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Abstract
An [FeIV

2(μ-O)2] diamond core structure has been postulated for intermediate Q of soluble
methane monooxygenase (sMMO-Q), the oxidant responsible for cleaving the strong C–H bond of
methane and its hydroxylation. By extension, analogous species may be involved in the
mechanisms of related diiron hydroxylases and desaturases. Due to the paucity of well-defined
synthetic examples, there are few, if any, mechanistic studies on the oxidation of hydrocarbon
substrates by complexes with high-valent [Fe2(μ-O)2] cores. We report here that water or alcohol
substrates can activate synthetic [FeIIIFeIV(μ-O)2] complexes supported by tetradentate
tris(pyridyl-2-methyl)amine ligands (1 and 2) by several orders of magnitude for C–H bond
oxidation. On the basis of detailed kinetic studies, it is postulated that the activation results from
Lewis base attack on the [FeIIIFeIV(μ-O)2] core, resulting in the formation of a more reactive
species with a [X–FeIII–O–FeIV=O] ring-opened structure (1-X, 2-X, X = OH− or OR−).
Treatment of 2 with methoxide at −80 °C forms the 2-methoxide adduct in high yield, which is
characterized by an S = 1/2 EPR signal indicative of an antiferromagnetically coupled [S = 5/2
FeIII/S = 2 FeIV] pair. Even at this low temperature, the complex undergoes facile intramolecular
C–H bond cleavage to generate formaldehyde, showing that the terminal high-spin FeIV=O unit is
capable of oxidizing a C–H bond as strong as 96 kcal mol−1. This intramolecular oxidation of the
methoxide ligand can in fact be competitive with intermolecular oxidation of triphenylmethane,
which has a much weaker C–H bond (DC-H 81 kcal mol−1). The activation of the [FeIIIFeIV(μ-
O)2] core is dramatically illustrated by the oxidation of 9,10-dihydroanthracene by 2-methoxide,
which has a second order rate constant that is 3.6 x 107-fold larger than that for the parent
diamond core complex 2. These observations provide strong support for the DFT-based notion
that an S = 2 FeIV=O unit is much more reactive at H-atom abstraction than its S = 1 counterpart
and suggest that core isomerization could be a viable strategy for the [FeIV

2(μ-O)2] diamond core
of sMMO-Q to selectively attack the strong C–H bond of methane in the presence of weaker C–H
bonds of amino acid residues that define the diiron active site pocket.

Introduction
Non-heme diiron enzymes catalyze the oxidation of various substrates by the activation of
dioxygen. This class includes soluble methane monooxygenase (sMMO), related bacterial
multi-component monooxygenases, and fatty acid desaturases.1–6 High-valent intermediates
are implicated in the oxygen activation mechanisms for these enzymes.3,5–7 For example,
intermediate Q of sMMO is a two-electron oxidant that effects the hydroxylation of
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methane8–14 and has been proposed to have an [FeIV
2(μ-O)2] diamond core on the basis of

extended x-ray absorption fine structure (EXAFS) studies.15 Related diiron(IV) oxidants
may also be involved in the catalytic cycles of fatty acid desaturases and other diiron
monooxygenases resulting from cleavage of the O-O bond in observed peroxo
intermediates,16–18 but direct evidence for such diiron(IV) species has not yet been obtained.
Similar oxygen activation chemistry is utilized by ribonucleotide reductases (RNR) with
diiron and iron-manganese centers, which generate a one-electron oxidant called X that is
needed to oxidize a specific Cys residue that initiates the deoxygenation of ribonucleotides
to deoxyribonucleotides.19 For these enzymes, FeIIIMIV (M = Fe or Mn) oxidants have been
trapped and characterized,20,21 and the intermediate for the RNR from Chlamydia
tranchomatis has been proposed to have an [FeIIIMnIV(μ-O)(μ-OH)] diamond core on the
basis of Fe and Mn K-edge EXAFS experiments and associated density functional theory
(DFT) calculations.22

The hydroxylation of a variety of alkanes by sMMO-Q exhibits an interesting reactivity
pattern via a mechanism that is not yet fully understood. For example, the reactions of Q
with methane and ethane give rise to nearly identical second order rate constants,12,23

despite the fact that the former has a 4.5-kcal mol−1 higher bond dissociation energy (DC–H
= 105 kcal mol−1 versus 100.5 kcal mol−1).24 Moreover, large deuterium kinetic isotope
effect (KIE) values in the range of 23 – 42 were found in the oxidation of methane by Q, but
no KIE was detected for ethane oxidation.11,12,23 These results were rationalized by a
proposed two-step mechanism where substrate binds to form a Q·S adduct that then
undergoes C–H bond cleavage.11,12,23,25 Access to Q is governed by the size of the
substrate,12,26,27 and only methane is small enough to be able to bind rapidly and make C–H
bond cleavage the rate determining step.12,23,25

On the other hand, the extremely high reactivity associated with Q might cause oxidation of
weaker Cα–H bonds on the protein backbone.28,29 The fact that such side reactions do not
readily occur during catalytic turnover suggests that the enzyme must employ some
strategies to minimize protein self-oxidation. It is thus plausible that substrate binding may
be used as a trigger to unmask a more reactive oxidant that carries out the difficult C–H
bond cleavage step on the substrate oxidation pathway. Indeed some DFT calculations have
raised the possibility that [FeIII–O–FeV=O] (by Siegbahn and Crabtree)30 or [FeIII(μ-
O)2FeV] (by Friesner and co-workers)31 isomers of the [FeIV

2(μ-O)2] diamond core may be
involved in methane oxidation, although experimental evidence for such an intermediate has
yet been obtained.

This notion of core isomerization for Q to generate a more reactive oxidant has also
developed from reactivity studies of synthetic diiron complexes. In the work of Caradonna
and Rybak-Akimova on a diiron(II) catalyst for efficient hydroxylation of cyclohexane with
ROOH as oxidant,32 spectroscopic evidence has been found for the putative oxidant in the
catalytic reaction, proposed to be an [FeIIFeIV=O] species, which in the absence of substrate
isomerizes the more stable [FeIII-O-FeIII] product,33,34 In our own work, we have
characterized the first examples of complexes with [FeIIIFeIV(μ-O)2] (1 in Scheme 1)35 and
[FeIV

2(μ-O)2] (4 in Scheme 1)36 core structures, providing synthetic precedents for the
[FeIV

2(μ-O)2] core proposed for Q.15 However, these model complexes exhibit C–H bond
oxidation reactivities that are 2 – 3 orders of magnitude lower than that of a closely related
mononuclear oxoiron(IV) complex (3 in Scheme 1).36 This comparison suggests that
bridging oxos in high-valent complexes may not be as reactive as terminal oxos in cleaving
C–H bonds and raises an interesting question as to precisely what mechanisms may be
involved in C–H bond oxidations by high-valent enzymatic and synthetic intermediates with
the [Fe2(μ-O)2] diamond core. More recently, we reported that addition of hydroxide to
complex 2 generates an open-core structure 2-OH (Scheme 2), which oxidizes C–H bonds
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over a million-fold faster than 2 itself. Comparisons among a series of complexes with the
same supporting tetradentate ligand revealed that this reactivity enhancement derives mainly
from two principal factors: (1) the opening up of the [Fe2(μ-O)2] diamond core to form a
terminal oxoiron(IV) moiety, and (2) the conversion of the FeIV=O unit from S = 1 to S =
2.37

In this paper, we report that water and alcohols can also activate the diamond core of 1 and 2
for C–H bond oxidation. The mode of activation involves ROH coordination to the diamond
core, resulting in the formation of a ring-opened hydroxo or alkoxo adduct (Scheme 2). In
the latter case, coordination of an alkoxide generates an observable oxidant-substrate adduct,
which can undergo intramolecular oxidation to generate the corresponding aldehyde (or
ketone) product. With such adducts, the diamond core complexes can selectively oxidize the
C–H bonds on alcohol substrates over non-binding substrates, even when the latter have
significantly weaker C–H bonds. This serves as an example of substrate activation on the
[Fe2(μ-O)2] diamond cores, an activation mechanism that may be employed by enzymatic
intermediates for selective substrate oxidation.

Results and Discussion
C–H bond oxidation by dinuclear diamond-core complexes

We have reported that the oxidation of 9,10-dihydroanthracene (DHA) by complex 1 at −30
ºC in MeCN was enhanced by addition of H2O and the enhancement exhibited a linear
dependence on the concentration of added H2O.38 The second order rate constant (k2) in the
presence of 1 M H2O was found to be 200-fold higher than that in the absence of added
H2O.38 These observations suggest the possibility that addition of H2O converts 1 into a
different species that acts as a more powerful oxidant. To test this hypothesis, we have
investigated the kinetics of the oxidation of the deuterated substrate 9,9,10,10-d4-DHA
(DHA-d4) for comparison with the results for the undeuterated substrate. Under all added
H2O concentrations studied, the oxidation rates for DHA-d4 decrease significantly relative
to those for DHA, indicating that H-atom abstraction is an important component of the rate-
determining step. However, the measured H/D kinetic isotope effect (KIE) is independent of
H2O concentration with values of 9 – 10 (Figure 1). As KIEs are determined by reaction
conditions such as temperature, substrate and properties of the oxidants,39 the observation of
the same KIE under all conditions strongly suggests that only one oxidant carries out the C–
H bond cleavage step at all H2O concentrations and that unactivated 1 by itself is quite a
sluggish oxidant.

In the absence of any H2O added to the MeCN solution,40 only substrates with C–H bonds
weaker than 80 kcal mol−1, such as DHA (78 kcal mol−1) and xanthene (75.5 kcal mol−1)
(see Table S1 for a list of DC-H values for all substrates used in this study), are observed to
be oxidized at rates fast enough to be distinguished from the self-decay of 1. However, in
the presence of 0.05 M H2O, hydrocarbon substrates with DC–H values of up to 85 kcal
mol−1 (tetralin) can be oxidized. As shown in Figure 2, the logarithms of the second order
rate constants normalized on a per active hydrogen (e.g. 4 for DHA and tetralin and 2 for
fluorene) basis (k2′) show an inverse linear correlation with DC–H. Similar inverse linear
correlations have been observed in C–H bond oxidations by several mononuclear nonheme
oxoiron(IV) complexes41–44 and an iron(III)-methoxide complex,45 consistent with a
mechanism that involves rate-determining H-atom abstraction. The reactivity of complex 1
is further enhanced at 1 M added H2O, and the oxidation of hydrocarbon substrates with
DC–H values of up to 90 kcal mol−1 (toluene) can be measured. The log k2′-vs-DC–H plots in
the presence of 0.05 M and 1 M H2O are essentially parallel with respective slopes of
−0.29(3) and −0.31(2), suggesting that the same oxidant is involved under these two
conditions.
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Complex 1 oxidizes DHA in the presence of 1 M H2O to anthracene (Table 1), as indicated
by the appearance of its characteristic UV-vis features (λmax at 377 and 357 nm) in the
resulting solution (Figure 3). The observed 40% yield of anthracene suggests that two
equivalents of 1 are required to carry out the 2-e− oxidation of DHA. This notion is
corroborated by the appearance of UV-vis features of an oxo-bridged diiron(III) product
(λmax at 320, 350 and 490 nm)35 in the product solution (Figure 3) and the observation that
the latter is EPR silent. A similar diiron(III) product is observed for the oxidation of
xanthene and fluorene by 1. The latter are respectively converted to 4-e− oxidized
derivatives, xanthone and fluorenone, in about 25% yield (Table 1). Taken together, these
results demonstrate that 1 acts effectively as a 1-e− oxidant in the oxidation of these
hydrocarbon substrates.

C–H bond oxidation by mononuclear oxoiron(IV) complex 3
The S = 1 oxoiron(IV) complex 346 can oxidize a similar series of substrates, but with DC–H
values ranging from 78 to 96 kcal mol−1. The normalized second order rate constants are
listed in Table S1 and plotted in Figure 2 versus corresponding DC–H values. Interestingly,
the oxidation rates associated with 3 are approximately 2 orders of magnitude higher than
those of 1 in the presence of 50 mM H2O. Secondly, the DHA oxidation rate of 3 is
unaffected by the presence of 1 M H2O showing that, unlike 1, 3 is not activated by H2O.
Thirdly, the log k2′-vs-DC–H plot (Figure 2) has a slope of −0.22(1), which is comparable to
those measured in oxidations by two other S = 1 oxoiron(IV) complexes [FeIV(O)(N4Py)]2+

(−0.18) and [FeIV(O)(Bn-tpen)]2+ (−0.19) (N4Py = N,N-bis(2-pyridylmethyl)bis(2-
pyridyl)methylamine; Bn-tpen = N-benzyl-N,N′,N′-tris(2-pyridylmethyl)-1,2-
diaminoethane),41 but notably smaller than the slopes for oxidation by 1 with 50 mM or 1 M
added H2O (−0.29 and −0.32, respectively). The steeper slopes for the log k2′-vs-DC–H
correlation of 1+H2O suggest the involvement of an oxidant that differs in nature from the
thus far characterized S = 1 oxoiron(IV) complexes.

Alcohol oxidation by diamond-core complexes
While the oxidation rates of alcohol substrates by 3 fall on the line defined by the
hydrocarbon substrates in the log k2′-vs-DC–H plot, the corresponding rates for oxidation by
1 generally deviate from the corresponding line for 1 (Figure 2, also see Figure S2 for an
example of time-resolved spectral changes during methanol oxidation as well as the time
trace at 616 nm together with its fit to a first-order kinetic model). The oxidation of
methanol by 1 in MeCN with 50 mM H2O has a rate that is over 3 orders of magnitude
higher than the extrapolated rate from the log k2′-vs-DC–H plot for hydrocarbon oxidation
under the same conditions. Indeed, the oxidation of methanol by 1 is even faster than that by
3. On the other hand, primary alcohols exhibit smaller rate enhancements, which inversely
depend on the size of the alkyl substituents. For example, ethanol and 1-hexanol oxidation
rates are larger by almost 3 orders of magnitude, while benzyl alcohol and isobutanol rates
are less than 10-fold above values predicted by the log k2′-vs-DC–H plot. In addition, the
oxidation rates for primary alcohols are enhanced more than secondary alcohols relative to
their predicted values based on DC–H values. For example, the rate for 1-hexanol is ~6-fold
greater than for 2-hexanol, although the latter substrate has a smaller DC–H and a higher
projected rate. Notably, the secondary alcohol diphenylmethanol exhibits no rate
enhancement at all. Thus some additional factor besides DC–H values is affecting the alcohol
oxidation rates, which appears to correlate with the steric bulk of the alcohol. As illustrated
by Figure 4, the smaller the R group, the larger the rate enhancement observed.

The apparent dependence of the rate enhancements on steric factors can be most easily
rationalized by postulating the pre-equilibrium coordination of the alcohol substrate to one
of the Fe atoms of 1 prior to substrate oxidation (Scheme 3). Binding of the alcohol would
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result in the opening of the [Fe2(μ-O)2] diamond core and generation of a terminal FeIV=O
moiety, analogous to what we have demonstrated in the reaction of 2 with OH− (Scheme
2).37 An examination of the structure of 1 shows that the [Fe2(μ-O)2] core can only be
accessed via a ~3-Å-wide slot defined by the pyridine rings of the two tetradentate ligands
(Figure 5). The smaller the alcohol, the more easily it can approach the [Fe2(μ-O)2] core and
bind to one of the iron centers, resulting in the opening up of the core.

The existence of the above equilibrium was corroborated by the addition of bases, which
would be expected to shift the equilibrium further to the right and enhance the rate of
methanol oxidation. Indeed as shown in Figure 6a, the first order rate constant (kobs) for the
oxidation of 1 M CH3OH increases linearly as a function of 2,6-lutidine or 2,4,6-collidine
concentration, and 50 mM of 2,6-lutidine enhances the kobs by a factor of 100 (Table S2).
Moreover, there is also a linear correlation between the log kobs values obtained upon
addition of various bases and the pKas of the corresponding conjugate acids (Figure 6b).
Both plots strongly suggest that the equilibrium in Scheme 3 is shifted toward the formation
of 1-OCH3 upon addition of base.

Interestingly however, even in the presence of 1 M methanol and 10 mM 2,4,6-collidine,
there was no obvious decrease in the amount of 1 that can be discerned by UV-vis
spectroscopy, suggesting that the more reactive species represented at best a very minor
fraction of the reaction mixture.48 In principle, the concentration of this highly reactive
species could be increased by raising the concentration of 2,4,6-collidine or using a stronger
base, but the resulting solutions decayed very quickly at −30 ºC, preventing its observation.
As will be discussed in the next section, a somewhat more stable analog of the proposed
alkoxide adduct 1-OCH3 could be trapped at even lower temperature and spectroscopically
characterized.

Kinetic isotope effect measurements provided further insight into the oxidation of methanol
by 1. As shown in Figure 7, methanol oxidation can be associated with two KIEs: 4.5 for
deuteration of the methyl group and 1.4 for deuteration of the hydroxyl group. The
observation of the C–H/D KIE suggests that H-atom abstraction from the methyl C–H bonds
is an important component of the rate-determining step. On the other hand, we propose that
the observed O–H/D KIE of 1.4 originates from pre-equilibrium binding of methanol to 1,
resulting in the formation of 1-OCH3 (Scheme 3). As CH3OD would be expected to be less
acidic than CH3OH by about one pKa unit, by analogy to the difference in the pKa values for
H2O and D2O,49 the larger pKa for CH3OD would then result in a lower concentration of 1-
OCH3 and consequently a slower oxidation rate observed for CH3OD. Addition of 10 mM
2,6-lutidine gives rise to a similar O–H/D KIE of 1.6 (Figure S3), suggesting that the
deprotonation step is indeed involved in the activation of methanol oxidation by added
bases.

The binding equilibrium illustrated in Scheme 3 can also be used to rationalize the activation
of 1 by the addition of H2O. The active oxidant formed would then be the corresponding 1-
OH species. (The analogous 2-OH species has been trapped by alternative approaches and
spectroscopically characterized.37) This speculation is supported by the fact that replacing
H2O by D2O resulted in a decrease in the rate of DHA oxidation by 1. A kinetic solvent
isotope effect value of 1.5 was obtained (Figure S4), which is similar to that observed for
CH3OH/CH3OD. Moreover, addition of 2,6-lutidine to a solution of 1 in MeCN in the
presence of 1 M H2O significantly enhanced the oxidation rate, as a linear function of the
concentration of 2,6-lutidine (Figure S5).

CH3OH appears to be less effective than H2O for activation of the [Fe2(μ-O)2] diamond
core, as suggested by the following observations: (1) addition of 1 M CD3OD (used to
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minimize the contribution of bound-methoxide oxidation to the decay of 1) to 1 enhances
xanthene oxidation by less than 2-fold, while the enhancement by 1 M H2O is over 100-fold;
(2) it requires 50 mM 2,6-lutidine to enhance CH3OH oxidation 100-fold (see Table S2), but
only 4 mM 2,6-lutidine to obtain a 100-fold enhancement of the DHA oxidation rate by
1+H2O (Table S5). Compared to CH3OH, H2O has a smaller self-dissociation constant (14
versus 15)49 and is sterically less bulky, so the equilibrium shown in Scheme 3 lies further
to the right in the presence of H2O.

Like 1, 2 can also oxidize hydrocarbon and alcohol substrates under the same conditions
(Table 1). However the observed rates are slower due to the presence of additional electron
donating substituents on the pyridine rings of the supporting tetradentate ligand that stabilize
the iron(IV) oxidation state.36 For example, the rates for DHA and methanol oxidation by 1
are respectively 7- and 12-fold higher than those by 2 (Table S3). Moreover, the oxidatively
susceptible benzylic C–H bonds of 2 are deuterated to hinder self-decay by ligand
oxidation.50 These two ligand design features make 2 a better choice for determining the
product yields for substrates with stronger C–H bonds, such as the alcohol substrates in
Table 1, and trapping the reactive oxidant-substrate adduct (see next section).

Besides exhibiting oxidation rates faster than expected from the green line in the plot shown
in Figure 2, the reactions of 1 with alcohol substrates afford higher yields of oxidized
product (Table 1). While the yields for oxidation of hydrocarbon substrates by 1 clearly
show that it is acting as an 1-e− oxidant, the yields for methanol and benzyl alcohol
oxidations are significantly higher than 50% (83% formaldehyde and 71% benzaldehyde,
respectively) and suggest the involvement of a 2-e− process. As oxidation rates for alcohol
substrates are typically slow due to their strong C-H bonds, ligand oxidation can compete
with substrate oxidation and result in the under-estimation of the product yields. Therefore,
we used 2 to circumvent this problem. As shown in Table 1, 2 oxidizes alcohol substrates to
afford aldehyde products in 80–90% yield, clearly showing that 1 and 2 act as 2-e− oxidants
of alcohols.

An FeIIFeIII product would thus be expected to form in the above alcohol oxidations. This
notion was tested with 2. The reaction solution at the end of the reaction of 2 and methanol
was examined by EPR and NMR, which indicated that the expected diiron(II,III) product
had disintegrated into mononuclear components. The EPR spectrum exhibited an isotropic
signal at g = 4.29 associated with a high-spin mononuclear iron(III) byproduct having an
intensity that corresponds 120% of the original concentration of 2. The NMR spectrum of an
analogous solution obtained in CD3CN exhibited signals identical to that measured from the
independently synthesized low-spin Fe(II) complex (δ (ppm, in CD3CN) 9.12 (3H, br, α-
pyr), 3.39 (9H, OCH3), 1.84 (9H, CH3), 1.74 (9H, CH3)). Quantification based on the
intensity of the pyridyl α-H resonance at δ = 9.1 ppm showed that the Fe(II) species
represents about 70% of the original concentration of 2. Taken together, the EPR and NMR
results demonstrate that the expected FeIIFeIII byproduct must dissociate into its
mononuclear components in MeCN, similar to what has been reported for [(α-
BPMCN)2FeIIFeIII(μ-OH)2]3+ (BPMCN = N,N′-dimethyl-N,N′-bis(2-pyridylmethyl)-
trans-1,2-diaminocyclohexane).51 The somewhat higher concentration of Fe(III) compared
to Fe(II) very likely results from partial oxidation of the latter by residual 2 in the course of
the reaction.

The ability of 1 and 2 to serve as a 2-e− oxidant in methanol oxidation may be a
consequence of the intramolecular character of this reaction, which allows tight coupling of
the two one-electron oxidation steps associated with the oxidation of methanol to
formaldehyde. In contrast, for the intermolecular oxidation of hydrocarbons, the nascent
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alkyl radical formed in the first step can easily diffuse away and be oxidized by a second
molecule of 1 or 2.

In sharp contrast to the observed behavior of 1 and 2, the [FeIV
2(μ-O)2] complex 4 (the 1-e−

oxidized derivative of 2, see Scheme 1) does not exhibit enhanced oxidation ability for
methanol. The oxidation of methanol by 4 is in fact very slow; the kobs value for the
oxidation of 2 M methanol by 4 is 5 x 10−6 s−1 at −30 °C (based on the initial decay rate as
the reaction was too slow), compared to a kobs value for 2 is 3.3 x 10−5 s−1 under the same
reaction conditions (Table S3). This comparison indicates that 2 is ~6-fold more reactive
than 4, despite the fact that 2 is 1-e− reduced relative to 4. On the other hand, 4 oxidizes
DHA 10-fold faster than 2 in dry MeCN.36 We attribute the sluggish behavior of 4 to its
more stable diamond core structure that strongly favors the left side of the equilibrium
shown in Scheme 3. This interpretation is supported by two observations. First of all,
EXAFS analysis shows that the average Fe-O bond distance in 4 is 0.06 Å shorter than that
of 2 (1.77 versus 1.83 Å),36 as more oxidized 4 would be expected to have stronger Fe–O
bonds. Secondly, the exchange of 18O-labeled water into 4 is significantly slower than for
2;35,52 complete exchange is achieved in 3 hours for 4 at −30 ºC versus less than 10 minutes
for 2 (see Figure 7 of the Supporting Information of ref 36). Label exchange with H2

18O
would require the [Fe2(μ-O)2] core to open up upon attack of the water nucleophile in an
equilibrium like that shown in Scheme 3, followed by oxygen-atom interchange. The
observed differences between 2 and 4 thus support the notion that [Fe2(μ-O)2] core opening
is critical for facile C-H bond cleavage by 1 and 2.

Formation and properties of the methoxide adduct
As a test of the mechanistic hypothesis presented in Scheme 3, we treated 2 with methoxide
in order to trap and characterize the putative 2-methoxide adduct. Addition of 5 equiv.
tetrabutylammonium methoxide (Bu4NOCH3)53 to 2 at −80 °C causes rapid decay of its
characteristic 620-nm chromophore and formation of a new species with a UV-vis
absorption spectrum that resembles 2-OH (Figure 8).37 The EPR spectrum of this solution
shows an isotropic S = ½ signal with g = 2.00 and exhibits 57Fe hyperfine broadening
(Figure 8, inset), properties like those of 2-OH.37,54 The striking spectroscopic similarity
strongly suggests that coordination of methoxide to 2 generates a complex with a [CH3O–
FeIII–O–FeIV=O] core structure (2-OCH3). The spectroscopic similarities also suggest that
the terminal oxoiron(IV) moiety of 2-OCH3 is high-spin (S = 2), which should be a potent
oxidant for C–H bond cleavage.37 Double integration of the S = ½ signal shows that the
methoxide adduct can be generated in about 70% yield with respect to 2. In this experiment,
the adduct was generated with Bu4NOCD3 to lengthen the lifetime of 2-methoxide.
However, even 2-OCD3 decayed quite quickly at −80 ºC (t1/2 ~ 200 s versus 40 s for 2-
OCH3). Partial decay of the 2-OCD3 sample in the course of EPR sample preparation might
result in the under-estimation of its yield.

The 400-nm chromophore of 2-OCH3 decays with a first-order rate constant (kobs) of 0.024
s−1 (Figure 9), and methoxide is oxidized to formaldehyde in 30% yield with respect to 2.
Changing the concentration of Bu4NOCH3 from 5 equivalents to 20 equivalents gives rise to
the same kobs within experimental error. The lack of a substrate-concentration dependence in
the decay of the chromophore strongly suggests that it is an intramolecular reaction in which
the coordinated methoxide group is oxidized. The decay rate of 2-OCH3 is slowed down by
a factor of 5 when Bu4NOCD3 is used, showing that H-atom abstraction is a key component
of the rate determining step. However, less formaldehyde (10% versus 30%) is formed in
this case. This observation suggests the involvement of competing decay pathways such as
ligand oxidation, and the actual KIE for the oxidation of methoxide is likely to be greater
than 5.
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The 30% yield of formaldehyde from the self-decay of 2-OCH3 at −80 °C is much lower
than the 90% yield obtained from the reaction of 2 with methanol at −30 ºC. For the latter, 2
acts as a 2-e− oxidant and is reduced to an FeIIFeIII product. In contrast, the solution of the
decayed 2-OCH3 is EPR silent and shows the characteristic ~350 nm absorption feature
(Figure 8, dashed line) of an FeIII–OFeIII species (see Figure 3 for the UV-vis spectrum of
such a complex). 2-OCH3 would thus appear to act as a 1-e− oxidant at −80 °C. The
different outcomes probably stem from the higher concentration of available reactive species
in the 2-OCH3 solution and the slower rate of substrate oxidation at lower temperature, both
of which would allow the initial FeIIFeIII product that is formed in the 2-e− oxidation of
methoxide to be rapidly oxidized to the FeIIIFeIII complex by residual 2-OCH3.

Based on the solid green line plotted in Figure 2, the strong C–H bond of methanol (DC–H =
96 kcal mol−1) should be cleaved by 1 more slowly by four-to-five orders of magnitude than
the much weaker C–H bonds of triphenylmethane (Ph3C–H, DC–H = 81 kcal mol−1) and
DHA (DC–H = 78 kcal mol−1). However, upon coordination of the methoxide group to 2 to
generate 2-OCH3, the intramolecular oxidation of the methyl group can become competitive
with the intermolecular oxidation of added substrates, depending on the concentration of the
added substrate. As shown in Figure 9, the decay rate of 2-OCH3 at −80 °C is not changed
when 2 mM Ph3CH is added, and the yield of formaldehyde (28%) is nearly identical to that
without Ph3CH. When 10 mM Ph3CH is added, the decay rate of 2-OCH3 becomes
noticeably faster and the formaldehyde yield decreases to 16%. Concomitantly, a 6% yield
of Ph3COH from Ph3CH oxidation can be detected. Competitive oxidations of CH3OH and
hydrocarbon substrates by 2 at −30 °C also lead to the same conclusion. For example,
addition of 2 mM Ph3CH to the mixture of 2 and 1 M methanol in MeCN at −30 °C changes
neither the reaction rate nor the yield of formaldehyde. When 10 mM DHA is added to the
mixture of 2 and 1 M methanol, the yield of formaldehyde decreases from 90% to 44%, and
20% anthracene can be detected. These results confirm that methanol can compete with
hydrocarbon substrates with significantly weaker C–H bonds by coordination to the iron
center to elicit an intramolecular oxidation pathway.

The inset of Figure 9 shows the Eyring plot for the decay of 2-OCH3 in the temperature
range of −85 ºC to −50 ºC. The activation parameters calculated from the plot are ΔH‡ =
9.7(2) kcal mol−1 and ΔS‡ = −15(2) cal mol−1 K−1. For comparison, ΔH‡ and ΔS‡ values of
15.6 kcal mol−1 and −14 cal mol−1 K−1, respectively, are reported for the self-decay of
[FeIV(O)(TMG3tren)]2+ (TMG3tren = 1,1,1-tris{2-[N2-(1,1,3,3-tetramethylguanidino)]-
ethyl}amine), another complex with an S = 2 FeIV=O unit. Self-decay of [FeIV(O)
(TMG3tren)]2+ occurs via intramolecular attack of a ligand methyl group.55 The two
reactions have similarly small ΔS‡ values, which are consistent with an intramolecular
oxidation mechanism. Notably, the self-decay of 2-OCH3 has a lower activation enthalpy by
6 kcal mol−1, a gap that would widen further when the difference in bond dissociation
energy between NCH2–H and OCH2–H bonds is taken into account. As an illustration, we
note that the lifetimes of the two complexes are comparable but at temperatures that differ
by 105 °C (t1/2 = 40 s at −80 ºC for 2-OCH3 versus 30 s at 25 ºC for [FeIV(O)
(TMG3tren)]2+).55 Thus the FeIV=O unit in 2-OCH3 is a significantly more reactive C–H
bond cleaving agent than [FeIV(O)(TMG3tren)]2+.

The higher C–H bond cleavage reactivity of 2-OCH3 can also be illustrated by its
intermolecular oxidation of DHA. At −80 °C in 3:1 CH2Cl2-CH3CN, 2-OCH3 oxidizes
DHA with a second order rate constant of 360 M−1 s−1 (Figure 10). (In order to slow down
self-decay and obtain a higher yield of 2-methoxide prior to DHA addition, 2-OCD3 was
used to measure the data presented in Figure 10. However, the DHA oxidation rates by 2-
OCH3 and 2-OCD3 are identical.) Under the same conditions, 2 and 2-OH respectively have
k2 values of 10−5 and 28 M−1 s−1.37 Thus 2-OCH3 is 13-fold even more reactive than 2-OH
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and 3.6 x 107 more oxidizing than its precursor 2. The large difference in rates between 2
and 2-OH has been attributed to the core isomerization shown in Scheme 2 converting a
bridging oxo to a terminal oxo moiety with a concomitant change of the iron(IV) spin state
from S = 1 to S = 2.37 According to a thermochemical cycle developed by Bordwell56 and
applied by Mayer to metal-oxo systems,57,58 the H-atom abstraction (HAA) reactivity,
which is equivalent to O–H BDE value, is a function of the one-electron reduction potential
of the M=O oxidant and the pKa of the M–OH reduction product.58,59 After HAA, the [Fe–
O–FeIV=O] motif in ring-opened structures is reduced to [Fe–O–FeIII–OH]. We would argue
that this reduced form should have a significantly higher pKa than the reduced [Fe–OH–
FeIII] form of a diamond core, and contribute to the much higher HAA reactivity of ring-
opened structures.36,37

Despite the fact that 2-OH and 2-OCH3 share the same X–FeIII–O–FeIV=O core, the latter is
still a 13-fold more powerful oxidant. One might attribute this increased reactivity to the
higher basicity of the methoxide ligand, which could in turn increase the pKa of the [X–
FeIII–O–FeIII–OH] product resulting from HAA. However, as methoxide and hydroxide
differ by only one pKa unit,49 the X ligand might not be able to exert a significant effect on
the pKa of the FeIII–OH that is four bonds away. In our opinion a much more likely rationale
is the presence of a hydrogen bonding interaction between the bound hydroxide and the
Fe=O unit of 2-OH, evidence for which has been obtained for its one-electron oxidized
diiron(IV) analog.50 Based on a comparison of the reactivities of two iron(IV) complexes
supported by the same tetradentate ligand but with an oxo unit in one and a hydroxo ligand
in the other,60 the presence of this H-bond in 2-OH and its absence of 2-OCH3 would be
expected to result in the attenuation of the H-atom abstracting capability of 2-OH. In striking
contrast, the core isomerization associated with 2 does not appear to occur with 4, its one-
electron oxidized derivative, probably due to its more robust core structure.

The C–H bond cleavage reactivity of 2-OCH3 can be compared with that of the most
reactive mononuclear S = 2 oxoiron(IV) complex reported to date. [FeIV(O)(OH2)5]2+ is
generated from the reaction of Fe2+ in acidic aqueous solution with O3.61,62 A second order
rate constant of 572 M−1 s−1 has been determined for the reaction of the latter complex with
methanol in aqueous solution at 25 °C.61 A pseudo-first order rate constant of 572 s−1 can
thus be calculated for its reaction with 1 M methanol and compared to the value of 260 s−1

for the self-decay of 2-OCH3 at 25 °C, which is estimated from an extrapolation of the
Eyring plot in Figure 9. Thus these two complexes would appear to be comparable in H-
atom abstracting ability. The corresponding 1-OCH3 adduct should be even more oxidizing,
as suggested by the 12-fold higher oxidation rate of methanol by 1 at −30 °C compared to
that for 2 (see Table S3).

Lastly, we highlight a recently reported mononuclear S = 1 oxoiron(IV) complex supported
by the tris((N-methylbenzimidazol-2-yl)methyl)amine) ligand that was found to be
comparably reactive to 2-OH.63 This complex is much more reactive than the other S = 1
oxoiron(IV) complexes reported thus far,41–44,64 due to a closely lying and easily accessible
S = 2 state.63 These results show that making direct comparisons of reactivity among
complexes with different supporting ligands is difficult, and more complexes need to be
synthesized to augment the current collection of oxoiron(IV) complexes and refine our
understanding of how spin state affects C–H bond cleavage reactivity.

Summary and Perspectives
In this study, we have demonstrated that [FeIIIFeIV(μ-O)2] complexes 1 and 2, which are
sluggish in the oxidation of C–H bonds, can be activated by water or methanol to generate a
much more reactive H-atom abstraction agent. This activation is proposed to result from the
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binding of hydroxide or methoxide to the [FeIIIFeIV(μ-O)2] core, forming an open-core [X–
FeIII–O–FeIV=O] adduct (Scheme 3). The putative methoxide adduct has been trapped at
−80 °C by treatment of 2 with 5 equivalents of methoxide, the adduct lifetime having been
extended by the presence of three electron donating substituents on all three pyridine donors
of the supporting ligand and the deuteration of its benzylic hydrogens. Thus 2-OCH3
belongs to a unique series of high-valent diiron complexes supported by the same
tetradentate ligand (L2 in Scheme 1) that exhibit dramatically different C–H bond cleavage
rates.

Scheme 4 illustrates the core structures of this series of high-valent diiron complexes and
compares their relative abilities to cleave C–H bonds. The seven-order-of-magnitude jump
in the DHA oxidation rate on going from 2 to 2-OCH3 emphasizes that the core structure
and the spin state of the FeIV=O unit significantly influence the reactivities of the high-
valent diiron intermediates. The fact that high-spin complexes 2-OCH3 and 2-OH are much
more reactive than the corresponding diiron(IV) complex with a S = 1 FeIV=O moiety (5 in
Scheme 4) provides strong experimental support for the prediction from several independent
DFT calculations for a much higher reactivity of an S = 2 FeIV=O unit relative to an S = 1
FeIV=O unit.65–68 The comparison made in Scheme 4 strongly suggests that the higher H-
atom abstraction reactivity of 2-OCH3 is a consequence of two factors: a) the transformation
of the bridging oxo of 2 to a terminal oxo unit in 2-OCH3 and b) the conversion of an S = 1
FeIV=O unit to an S = 2 FeIV=O unit. The fact that these complexes share a common
oxoiron(IV)-tetradentate ligand unit makes this conclusion particularly persuasive.

Moreover, 2-OCH3 represents a rare example of a spectroscopically characterized adduct of
a high-valent oxidant and a substrate, with the oxidation of the latter being significantly
facilitated by an intramolecular mechanism. Indeed such an intramolecular strategy has been
used to demonstrate the activation of dioxygen or peroxides by a number of biomimetic
nonheme iron complexes, resulting in the regiospecific oxidation of a pendant group on the
supporting ligand,69–81 but the presumed high-valent iron-oxo oxidant has not been stable
enough to be observed. What makes the chemistry of the diiron complexes 1 and 2
particularly unique is the possibility for substrate-induced activation of the Fe2O2 diamond
core, where substrate binding to one iron unmasks a highly reactive adjacent S = 2 FeIV=O
for attack of the substrate C–H bond. A similar core isomerization mechanism could also be
employed by intermediate Q of soluble methane monooxygenase (sMMO-Q) for its highly
selective oxidation of methane. Core isomerization to the hyper-reactive ring-opened form
would occur only when substrate is present as a strategy to protect the weaker C–H bonds
present in the amino acid residues that line the diiron active site of sMMO. Although DFT
calculations to date support the notion of methane attack by the intact [FeIV

2(μ-O)2] core of
sMMO-Q,14,25,30,31 kinetic studies of the reactions of sMMO-Q with alkanes are not
incompatible with the core isomerization idea. Brazeau and Lipscomb have demonstrated a
two-step mechanism involving substrate binding to form a Q·S adduct followed by adduct
decomposition via C–H bond cleavage, with the latter being rate determining only in the
case of methane.11,12 Core isomerization could occur either upon adduct formation or in the
subsequent transition state leading to substrate oxidation, representing a unique mechanistic
feature available only for diiron enzymes. Spectroscopic characterization of the thus far
elusive Q·S adduct should provide a test of the core isomerization hypothesis and greatly
improve our understanding of the catalytic mechanism of sMMO.

Experimental Section
Physical Methods

UV-vis spectra and kinetic time traces were recorded on a Hewlett-Packard 8453A diode
array spectrometer equipped with a cryostat from Unisoku Scientific Instruments, Osaka,
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Japan. This combination allows kinetic studies to be performed at temperatures down to −85
ºC and to record a spectrum every 0.1 second. For some rapid reactions with a reaction time
of 10 seconds, time traces at one wavelength can be obtained with about 100 data points for
reliable kinetic fits (See Figures S6 and S7). Perpendicular mode X-band (9.63 GHz) EPR
spectra were recorded on a Bruker Elexsys E500 spectrometer equipped with an Oxford
Instrument ESR-10 liquid helium cryostat. The quantification of all signals was relative to a
Cu(II)-EDTA spin standard. NMR data were collected on a Varian VI-500 spectrometer.
Gas chromatograms were measured on a PerkinElmer Autosystem XL equipped with a polar
column.

Materials
9,10-dihydroanthracene (DHA, 97%) purchased from Aldrich was recrystallized twice from
EtOH under Ar. 9,9,10,10-d4-DHA was synthesized according to reported procedures.37

1,2,3,4-tetrahydronaphthalene (tetralin, 99%) purchased from Aldrich was passed through
neutral Al2O3. All deuterated solvents were purchased from Cambridge Isotope Laboratories
and dried over molecular sieves (3A). Anhydrous dichloromethane (>99.8%) and MeCN
(>99.8%), xanthene (99%), fluorene (>99%), triphenylmethane (99%), ethylbenzene
(99.8%), toluene (99.8%), benzyl alcohol (99.8%), 1-hexanol (>99%), 2-hexanol (99%),
isobutanol (>99%), ethanol (>99.5%), methanol (99.8%), diphenylmethanol (99%),
tetrabutylammonium methoxide (Bu4NOCH3) (20% in methanol), and all other chemicals
were purchased from Aldrich and used as received. To prepare Bu4NOCD3, the solvent of 1
mL Bu4NOCH3 solution was removed under vacuum, and 1 mL CD3OD (dried over
activated neutral Al2O3) was added to the resulting oily product to exchange with CH3O−

for 30 minutes. This procedure was repeated three times. NMR of the final solution in
CD3OD confirmed that that the product was completely deuterated.

Complexes 1, 2, and 4 were synthesized according to reported procedures.35,36,37 The solid
products were dissolved in desired solvents to about 0.2 mM for kinetic studies and 0.5 mM
for product-yield analysis or preparation of 2-methoxide EPR samples. Solutions of 3 (~2.0
mM) were generated from reaction of the [LFeII(MeCN)2](OTf)2 with 1 equivalent of
peracetic acid in MeCN at −40 ºC.46

General procedures for kinetic studies and product analysis
An appropriate amount of substrate (in CH2Cl2 stock solution) was added to the stirred
complex solution maintained at −30 °C in a 1-cm cuvette, and the decay time trace of the
chromophore at 616 nm (for 1), 620 nm (2) or 720 nm (for 3), or 875 nm (for 4) was then
monitored. Time traces were subjected to a pseudo-first-order fit, and second order rate
constants were obtained from concentration dependence data. The methoxide adduct (2-
methoxide) was generated by adding 5 equiv. of Bu4NOCH3 or Bu4NOCD3 to 2 in 3:1
CH2Cl2-MeCN mixture. The decay of 2-methoxide was monitored by the absorption at 420
nm.

Typically, the yields of oxidation products were quantified by GC, with naphthalene as the
internal standard. The anthracene product was quantified by its UV-vis absorption at 377 nm
(ε = 7700 M−1 cm−1) after removing iron complexes from the reaction solutions by silica
gel columns. Formaldehyde from methanol/methoxide oxidation was quantified by
following a reported colorimetric procedure.82 The assay solution contained 0.4 M
ammonium acetate, 0.02 M acetic acid, 0.02 M acetylacetone and 0.001 M Na2EDTA (for
decomposing iron complexes) in H2O. The calibration curve was obtained by mixing 1.5 mL
assay solution with 0.5 mL MeCN solution containing 0.1–0.5 mM added formaldehyde
standard and 0.5 mM diiron(III) complex (precursor of 2). For a typical assay experiment,
1.5 mL of assay solution and 0.5 mL of reaction solution were mixed, stirred at room
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temperature for 16 hours, and then subjected to measurement of the 412 nm absorption. If
CH2Cl2 was present in the reaction solution (for methoxide oxidation), it was removed
carefully with a rotary evaporator after the 16-h stirring, and the assay solution was added to
the remaining solution to reach a total volume of 2.0 mL prior to UV-vis measurement.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The second order rate constants for oxidation of DHA (squares) and DHA-d4 (circles) by 1
in MeCN −30 ºC under Ar with different concentrations of added H2O. The KIEs obtained
at 0, 0.1, 0.5 and 1.0 M added H2O are 9, 9, 10 and 10, respectively.
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Figure 2.
The log k2′-vs-DC–H plots for reactions of 3 with all substrates (squares), 1 with
hydrocarbon substrates (filled circles) or with alcohol substrates (stars) in the presence of 50
mM H2O, and 1 with hydrocarbon substrates (open circles) in the presence of 1.0 M H2O.
The straight line for 3 was obtained by using the k2′ values of all substrates, while that for 1
was obtained by fitting only the k2′ values of hydrocarbon substrates. The k2′ values used for
the plots and the reaction conditions are listed in Table S1.
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Figure 3.
The UV-vis spectra of 0.15 mM complex 1 in MeCN (with 1 M H2O) at −30 ºC (green solid
line) and the solution after reaction with 10 mM DHA (black solid line). The latter spectrum
exhibits the absorption features of (a) a (μ-oxo)diiron(III) decay product (λmax at 320, 350
and 490 nm) and (b) anthracene (λmax at 357 and 377 nm). For comparison, spectra for
corresponding authentic compounds (FeIII–O–FeIII and anthracene) in MeCN (with 1 M
H2O) at −30 ºC are also shown respectively in red and blue dotted lines. See Figure S1 for
time-resolved spectral changes and the time trace at 620 nm together with its fit to a first-
order kinetic model.
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Figure 4.
The projected (grey columns) and measured (black columns) log k2′ for oxidation of
alcohols by 1 in MeCN with 50 mM H2O. Conditions: −30 ºC under Ar. The alcohols used
as substrates from left to right are diphenylmethanol, benzyl alcohol, 2-hexanol, isobutanol,
hexanol, ethanol and methanol.
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Figure 5.
A space-filling model showing the [FeIIIFeIV(μ-O)2] core structure of 1. Note that the
complexes are valence-delocalized complexes and centrosymmetric, so the two iron centers
(pink atoms) are equivalent. The approach of the alcohol substrate (ROH) to an iron center
is hindered by pyridine rings (Py) from the two tetradentate ligands.
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Figure 6.
Effects of added bases on the oxidation rate of 1 M CH3OH by 1 in dry MeCN at −30 ºC
under Ar. (a) Plot of kobs versus [2,6-lutidine] (squares) and [2,4,6-collidine] (circles). (b)
Plot of log kobs versus pKa in the presence of 10 mM added base. The pKas used are values
for the conjugate acids of pyridine (5.17), 5-ethylpyridine (5.97), 2-methyl-5-ethylpyridine
(6.51), 2,6-lutidine (6.77) and 2,4,6-collidine (7.48) in H2O.47 See Table S2 for a list of
observed kobs values.
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Figure 7.
kobs-vs-[substrate] plot for oxidation of CH3OH, CH3OD and CD3OH in dry MeCN at −30
ºC. The KIEs are 1.4 and 4.5 for CH3OD and CD3OH, respectively.
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Figure 8.
UV-vis spectra of 2 (grey dotted line), 2-OCH3 resulting from addition of 5 equiv.
Bu4NOCH3 (black solid line), and the decay product (black dashed line). Inset: EPR spectra
of 2-OCD3 generated from reaction of 2 with Bu4NOCD3. The solid and dotted traces are of
samples with natural abundance Fe and 95% 57Fe, respectively. Conditions: 3:1 CH2Cl2-
MeCN at −80 ºC under Ar.
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Figure 9.
The time traces for 2-OCH3 without any added substrate (bold solid line), in the presence of
2 mM (dashed line) or 10 mM (dotted line) Ph3CH at −80 ºC. Inset: The Eyring plot for
decay of 2-OCH3 from −85 to −50 ºC (see Table S4 for a list of observed kobs values and
Figure S6 for an example of the time-resolved spectral changes observed at −50 ºC as well
as the time trace at 420 nm together with its fit to a first-order kinetic model). Conditions: in
3:1 CH2Cl2-MeCN under Ar.
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Figure 10.
kobs-vs-[DHA] plot for oxidation of oxidation of DHA by 2-OCD3 (squares) and 2-OH
(circles) in 3:1 CH2Cl2-MeCN at −80 ºC under Ar. See Figure S7 for an example of the
time-resolved spectral changes during DHA oxidation by 2-OCD3 as well as the time trace
at 420 nm together with its fit to a first-order kinetic model.
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Scheme 1.
Core structures and supporting ligands of complexes 1– 4.
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Scheme 2.
Reactions of the [FeIIIFeIV(μ-O)2] diamond core with hydroxide37 or alkoxides.
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Scheme 3.
Proposed binding equilibrium of alcohol to the [Fe2(μ-O)2] diamond core.
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Scheme 4.
Core structures and spin states of the iron(IV) centers of a series of diiron complexes
supported by a common tetradentate ligand, together with their relative rates of DHA
oxidation in 3:1 CH2Cl2-MeCN at −80 ºC. Data for the relative reactivities of complexes 2,
4, 5, and 2-OH were taken from ref 37.
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Table 1

Product yields for substrate oxidations by 1 and 2.

Oxidant Substrate Product / Yield, %a n-e− oxidation to form product

1 xanthene xanthone / 25 4

1 DHA anthracene / 40 2

1 fluorene fluorenone / 23 4

1 benzyl alcohol benzaldehyde / 71 2

1 methanol formaldehyde / 83 2

2 DHA anthracene / 52 2

2 benzyl alcohol benzaldehyde / 80 2

2 1-hexanol hexanal / 80 2

2 methanol formaldehyde / 90 2

a
All reactions were performed in MeCN at −30 ºC under Ar. The product yields are indicated with respect to the concentration of the iron

complex.
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