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Abstract

The controlled cleavage of strong C-H bonds like those of methane poses a significant challenge for
chemists. In nature methane is oxidized to methanol by soluble methane monooxygenase via a diiron
(IV) intermediate called Q. To model the chemistry of MMO-Q, an oxo-bridged diiron(1VV) complex
has been generated by electrochemical oxidation and characterized by several spectroscopic methods.
This novel species has an Fe!V/!"! redox potential of +1.50 V vs. ferrocene (>2 V vs. NHE), the highest
value thus far determined electrochemically for an iron complex. This species is quite an effective
oxidant. It can attack C-H bonds as strong as 100 kcal mol~1 and reacts with cyclohexane a hundred-
to a thousand-fold faster than mononuclear Fe'VY=0 complexes of closely related ligands. Strikingly,
this species can also cleave the strong O-H bonds of methanol and tert-butanol instead of their weaker
C-H bonds, representing the first example of O-H bond activation for iron complexes.

The controlled cleavage of strong C-H bonds like those of methane remains an elusive goal
and one of great industrial and practical importance. In nature, methane hydroxylation occurs
by oxygen activation through the action of soluble and particulate methane monooxygenases
(MMOs) found in methane-metabolizing bacterial=*. The much better characterized soluble
MMOs have a nonheme diiron active site that reacts with O, to produce an oxo-bridged diiron
(IV) oxidant called Q that effects the transformation®8. The generation of a diiron(IV)
complex that can oxidize strong C-H bonds thus represents an appealing challenge for synthetic
chemists.

To date, only two types of (u-oxo)diiron(IVV) complexes have been characterized. The first
example, represented by two complexes of tetraamido macrocyclic ligands (TAML)
characterized by Ghosh et al., is stable at room temperature, but no oxidation chemistry
involving C-H bond cleavage has been reported®. The second example, recently reported by
Xue et al., utilizes the neutral tetradentate N4 ligand tris(3,5-dimethyl-4-methoxy-
pyridylmethyl)amine to form [Fe'V,(u-0)2(N4),]** and serves as a synthetic precedent for the
Fe!Vy(u-0), core proposed for MMO-Q19. This complex is stable for only 1 hour at —40 °C
and can attack the weak C-H bonds of dihydroanthracene. These (u-oxo)diiron(1V) complexes
thus exhibit reactivities that fall far short of that associated with the diiron active site of soluble
MMO. In this study, we report a much more strongly oxidizing (u-oxo)diiron(1V) complex,
obtained by electrochemical oxidation of its (u-oxo)diiron(l11) precursor, that is capable of
cleaving not only the strong C-H bonds of cyclohexane but also the even stronger O-H bonds
of aliphatic alcohols.
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The starting point for this study is [Fe'!',O(L),]%* (1), a (u-oxo)diiron(111) complex of L, where
L is N, N-bis-(3',5'-dimethyl-4’-methoxypyridyl-2’-methyl)-N'-acetyl-1,2- diaminoethane. Its
structure (Fig. 1a) shows that L acts as a pentadentate ligand with an N4O donor set where the
N4 subset binds to one iron center while the oxygen atom coordinates to the other iron site.
This structure resembles that of a recently described complex of a closely related ligand!?, both
of which have a (u-oxo)diiron(l11) unit that is supported by two carboxamido bridges. The fact
that the bridging moieties are connected to the terminal ligands results in smaller Fe-(u-O)-Fe
angles than found typically for closely related (p-oxo)bis(p-carboxylato)diiron(l11)
complexes!2, and these (u-oxo)bis(p-carboxamido)diiron(111) complexes have the shortest Fe-
Fe distances (~3 A) in this class of complexes.

Cyclic voltammetry (CV) of 1 in CH3CN at room temperature reveals the presence of two
redox waves (Fig. 2a). Scanning anodically from 0 V vs. the ferrocenium/ferrocene couple
(Fc*/0) elicits an oxidative wave with a peak potential Ep a0f +1.07 V vs. Fc*/o; scan reversal
below 1.2 V gives rise to a reductive wave with a peak potential E, ¢ of +0.33 V, which is not
observed unless the oxidative wave at +1.07 V is also present. A similarly large separation of
the oxidative and reductive waves has been observed by Wieghardt and co-workers in the one-
electron oxidation of related (u-0xo)bis(u-carboxylato)diiron(l11) complexes!3. Although not
strictly reversible by CV criteria (e.g. a~0.06 V peak separation between E, 5 and Ep ¢), these
one-electron redox transformations are reversible by spectropotentiometric and chemical
methods. More interestingly, increasing the potential above 1.20 V in the CV experiment on
1 reveals a second redox process (Fig. 2a) with a half-wave potential Eq/, of +1.50 V vs.
Fc*/o: in this case, the separation between the oxidative and reductive waves (AE = 0.07 V)
approaches that expected for reversible CV behavior. These results suggest that 1 can be
oxidized in two one-electron steps to attain a diiron(IV) oxidation state.

Controlled potential bulk electrolysis has been used in this study to prepare sufficient amounts
of the oxidized species for detailed spectroscopic characterization. Complex 1 exhibits optical
features at 370 nm (e = 3400 M1 cm™1), 432 nm (e = 2200 M1 cm™1), 508 nm (& = 730
M~1cm™1) and 680 nm (e = 180 M1 cm™1) (Fig. 2b, dotted line), the latter two bands being
characteristic of a (u-oxo)diiron(I11) complex with an Fe-O-Fe angle of ~130° [refs. 12:14],
Electrolysis of 1 at potentials above +0.70 V vs. Fc*/? in CD3CN at —40 °C produces a dark
red species 2 with absorbance maxima at 550 nm (¢ = 1800 M~ cm™1) and 878 nm (¢ = 770
M~1 em™1) (Fig. 2b, solid line). These features resemble those reported by Wieghardt in the
one-electron oxidation of (u-oxo)bis(u-carboxylato)diiron(l11) complexes to generate iron(l11)
iron(1V) derivatives3. Complex 2 is stable for several days at —40 °C and can be re-reduced
to regenerate 1 in quantitative yield either electrochemically by shifting to a potential below
+0.70 V or chemically by the addition of one equivalent ferrocene. Thus, the oxidation of 1 to
2 is reversible. Counting charge during the oxidative electrolysis reveals the extraction of one
electron from 1, consistent with the reductive titration. Therefore, 2 is a one-electron oxidized
derivative of 1.

Increasing the bulk electrolysis potential to +1.70 V after the formation of 2 in CD3CN at —40
°C affords a black species 3 with no distinct absorption bands (Fig. 2b, dashed line). Complex
3 is much less stable than 2, but its half-life of ~1 h at —40 °C is long enough to allow its
spectroscopic characterization. It is formed in 85% yield, as indicated by Mdsshauer
spectroscopy (see below) and reductive titration (Fig. 3 inset) where the addition of 0.85
equivalent ferrocene converts 3 to 2. Therefore, 3 is a two-electron oxidized derivative of 1.
The time required to accumulate 3 is much longer than that for complete conversion of 1 to
2, and the yield of 3 can be improved by using CD3CN instead of CH3CN as solvent (versus
only 30% in CH3CN) and KPFg in place of quaternary ammonium salts as electrolyte,
substitutions that minimize the number of potentially oxidizable C-H bonds in the electrolysis
medium.
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X-ray absorption spectroscopy demonstrates that oxidation of 1 to 2 and 3 occurs at the iron
centers. As shown in Fig. 3a and Table 1, the Fe K-edge exhibits a progressive blue shift from
1to 2 to 3, the total upshift of 1.5 eV being in accord with a stepwise increase in the oxidation
state of the diiron unit in this series. EXAFS analysis (Figs. 3b and S1, Tables 1 and S2-S4)
reveals further structural details. For 1, the respective Fe-N/O and Fe-C distances of 2.11 and
3.07 A are as expected for the ligand L bound to a high-spin iron(l11) center. These distances
respectively decrease by 0.15 and 0.2 A in 2 and 3, consistent with the iron centers in these
complexes undergoing a transition to low spin upon oxidation. There are additional features
in the EXAFS analysis assignable to the Fe-O-Fe unit. The Fe-u-O distance of 1.78 A of 1
decreases to 1.71 A in 2 and 3; the latter distances compare favorably with those of the two
crystallographically characterized [Fe'V,(O)(TAML),]?~ complexes (1.7284(8) and 1.744(3)
A)?. The Fe-Fe distance increases from 2.97 A for 1 to 3.07 A for 2 and 3.08 A for 3. The
changes in Fe-Fe distance are comparable to the 0.05-0.08 A increase observed upon one-
electron oxidation of [Fe!'"M!(u-0)(u-0,CR),(Me3sTACN),]2* (M = Fe or Cr) and
[Fe'lFe!V(1-0)2(N4),]3* [refs. 10:13], These results strongly suggest that the (u-0xo)bis(u-
carboxamido)diiron core is maintained upon oxidation (Fig. 1b).

Maossbauer studies also show that oxidation occurs at the iron centers. The 4.2 K zero field
Massbauer spectrum of 1 exhibits a single quadrupole doublet with parameters and high-field
behavior typical of an antiferromagnetically coupled (u-oxo)diiron(l11) unit, as expected (Table
1). Upon oxidation to 2 and 3, the isomer shifts decrease substantially to values near 0 mm
s~1 (Table 1), indicating that the high-spin iron(l11) sites of 1 convert to low-spin iron centers.
The corresponding spectrum of 3 (Fig. 4 top) also exhibits a single quadrupole doublet
representing 85-90% of the iron in the sample with parameters (AE%/: 214mmstand§=
—0.05 mm s~1). These parameters are nearly identical to those of [Fe!V,(u-0)2(N4),]4* where
the individual iron sites are S = 1 [ref. 19]. The 8.0 T spectra of 3 (Fig. 4 bottom) and
[Fe!V,(u-0)2(N4),]** both lack paramagnetic hyperfine structure, indicating
antiferromagnetic coupling between the two Fe!V sites to provide a dimer ground state with
S = 0. Given the likely N4O, ligand set, we assume that the local sites of 3 have S; =S, =1,
in accord with observations of S = 1 ground states for other Fe!V(N,0,) complexes!®16,

Complex 3 has the highest redox potential (+1.50 V vs. Fc*/°) among the three types of (u-
oxo)diiron(1V) complexes synthesized thus far, being respectively 1.7 VV and 0.7 VV more
positive than those of [Fe!V,(u-O)(TAML),]?~ and [Fe!Vy(u-0),(N4),]** [refs. 9:10]. The
redox potential of 3 is also more positive than the value of +0.90 V vs. Fc*/© determined for
[Fe!V(0)(N4Py)]2* (N4Py = N, N-bis(2-pyridylmethyl)-bis(2-pyridyl)methylamine)!’, a
complex with a terminal Fe=0 unit that has been found to cleave the C-H bonds of
cyclohexanel®. Thus 3 should be quite a powerful oxidant.

Reactivity studies demonstrate that 3 can cleave C-H bonds with D¢_y values as high as 100
kcal mol~1, and the logarithm of the second order rate constants normalized on a per hydrogen
basis (log ko") for these oxidations correlates inversely with the strength of the C-H bonds being
cleaved (Fig. 5). Inall cases studied, hydrocarbon oxidation results in the quantitative reduction
of 3 to 2 (Fig. S2), demonstrating that 3 acts as a one-electron oxidant. Cyclohexane (D¢.y =
99.3 kcal mol™1) is oxidized by 3 with a second order rate constant (k) of 8.1 x 1072 M1

s 1at 10 °C, while the oxidation rate for cyclohexane-d;» (Dc-p = 100.6 kcal mol ™) is a factor
of 3.5 smaller (Fig. S3). This kinetic isotope effect (KIE) of 3.5 shows that C-H bond cleavage
is an important component of the rate determining step. However the observed formation of
2, but not its conjugate acid, suggests that protonated 2 is quite acidic and readily loses the
proton acquired in the H-atom abstraction step.

GC analysis of the products of cyclohexane oxidation under anaerobic conditions shows the
formation of cyclohexene and 1,3-cyclohexadiene in respective yields of 13% and 9% (but no
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cyclohexanol nor benzene), accounting for 63% of the oxidizing equivalents available in the
conversion of 3 to 2 (Table S6). The oxidizing equivalents unaccounted for may be ascribed
to the self-decay of 3, which has a first order rate constant of 0.003 s™1, about a factor of 3
smaller than the pseudo-first-order decay constant of 0.01 s observed in the presence of 0.1
M cyclohexane. For comparison, we have also investigated the oxidations of cyclohexene and
1,3-cyclohexadiene by 3 independently under the same experimental conditions as above.
Because of their much weaker C-H bonds, these substrates react very rapidly with 3 and
quantitatively afford 2 in both reactions. Cyclohexene and 1,3-cyclohexadiene are respectively
converted to 1,3-cyclohexadiene and benzene in 47% and 45% yields per diiron(1V) unit, which
account for >90% of the oxidizing equivalents in each reaction. The absence of hydroxylated
products in the reactions above suggests that C-O bond formation after the initial H-abstraction
step may be disfavored due to the bridging nature of the oxo atom and the consequent
requirement for cleavage of two Fe-O bonds to form the alcohol product. Instead,
dehydrogenation occurs either by abstraction of the 3-H atom of the alkyl radical by a second
diiron(IV) center or by electron transfer from the alkyl radical to another diiron(IV) molecule
to generate the cation, followed by loss of a proton from the p-carbon atom®=21, Thus 3 acts
as a hydrocarbon dehydrogenating agent, rather than as a hydroxylating agent (Fig. 6).

Interestingly, aliphatic alcohols methanol (D¢ = 96.1 kcal mol™1) and tert-butanol (D¢ =
100 kcal mol™1) also serve as substrates for oxidation by 3 with respective k; values of 0.14
and 0.30 M1 s71, These values, when normalized on per hydrogen basis, fall well above the
line for the linear correlation shown in Fig. 5. Kinetic studies of methanol and t-BuOH with
different degrees of deuteration (Fig. S4 and S5, respectively) show that changing the C-H
bonds to C-D bonds does not affect their respective oxidation rates. However deuteration of
the O-H bond results in a KIE of 1.4-1.5. Thus oxidation of these alcohols appears to proceed
via O-H, rather than C-H, bond cleavage.

The notion of O-H bond cleavage by 3 is supported by 1H NMR analysis of the tert-butanol
oxidation products under anaerobic conditions, revealing the formation of acetone (6 = 2.1)
and 2-methylpropene (6 = 1.73, 6H; 6 = 4.67, 2H) in respective yields of 50% and 40% (Table
S7). Cleavage of the t-BuOH O-H bond should yield a tert-butoxyl radical that would readily
decay to acetone via the well-documented B-scission pathway?2. On the other hand, 2-
methylpropene derives from acid-promoted dehydration of t-BuOH via t-butyl cation?3, The
protons needed for this transformation are generated in the course of bulk electrolysis from
oxidation of the solvent as mentioned above. Unfortunately we cannot find an appropriate non-
oxidizable base to neutralize these protons prior to substrate addition and not be readily
oxidized by 3. However, in support of our proposal, a comparable yield of 2-methylpropene
(but no acetone) is observed when 3 is first reduced to 2 by 1 equiv ferrocene before the addition
of t-BuOH.

Both alcohols have Dq.y values greater than 105 kcal mol™ (105.2 and 106.3 kcal mol ™1 for
MeOH and t-BuOH)?4 and these O-H bonds are cleaved by 3 instead of the weaker C-H bonds
in the molecule. Indeed on a per hydrogen basis, the O-H bond of t-BuOH is cleaved by 3 ~50
times faster than a C-H bond of cyclohexane, which has a D¢y comparable to that of the C-
H bonds of t-BuOH. Similarly, the O-H bond of MeOH reacts with 3 10 times faster than a C-
H bond of cyclooctane. Given the high redox potential of 3, it may react by electron transfer
from one of the nonbonding oxygen orbitals of the substrate, instead of a hydrogen atom
transfer (HAT) process typically associated with C-H bond cleavage. However, having an
oxygen atom in the substrate is apparently insufficient to trigger this alternative mechanism,
because the oxidation rates of both THF and tert-butyl methyl ether (t-BME) fall nicely on the
line correlating log ko' and D¢ (Fig. 5). We therefore propose that for alcohol oxidation proton
transfer from the O-H group is coupled with the electron abstraction from the O atom. Such a
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proton coupled electron transfer mechanism would be consistent with the observation of an O-
H/O-D KIE that is smaller than for C-H bond cleavage (Fig. 6).

Complex 3 is thus unique among iron-based oxidants in its ability to cleave both strong C-H
and O-H bonds. Table 2 compares rate constants for 3 and selected mononuclear oxoiron(1V)
complexes. Complex 3 differs from the other complexes listed in the table in having a bridging
oxo group instead of a terminal oxo group. Of note is the significantly larger second order rate
constant for cyclohexane oxidation by 3 at 10 °C relative to those obtained at 25 °C for
[Fe!V(0)(Bn-TPEN)]2* and [Fe!V(0)(N4Py)]?* [ref. 18]. Even without accounting for the 15°
temperature difference, 3 is still respectively over two and three orders of magnitude more
effective at oxidizing cyclohexane than [Fe!V(O)(Bn-TPEN)]?* and [Fe!V(O)(N4Py)]?*. The
latter two complexes to date represent the most reactive of the oxoiron(IV) complexes that can
be isolated or generated in high yield. This greater reactivity of 3 may derive from its much
higher redox potential.

On the other hand, 3 appears less reactive than [Fe!V(O)(OH,)s]?*, a transient species trapped
from the reaction of [Fe!'(OH,)]?* and O3 at pH 1 (Table 2)2°. Due to its short half life,
[Fe'V(O)(OH,)s]?* has only been characterized by its UV and Méssbauer spectral
properties?®. Its Fe!V/I!l potential has been estimated to be comparable to that of 3 on the basis
of its ability to oxidize CI~ ion2’, but [Fe!V(0)(OH,)s]?* reacts with CH3CN more rapidly than
3 by a factor of more than two orders of magnitude. An important difference between 3 and
[Fe!V(O)(OH,)s]* is the spin state of the individual iron centers, the former being S = 1 and
the latter S=2. A number of DFT calculations suggest that high-spin oxoiron(IV) centers have
lower activation barriers for C-H bond cleavage?®—31, and the greater C-H bond cleavage
activity of [Fe!V(O)(OH,)s]?* supports this notion.

Complex 3 also differs from Fe=0 complexes listed in Table 2 in its preference to cleave the
O-H bonds of MeOH and t-BuOH, rather than their C-H bonds. This difference is starkly
demonstrated by the observation of C-H/C-D kinetic isotope effects (KIE) of 4-8 for MeOH
oxidation by the three oxoiron(1V) complexes2>:32 and its absence in the case of 3. MeOH and
t-BuOH oxidation by 3 instead exhibits a small but measurable O-H/O-D KIE. Why 3 should
specifically target the O-H bond instead of the weaker C-H bonds of the alcohol is not clear
and will be a subject for further investigation.

In conclusion, we have generated and characterized a novel diiron(1V) complex 3 with a redox
potential +1.50 V vs. Fc*/°, the highest Fe!V/!!l potential electrochemically determined to
date9:10,13,17,33-35 This high potential suggests that 3 should be quite a powerful oxidant.
Indeed 3 can cleave the strong C-H bonds of cyclohexane, while [Fe!V,(u-0)2(N4),]4*, a
complex that serves as the synthetic precedent for the Fe!V,(u1-0), core proposed for MMO-
Q19 can only attack the weak C-H bonds of dihydroanthracene. Furthermore 3 reacts much
faster with cyclohexane than mononuclear Fe!V=0 complexes of closely related ligands.
Unexpectedly, we find that 3 preferentially cleaves the stronger O-H bonds of MeOH and t-
BuOH instead of their C-H bonds, representing the first example of O-H bond activation for
iron complexes. However, the cyclohexane oxidation rate of 3 is still orders of magnitude
smaller than the methane oxidation rate of the diiron(IV) intermediate Q of MMO36:37, This
reactivity gap may arise from a difference in the spin states of the individual iron centers in
the complexes (S =1 for 3 and S = 2 for Q). Complex 3 also differs from MMO-Q in the fact
that it carries out substrate dehydrogenation rather than hydroxylation. From this perspective,
the action of 3 more closely resembles that of fatty acid desaturases, which like MMO also
have diiron active sites and are thus proposed to generate diiron(1V) oxidants in their catalytic
cycle38. As discussed for 3 above, the difference in the reactivities of MMO and the fatty acid
desaturases may hinge on the relative ease by which C-O bond formation between the incipient
alkyl radical and the Fe-OH unit (i.e. oxygen rebound) can take place relative to electron
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transfer between them1®=21 and the results for 3 can help us understand how different but
related enzyme active sites can modulate the outcome of substrate oxidation. Lastly, our
intriguing results demonstrate that complexes with very high Fe!V/!!l potential can be generated
in high yield and characterized spectroscopically and set the stage for future efforts aimed at
more efficient hydrocarbon oxidation by synthetic iron complexes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

The structures of complexes 1 and 3. (a) ORTEP plot of [Fe!'',O(L),]%* (1) with thermal
ellipsoids drawn at the 50% probability level. Carbon atoms shown are not labeled, and
hydrogen atoms are omitted for clarity. Selected distances and angles: Fe1-O1: 1.795(16) A;
Fel-02:2.007(16) A; Fe1-N1: 2.237(2) A; Fe1l-N2, N3: 2.157(2) A; Fe1-N4: 2.088(2) A; Fel-
Fe2: 3.007(3) A; Fel-O1-Fe2: 113.68(8)°. (b) Schematic representation of the structure of 3
with labeled Fe-Fe and Fe-O distances determined by EXAFS analysis. Numbers shown in
parentheses are the corresponding distances of 1 (see also Table 1).
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Fig. 2.

Characterization of complexes 1, 2 and 3. (a) Cyclic voltammetry of 1 in CH3CN at room
temperature with 0.10 M KPFg as the supporting electrolyte at a scan rate of 100 mV s™1. Peak
potentials are shown next to each peak. (b) UV/visible spectra of the Fe!ll-O-Fe!!l complex 1
(dotted line), the Fe!''-O-Fe!V species 2 (solid line) and the Fe!V-O-Fe!V complex 3 (dashed
line) taken in CD3CN at —40 °C. Inset: ferrocene titration of 1 mM 3 monitored at 770 nm.
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Fig. 3.

X-ray absorption spectra of complexes 1, 2 and 3. (a) X-ray absorption edge spectra of 1 (—),
2 (---), and 3 (——-), showing the blue-shift of the Fe K-edge transition with progressive
oxidation of the iron centers. (b) Fourier transform of the Fe K-edge EXAFS data (k3y(k)) and
unfiltered EXAFS spectra (k3y(k), inset) of 3. Experimental data is shown with dotted (------)
lines and fits with solid (—) lines. Fourier transformation range, k = 2.0 - 15.0 AL, Fit
parameters are shown in bold italics in Table S4 of the Supplementary Information.
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4.2 K Mossbauer spectra of 3. Dotted lines represent experimental data points, while the solid
lines are spectral simulations assuming an S = 0 ground state and two equivalent Fe sites with

8=-0.05 mms1, AEq = 2.14 mm s ! and (asymmetry parameter) n= 0.9.
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Fig. 5.

Oxidative reactivity study of 3 in CD3CN at 10 °C. The solid line represents the best linear fit
correlating the log ky' values for the reactions of hydrocarbons with 3 (m) with their C-H bond
dissociation energies. ko' is the normalized second order rate constant (second order rate
constant ky divided by the number of equivalent C-H bonds on the substrate that may be
attacked by 3). For MeOH and t-BuOH, the filled circles () represent the values assuming
that a C-H bond is attacked. D¢ values were obtained from refs 18: 24 and 39,

Nat Chem. Author manuscript; available in PMC 2009 November 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al. Page 14

[Fe'"FeVO(L)z*" + H*
2

Fig. 6.
Reaction scheme of 3 in its oxidation of cyclohexane and t-butanol. Complex 3 acts as a one-
electron oxidant that cleaves a C-H bond of cyclohexane and the O-H bond of t-butanol.
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