rheingold, A. L.; Kaderli, S.; Zubefiller, A. D.; Karlin, K.

Synthetic Routes to Diiron(ll) Complexes.A range of (©0) a- C(h:enl_ ComdmLérQJOJOlA%léh So998 120, 105

. . . e, C.; Lippard, S. JJ. Am. Chem. So .
bidentate 'N—donor Ilganq§ was screengd to wpplement (61) Barrios, A. M.; Lippard, S. 1. Am. Chem. 504999 121 11751.
strategyll in Scheme 2. Initial attempts to install bidentate (62) whittington, D. A.; Lippard, S. 1. Am. Chem. So2001, 123 827.
; ; i “One (63) Rosenzweig, A. C.; Frederick, C. A.; Lippard, S. J.; Nordlund, P.
Ilgaggs into thﬁo!oreassemble_d diiron(ll) mod{lre_ez(,u O, Nature 1093 366 537
CArT)y(O.,CAr™);} resulted in unwanted core disassembly (64) Rosenzweig, A. C.; Lippard, S. Acc. Chem. Res.994 27, 229.
to mononuclear species. For example, sterically demanding(65) Rosenzweig, A. C.; Nordlund, P.; Takahara, P. M.; Frederick, C. A.;
diamine ligand h as TMEDAor diamine ligands that Lippard, S. JChem. Biol.1995 2, 409.

lamine figan S suc I . ! 19 ) (66) Elango, N.; Radhakrishnan, R.; Froland, W. A.; Wallar, B. J.; Earhart,
have smaller bite angles such as 3-dimethylaminopropyl- C. A.; Lipscomb, J. D.; Ohlendorf, D. Hrotein Sci.1997, 6, 556.
amine afforded five- or six-coordinate monoiron(ll) com- (67 g‘(’)ﬁ'tgggtlog'zg'1%43""2'”3“3" M. H.; Lippard, S. J. Am. Chem.
plexes (Scheme 3§.By proper choice of the diamine ligand, (68) Whittington, D. A.; Rosenzweig, A. C.; Frederick, C. A;; Lippard, S.
the desired dinuclear compl@was obtained, but only in a J. Biochemistry2001, 40, 3476. '

. h | inegland4. which b ded (69) (a) Fujihara, T.; Fuyuhiro, A.; Kaizaki, $norg. Chim. Actal998
mixture t a_t also co_ntaln_ and4, which can be regarde 278 15. (b) Toftlund, H.; Simonsen, O.; Pedersen,AEta Chem.
as formal disproportionation productsafA more sterically

Scand.199Q 44, 676. . )
demanding N,N-disubstituted ethylenediamine was thus (70) (a) Wieghardt, K.; Hahn, M.; Swiridoff, W.; Weiss, liworg. Chem.
targeted.

1984 23, 94. (b) Kneale, G. G.; Geddes, A.Acta Crystallogr., Sect.
B 1975 31, 1233.

i i i i (71) (a) Dimitrou, K.; Folting, K.; Streib, W. E.; Christou, G. Am. Chem.
. In the deS|gn_ of this new ligand, we also intended to S0c.1003 115 6432, (b) Sumner. C. E.. Inorg. Chem 188 27
mteg'.’ate. potentlgl S.UbStrate .fragmen_ts as p_art of the ethyl- 1320. (c) Mandel, G. S.; Marsh, R. E.; Schaefer, W. P.; Mandel, N.
enediamine derivative. By juxtaposing oxidizable-& iilActéthrysltg%gzrlé fz%té B977 33, 3185. (d) Maas, GZ. Anorg.

. . . g. Chem. , .

bonds _Wlth the reacfuve met—aqloxygen ad.dUCt' W_e planned (72) Wieghardt, K.; Herrmann, W.; Kapen, M.; Jibril, I.; Huttner, GZ.
to achieve the desired functional chemistry using enzyme Naturforsch., B: Chem. Sci984 39, 1335.
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Scheme 4 A slightly different ligand combination is adopted &
which has a MO, set for one iron atom and a NQet for
the other iron atom. Hydrogen-bonding interactions in the
second coordination sphere apparently strengthen the dime-
tallic core in8. Notably, the hydrogen-bonding interaction
between the axial carboxylate ligands and one of the bridging
hydroxide ligands also occurs in MMQkfrom M. capsu-
latus (Bath) 82

Zero-field Méssbauer spectra obtainediaK for MMOH o4
from M. capsulatus(Bath) indicated the presence of two
slightly nonequivalent high-spin iron(lll) sites in a 1:1
ratio 1 Comparable sets of parameters were obtained for
the spectra of MMOU from M. trichosporiumOB3b, which
were similarly modeled as the sum of two quadrupole
doublets® As indicated in Table 4, the isomer shift parameter
of 8 is comparable to those of MMQkland a structurally
related diiron(lll) complex [Fgu-OH)(u-OCAr™),(O,-
CAr™h,(4-BuCsH4N),].168:48.74 The significantly different
AEq values obtained fa8 and [Fe(u-OH):(u-OCAr™,(0,-
CAr™),(4-BuGsHyN),], both having six-coordinate iron
atoms, however, are somewhat unexpected. Deviations from
idealizedOy, geometry increase th&Eq values for a high-
spin & systems, whereas thevalues are barely influenced
by such variations. The two nonequivalent iron sites identi-
fied for the MMOH, core (Table 4) may reflect such a subtle
structural modification in coordination geometry.

Mechanism of Oxidative N-Dealkylation. Although
detailed information about the conversion 6fto 8 is
currently unavailable, we postulate the mechanism depicted
in Scheme B85 This working hypothesis is based upon
mechanistic frameworks previously developed to explain
similar chemical transformations effected by cP458or
copper amine complexé&%.In these systems, high-valent
iron(IV)—oxo porphyrinz-radical or dif-oxo)dicopper(lll)

Taken together, the unique structural requirements of the species were invoked as reactive intermediates that first
bulky ArTCO,~ andN-Bnen ligands play an essential role hydroxylate the GH bondsa to the nitrogen, affording the
in assembling the biomimet{de(u-OH)(u-O.CR)} ** core corresponding aldehyde or ketone as the final products.
outside the well-structured four-helix bundle scafféldf In this work, we postu|ate the involvement of a reactive
the enzyme. dioxygen adduct 06 either at the (peroxo)diiron(lll) or di-
Both iron atoms in MMOH, from Methylosinus tricho-  (oxo)diiron(IV) oxidation level, by analogy to the MMOH
sporium OB3b have a distorted octahedral coordination reaction cyclé2¢#“Given the fundamentally nucleophilic
environmenf® The metal--metal distance of 2.99 A is  nhature of well-characterized (peroxo)diiron(lll) species sup-
spanned by one carboxylate and two hydroxide bridging Ported on tetracarboxylate ligand framewofks] we con-
ligands, with Fe-Onyqroice distances of 1.742.17 A. The ~ Sider the di(oxo)diiron(IV) species to be the functionally
Fe--Fe and FeOnaoxce distances of 2.9788(6) and Ccompetentunit. A high-valent iron(IV) oxo species has also
1.9726(17)-1.9977(17) A, respectively, ii8 support the ~ Peen implicated in the catalytic cycle of the mononuclear
assignment of the single-atom bridging ligands in the enzyme ron(ll) complex [L'Fe(MeCN)|*" * that, in conjunction
as hydroxide groups. A significantly increased metadetal with HxO,, catalyzr-__\s oxidative l\_l-dealk)_/latu_)n, stereoselective
distance of 3.2 A was obtained for MMQgthat was isolated alkane hydroxylation, and olefin epoxidatiéhThe electro-

from Methylococcus capsulatBath), for which one of the
. } — . (74) Lee, D.; Pierce, B.; Krebs, C.; Hendrich, M. P.; Huynh, B. H.; Lippard,
single gtom bridging ligands was modele.d asa weakly bound S. J Submitted for publication.

H30,~ ion®? In both structures, two histidine and three (75) This mechanism assumes monooxygenase activity, by which only one

; ; ; _deari oxygen atom from @is transferred to the substrate. Dioxygenase
carboxylate terminal ligands, along with solvent-derived activity, for which one molecule of ©would afford two PhCHO
molecules, complete the N@onor-atom sets for each metal. components, cannot be formally excluded, however.

(76) LeCloux, D. D.; Barrios, A. M.; Mizoguchi, T. J.; Lippard, S.JI.
Am. Chem. Sod998 120, 9001.

(73) Lombardi, A.; Summa, C. M.; Geremia, S.; Randaccio, L.; Pavone, (77) LeCloux, D. D.; Barrios, A. M.; Lippard, S. Bioorg. Med. Chem.
V.; DeGrado, W. FProc. Natl. Acad. Sci. U.S.200Q 97, 6298. 1999 7, 763.
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Table 4. Mdssbauer Parameters of the Diiron(lll) Centers in MMQHFex(u-OH)a(u-O2CArT™h)(OCArTh3(N-Bnen)(N,N-BnzEn)] (8), and
[Fex(u-OH)o(1-O2CArTN),(0,CArT),(4-BuCsH4N);] Measured at 4 K

0 (mm/s) AEg (mm/s) ref
MMOH o« (M. capsulatugBath)) 0.51(2) 1.12(3) site 1 16b
0.50(2) 0.79(3) site 2
MMOH ox (M. trichosporiumOB3b) 0.51 1.16 site 1 48
0.50 0.87 site 2
8 0.48(2) 0.61(2) this
work
[Fex(u-OH)z(u-O2CArT),(O,CArT),(4-BuCsHaN),] 0.49(2) 1.01(2) 74

Scheme 5

philic nature of the{Cu(u-O);}2" center, which effects = Summary and Perspective
a-hydroxylation of the metal-bound alkylamine ligand, is

also well-establishe®. Synthetic routes were developed to install potential

Insertion of the oxygen atom into the benzylie-8 bond substrates into ligand fragments bound to non-heme diiron(ll)

o model complexes. Reaction of one such compound wijth O
of N,Nanen can proceed b_y at Ieast.thr.ee distinguishable effected the unprecedented oxidative N-dealkylation of a
reaction pathways. Conventional recoil with hydrogen atom benzylamine fragment. The reaction also afforded the first

transfer (middle, Scheme 5) or sequential single-electron diiron(lll) complex having the Fex(u-OH),(u-O,CR)}3* core
transfer (SET), deprotonation, and internal electron transferStructure of MMOH,, which previously has not been
Xy

(bottom, Scheme 5) can equally well provide thearbon- o jicated outside the enzyme. A well-defined synthetic
centered neutral radical. Subsequent oxygen rebound aﬁord%odule is now accessible, the elaboration of which will
the a-hydroxylamine. Alternatively, concerted insertion of significantly extend the scope of structeiinction studies
the oxygen atom into the €+ bond can be invoked (t0p,  that can be carried out with dioxygen-activating non-heme
Scheme 5). In the key-€H bond activation step, the tertiary  giiron(11) models. The reaction coordinates mapped by such

amine group of théN,N-Bneen ligand may remain coordi-  complexes should help to unravel the details of biological
nated to the metal center, as &1 In such an event, the  =_y activation at the molecular level.

coupled Fe(lll) aminium cation radical in the SET pathway
can be alternatively formulated as an Fe(IV) amine. The Acknowledgment. This work was supported by grants
SET pathway is implicated in cP450-catalyzed oxidative from the National Science Foundation and the National
N-dealkylation?d whereas direct intramolecular attack at the Institute of General Medical Sciences. We thank Ms. Jane
C—H bond is favored for the ditoxo)dicopper(lll) systeri* Kuzelka for help in acquiring the Msbauer spectra.

Efforts are currently in progress to delineate the mechanism
of oxidative N-dealkylation effected by the present non-heme
diiron model systems.
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