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Understanding the mechanisms by which binuclear non-heme
iron centers such as those found in the active site of methane
monooxygenase (MMO) can act as oxygen atom transfer
catalysts remains a serious and complex challenge.1,2 Despite
recent major advances in our understanding of the structural,3

spectroscopic,4,5 and mechanistic aspects of enzymatic alkane
oxidation,4,5 attempts to model biological hydrocarbon oxidation
are less well developed.1,2 While synthetic non-heme diferric
systems are reported to oxygenate substrates in the presence of
either dioxygen6 or alkyl peroxides,1,2,4,5,7-13 the peroxide
chemistry is now thought to be dominated by oxygen-based free
radical pathways.14-17 In our continuing efforts to develop
catalytically competent binuclear non-heme Fe complexes that
can perform biologically relevant oxo-atom transfer chemis-
try,18,19 we report herein the remarkable reactivity properties
of [Fe22+(H2Hbamb)2(N-MeIm)2] (1, Scheme 1),20a as well as
those of its mixed-valence [Fe2+,Fe3+] (2) and diferric [Fe3+,
Fe3+] (3) states. We find that both1 and2 are uniquely capable
of catalyzing the oxidation of alkanes, alkenes, and sulfides by
the known oxygen atom donor, OIPh. The catalytic chemistry
of non-heme1and2parallel that reported for cytochrome P-450,
a system believed to involve a porphyrin cation radical
[Fe4+dO] reactive intermediate.21-23

The reaction of equimolar quantities oftrans-Fe2+(N-MeIm)2-
(Cl)2(MeOH)218,19and the dilithium salt of 2,3-bis(2-hydroxy-
benzamido)-2,3-dimethylbutane, H4bamb (Scheme 1),24 in
anhydrous 1%methanol-acetonitrile under anaerobic conditions
afforded [Fe22+(H2bamb)2(N-MeIm)2] (1)25a (60% yield). Iso-
thermal distillation techniques18 indicate that1 has a molecular
weight of≈1100, consistent with its dimeric formulation. EPR
spectra of1 show ageff ≈ 16 signal, suggesting a ferromag-
netically coupledS ) 4 core as previously reported for an
analogous binuclear system.19 Cyclic voltammetry experiments
show two coupled 1e- oxidation/reduction processes; a scan-
rate-dependent quasi-reversible process at-310 mV (NHE) and
an electrochemically reversible couple at-690 mV (NHE),
giving Kcom ) 2.7 × 106. Repetitive scans showed no
significant decrease in either cathodic or anodic current; ligand
centered redox behavior was observed outside this region of
interest. The scan-rate dependence of∆Ep, attributed to kinetic
effects, allowed the measurement of an intrinsic rate constant,
k ) 2 × 10-5, assuming pseudo-first-order kinetics. This rate
constant, thought to reflect a structural change, is independent
of [1] over a 3-fold range. A similar process was demonstrated
in the redox transformation (-10 and-260 mV) of [Fe22+(H2-
Hbab)2(N-MeIm)2].19 The stoichiometric I2 titration of 1, as
monitored by UV/vis spectroscopy, shows the clean formation
of [Fe2+,Fe3+] (2) (isosbestic point at 325 nm); the titration of
one additional oxidizing equivalent readily converts2 to [Fe3+,
Fe3+] (3) (isosbestic points at 457 and 335 nm). Solution
molecular weight characterizations of2 and 3 are consistent* Corresponding author. E-mail: john.caradonna@yale.edu.
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with their binuclear formulations.25 Both 2 and3 give rise to
broadenedg ) 4.3 signals in their EPR spectra.
Catalytic atom transfer reactions (Table 1) were investigated

under strict anaerobic conditions using OIPh as oxygen atom
donor molecule and cyclohexane, cyclohexene, methyl phenyl
sulfide, and toluene as substrates in 10% DMF/CH2Cl2.28 All
complexes were stable in the absence of iodosylbenzene for
over 12 h. Parallel control reactions (absence of catalyst) were
used to correct for non-metal-mediated products. Iodobenzene
was recovered in quantitative yields in all reactions. The
products obtained from the oxidation of cyclohexane with1
and OIPh (cyclohexanol (57), cyclohexanone (1), and chloro-
cyclohexane (57)) clearly indicate the ability of1 to catalyze
the oxidation of alkanes. The effect of core oxidation states is
evident from the reaction of2, which produces chlorocyclo-
hexane (38) as the dominant product and only trace amounts
of cyclohexanol (1). The fully oxidized complex,3, produces
only low levels of chlorocyclohexane (13). The requirement
for at least one ferrous center is more clearly evident in the
catalytic oxidations of olefins such as cyclohexene. Both1 and
2 yield primarily allylic oxidation products (cyclohexenol and
cyclohexenone), although cyclohexene oxide represents a
significant product (30% and 22%, respectively). Interestingly,
reactions catalyzed by3 produce only low levels of cyclohex-
enol, suggesting that the [Fe3+,Fe3+] core is not an effective
oxygen transfer catalyst under these conditions. This conclusion
is supported by results from the 2e- catalytic oxidation of
PhSMe where both1 and2 exhibit excellent catalytic ability
while the diferric complex,3, is inert as a sulfide oxidation
catalyst. The binuclear compound1 oxidizes toluene to
primarily produce benzylic oxidation products with only minor
levels of product resulting from attack of the aromatic ring, while
2, very interestingly, gives rise to predominantly aromatic ring
oxidation products. Under identical conditions, simple Fe2+ and
Fe3+ salts in the presence of OIPh were unable to catalyze any
of these reactions.29 The intermolecular kinetic isotope effect
for alkane C-H oxidation was determined by the competitive
oxidation of cyclohexane and cyclohexane-d12 (kH/kD ) 2.2).30

This small intermolecular KIE is consistent with some,31-33 but
not all,34 studies for the oxidation of alkanes by MMO and is
indicative of only a minor contribution from C-H bond breaking
in the rate-determining step of substrate oxidation.
A comparison with the product distributions obtained from

OIPh oxidation reactions catalyzed by iron porphyrins, whose

mechanisms invoke a reactive high-valent [Fe4+dO] species,21-23

is presented in Table 1. While Fe(TPP)Cl-catalyzed oxidations
of cyclohexane do not form any chlorinated product in the
presence of CH2Cl2, brominated products are reported in the
reaction of cycloheptane in CH2Br2.35 Furthermore, the ability
of 1 and2 to catalyze the oxidations of alkanes is substantially
quenched when polar solvents such as CH3CN are used instead
of hydrophobic solvents such as CH2Cl2. An analogous
phenomenon, ascribed to competition between solvent and the
oxygen atom donor molecules for the labile site on the iron
center, is also known for the porphyrin systems.36 In the
absence of substrate,1 reacts with OIPh to yield aµ-oxo Fe3+

dimer, which is inert as an oxygen-atom transfer catalyst.
Differences in the catalytic chemistry observed for1 and2 and
that reported for [Fe22+(H2Hbab)2(N-MeIm)2] are thought to
reflect the greater ease by which the core redox properties
induced by the H2bamb2- ligand support formation of the
reactive intermediate.18,19

These data demonstrate for the first time the ability of simple
binuclear non-heme iron complexes containing at least one
ferrous center to act as efficient oxygen-atom transfer catalysts
using OIPh as the donor molecule. The chemistry exhibited
by 1 and 2 clearly mimics many of the reactions heretofore
seen only for heme systems, indicating that simple N/O ligand
environments are adequate to support oxidative chemistry by
oxygen atom donor molecules. Although the reactive interme-
diate(s) responsible for the observed alkane, arene, alkene, and
sulfide oxidation chemistry exhibited by1 and2 is not as yet
defined, its reactivity pattern is analogous to that observed for
Cyt P-450, synthetic high-valent iron-oxo radical cation
porphyrin model species,22,23 and the putative binuclear high-
valent iron species observed in the catalytic cycle of MMO.4,5

Current efforts are designed to examine the effect of alternative
oxygen-atom donors and metal-based redox potential on ca-
talysis, elucidate the intimate mechanism of oxygen-atom
transfer via isotopic labeling studies, and identify and spectro-
scopically characterize the reactive intermediate(s) responsible
for this chemistry.

Supporting Information Available: Electrochemical UV/vis, and
EPR spectroscopic characterization of1-3 (5 pages). See any current
masthead page for ordering and Internet access instructions.
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Table 1. Catalytic Propertiesa of [Fen+,Fem+] Core Oxidation States Versus Iron Prophyrin Systems

substrate products
[Fe2+,Fe2+]b
T.O.f (eff %)g

[Fe2+,Fe3+]c
T.O.f (eff %)g

[Fe3+,Fe3+]d
T.O.f (eff %)g

Fe3+ porphyrinse
T.O. (yield %)h

cyclohexane cyclohexanol 57 (44)i 1 (10) s (3) 4 (31)j

cyclohexanone 1 1 s (6)
chlorocyclohexane 49 38 13

cyclohexene cyclohexene oxide 83 (58)i 78 (64) s (10) 5 (55)j

cyclohexenol 100 127 5 (15)
cyclohexenone 100 151 s (1)

PhSMe PhS(O)Me 3500 (93)k 600 (45) s 84 (75)l

PhS(O)2Me 1000 2 s (9)
toluene benzyl alcohol 23 (35)i 1 (10) 1 (3) 1.2 (11)m

benzaldehyde 5 s 1 1
o-cresol 1 1 s s
m-cresol 1 19 s s
p-cresol 1 1 s s

aAll reactions use OIPh as oxygen atom donor molecule.b Fe22+(H2Hbamb)2(N-MeIm)2. c [Fe22+3+(H2Hbamb)2(N-MeIm)2]I-. d [Fe23+(H2Hbamb)(N-
MeIm)2](I-)2. eFor reactions with cyclohexane and cyclohexene, [Fe(TTP)Cl], ((5,10,15,20-tetra-o-tolylporphyrinato)iron(III) chloride).21,34 For
reaction with methyl phenyl sulfide, (Fe(binaphthylporphyrin)Cl).21,34 For reaction with toluene, [Fe(TPP)Cl] ((tetraphenylporphyrinato)iron(III)
chloride).21 f Turnover numbers corrected for non-metal-catalyzed products. Total product turnover are reported for porphyrin systems.g 100%
efficiency represents one substrate oxygenation per iodosylbenzene consumed.h Yields are limited by amount of iodosylbenzene used in the reaction.
i Catalyst:OIPh:substrate) 1:500:2500 ([catalyst]) 1 mM). All reactions were performed in 10% DMF/CH2Cl2 and followed for 12 h unless
otherwise stated.j Catalyst:OIPh:substrate 1:10:210 ([catalyst]) 0.044 mM). All porphyrin reactions were performed in CH2Cl2. kCatalyst:OIPh:
substrate) 1:5000:25000 ([catalyst]) 0.1 mM). l Catalyst:OIPh:substrate) 1:100:1000 ([catalyst]) 1× 10-3 mM).21 mCatalyst:OIPh:substrate
) 1:10:100 ([catalyst]) 1 × 10-3 mM).21

8098 J. Am. Chem. Soc., Vol. 119, No. 34, 1997 Communications to the Editor


