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The syntheses of biomimetic complexes that mimic the major 
structural features of the hydroxylase component of methane 
monooxygenase enzyme (MMO) and, more importantly, that 
provide similar alkane functionalization activity, in the presence 
of an oxidant, have been of great interest to the discipline of 
bioinorganic chemistry.2 Previous studies with MMO mimics 
on several aspects of the alkane functionalization chemistry, 
including product formation and mechanisms, have been 
performed exclusively in organic solvents such as acetonitrile, 
since solubility of the substrates, the biomimetic catalysts, 
[(Fe20(M-OAc)(L)2]3+/[(Fe20()71-H2O)2(L)2I

4+, and the oxidants, 
H2O2ATBHP, were problematical.3 

As far as we have been able to discern, no MMO biomimetic 
oxidation studies, as described above, have been conducted in 
H2O, a solvent of both biological compatibility and significant 
environmental interest. In this communication, we will dem
onstrate the feasibility of conducting biomimetic oxidation 
studies in H2O with soluble substrates, i.e., alcohols (cyclohex-
anol, benzyl alcohol), using H20-stable MMO mimics at pH 
4.2, [Fe20(?;1-H20)(77l-OAc)(L)2]

3+ (L = TPA, 1; BPIA, 2), 
[Fe2O(J/ '-H2O)2(BIPA)2]

4+ (3), and the oxidant, tert-butyl 
hydroperoxide (TBHP).4 

These latter complexes, 1-3, were generated in situ using 
the ,H-OAc complexes, 4-6, [Fe2O(M-OAc)(L)2]

3+ (L = TPA, 
4; BPIA, 5; BIPA, 6), by following this conversion by UV-
vis from pH 6 to 4 (supporting information). It was clear from 
the UV-vis data, and subsequent 1H NMR spectral data, that 
for 1 and 2, the OAc ligand was still bound to the Fe metal 
center, but we suggest that it is bonding as an j/'-OAc rather 
than a fi-OAc ligand, with an 77'-H2O ligand on the other Fe 
metal center. We will demonstrate that the presence of an rj]-
H2O ligand at an Fe metal center, i.e., 1, dramatically affects 
oxidation rates of alcohols in aqueous solution at pH 4.2.3a 

More importantly, we will show that, in H2O, the predominant 
role of the biomimetic catalysts 1—3 is to homolytically 
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decompose TBHP and that the generated J-BuO" and J-BuOO" 
radicals initiate homolytic C-H bond abstraction from the 
alcohol substrate to predominantly provide the aldehyde/ketone 
product. It is interesting to note that a recent report5 provided 
data concerning the decomposition of TBHP in the solvent 
acetonitrile, in the presence of a mononuclear complex, [FeCl2-
(TPA)]+, that produced J-BuO" radicals, and not a Fe=O 
intermediate, as previously suggested.3ab 

Initial experiments on the fate of the oxidant, TBHP, in the 
presence of biomimetic catalysts 1—3 were modeled after the 
elegant kinetic and mechanistic studies of Bruice and co
workers6 on similar reactions with H20-soluble cytochrome 
P-450 biomimics. The decomposition product data of TBHP 
with 1-3 at pH 4.2 (Table 1, supporting information) show 
that, when H2O is used as a solvent, the following products are 
formed (average percentages of 1—3): (CHs)2CO, 75—85%, 
CH3OH, 10-25%, CH2O, >10%, and J-BuOH, 15-24%. As 
well, only a small amount of the coupling product J-BuOOCH3 
(<3%) was detected, while (J-BuO)2, was not observed. 

Significantly, in H2O, the precursor to (CHs)2CO and CH3-
OH appears to be the J-BuO" radicals, which strongly implies 
that the homolytic cleavage of the O—OH or 00—H bonds of 
TBHP by 1-3 is the predominant pathway of TBHP decom
position.7 We also observed that added J-BuOH was not 
oxidized in the reaction of 1 with TBHP, indicating that J-BuO" 
radicals are not produced by a I e - oxidation of J-BuOH. 

As a further criterion of J-BuO" radical formation, we used 
the diagnostic test of trapping the oxidized species (J-BuO") with 
the water-soluble, pH-independent trapping agent 2,2'-azinobis-
(3-ethylbenthiazoline-6-sulfonate) (ABTS), using GC to analyze 
for the formed (CH3)2CO and J-BuOH.6 The results (Figure 2, 
supporting information) show that as the ABTS concentration 
is increased, the (CH3)2CO yield decreases from 85% to 3% 
and, concomitantly, that of J-BuOH increases from 15% to 97%. 
This result confirms that, indeed, the J-BuO* radical is the major 
product from TBHP decomposition with 1—3 as catalysts.6 

Furthermore, the EPR spin radical trap 5,5-dimethyl-l-pyrroline 
/V-oxide (DMPO) has been employed to monitor the radical 
species formed in the reaction of TBHP with 1 at pH 4.2. 
Indeed, both radicals, J-BuO" (predominant) and J-BuOO", were 
detected in these DMPO EPR trapping experiments (Figure 3, 
supporting information).8 

Since several mechanisms can be invoked in the formation 
of the J-BuO* and J-BuOO" radicals (for example, the Haber— 
Weiss process), we focused our efforts on attempting to define 
the role of 1-3 during the TBHP decomposition reaction using 
UV-vis and cyclic voltammetry (CV) techniques. Thus, the 
addition of TBHP to a solution of 1 was followed by UV-vis 
spectroscopy from 250 to 550 nm, which shows a loss of 
absorbance of all the major characteristic bands associated with 
the Fe-O—Fe core (isobestic point at 307 nm). Figure 1 
demonstrates this phenomenon with 1 and TBHP concentrations 
of 10, 30, and 45 mM, with a dramatic loss in the absorbance 
at 458 nm (A458 values correspond to a 10%, 13%, and 17% 
loss of initial absorbance), including the anticipated color change 
from yellow-orange to colorless. It is important to note that 
the yellow-orange color returns after ~20 min of reaction time 
and is consistent with the presence of the original Fe3+ complex, 
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Figure 1. Changes in the absorbance at 458 nm as a function of time 
with different [r-BuOOH],. [catalyst 1] = 0.5 mM. Reactions were 
initiated by addition of f-BuOOH. 

1. As well, experiments in the presence of the substrates (butyl, 
cyclohexyl, and benzyl alcohol, cyclohexanone) at pH 4.5 show 
a greater decrease in the absorbance from 310 to 550 nm, which 
appears to depend on the concentration and the structure of the 
substrate (Figures 4 and 5, supporting information). These 
results suggest that the intermediate Fe complex does not have 
an absorbance in the visible spectrum. This phenomenon is 
consistent with the intermediacy of a stabilized LFe3+(M-OH)-
Fe2+L complex that would have no visible absorption9 and, 
further, would imply a Haber—Weiss process for the formation 
of f-BuO* radicals. 

Moreover, the redox properties of 1 have been evaluated in 
degassed aqueous solutions from pH 4 to 6, and two redox 
processes are displayed at +336 and +144 mV vs Ag/AgCl. 
The first quasi-reversible reduction wave corresponds to the 
mixed-valence Fe2+Fe3+ complex, while further reduction of 
this intermediate at +144 mV leads, presumably, to the 
formation of the Fe2+Fe2+ complex.10 Previous CV results with 
the /i-OAc analog of 1 in CH3CN displayed quasi-reversible 
redox behavior, with Fe3+(a-0)Fe3+/Fe3+(a-0)Fe2+ reduction 
potentials equal to -0.05 mV vs Ag/AgCl.9a Thus, the 
reduction ofl in H2O appears to be favorable thermodynami-
cally. 

We initially studied the rates of benzyl alcohol oxidation with 
4 and TBHP as a function of pH (Figures 6 and 7, supporting 
information) and found a dramatic increase in the oxidation rate 
when the pH was decreased from 6 to 4. This result coincided 
with our UV-vis experiments, which showed the in situ 
formation of 1 as the pH was decreased from 6 to 4. We then 
studied the oxidation of cyclohexanol in H2O at pH 4.2 with 
1-3 as catalysts and TBHP as the oxidant and compared the 
reaction times, number of turnovers (NOT), and fo/fo values 
with those of similar reactions of 4 - 6 conducted in CH3CN 
(Table 2, supporting information). In H2O, cyclohexanone was 
detected as the predominant oxidation product (NOT 15—32). 
The pertinent results of these experiments are that all three 
complexes, 1—3, provide the same kn/ko values, ~ 3 . 1 , " for 
the cyclohexanol to cyclohexanone conversion, which is not 
the case in CH3CN, where the structure of the [Fe2O(M-OAc)-
L2]3+ complexes appear to dictate ku/kr,.3^ Similar experiments 
with benzyl alcohol as the substrate gave benzaldehyde as the 
predominant product (NOT 16-28) and knlkt, values of ~4.0 
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for all three complexes, 1-3 , while in CH3CN, the [Fe2O(M-
OAc)L2]3+ complexes 4 - 6 provide &H/&D values with a range 
of 2.6-4.5. We interpret the alcohol conversion results (H2O) 
in terms of a common radical initiator, which, from our 
preceding experiments in water on the decomposition of TBHP, 
clearly appears to be predominantly the f-BuO* radical. 

The overall results suggest the intermediacy of a reduced Fe 
complex, such as LFe3+(M-OH)Fe2+L, that occurs upon reaction 
with TBHP at pH 4.2, with concomitant formation of the f-BuO* 
radical.6 Equations 1—6 depict the plausible decomposition 
pathway of TBHP with 1-3 , somewhat reminiscent of the 
Bruice et al. studies of TBHP with water-soluble Fe3+ porphyrin 
complexes.6 

LFe3+(M-O)Fe3+L + r -BuOO-H — 

LFe2+(M-OH)Fe3+L + f-BuOO* (1) 

J-BuOO* — f-BuO* + / 2 o 2 

f-BuO* — (CH3)2C=0 + CH3* 
Oj, fast 

CH3OO* 

(2) 

(3) 

f-BuO* + r -BuOO-H — r-BuOH + f-BuOO* (4) 

?-BuOO* + CH3* — r-BuOOCH3 (5) 

LFe 2 V-OH)Fe 3 + L + f-BuO-OH - * 

LFe 3 -V-O)Fe 3 +L + f-BuO* + H2O (6) 

The critical ramification of our studies is that MMO biomi-
metic oxidation reactions in H2O, with TPHP as the oxidant, 
provide a pathway somewhat similar to those found in studies 
recently conducted in anhydrous organic solvents, as represented 
by CH3CN;5 we, however, are not fully convinced that Fe=O 
intermediates are not involved in the C - H functionalization of 
alkanes in CH3CN, due to the variation of kn/kt> values we 
observe with 4—6. Therefore, we propose that, in water, the 
very positive Fe3+Fe3-1TFe3+Fe2+ reduction potentials for 1-3 
favor the initial step in the Haber—Weiss process (eq 1), and 
in this sequence of events, the fi-oxo bridge would be protonated. 
Similar reasoning was suggested for semimetHr, where the 
protonation of the fi-oxo bridge occurs upon reduction of the 
diferric center to neutralize the added charge, thereby stabilizing 
the intermediate Fe3+Fe2+ complex.9 Moreover, we also suggest 
that 1—3 catalyze the substrate alcohol oxidations, in the 
presence of TBHP, by a mechanism involving Fe3+ oxidation 
and Fe2+ reduction of TBHP to generate the f-BuO* radical. 
This radical subsequently initiates homolytic C - H bond ab
straction from the alcohol substrate to provide the corresponding 
ketone/aldehyde product. Future reports of aqueous oxidation 
reactions with 1—3, TBHP, and cyclohexane as the substrate 
will provide further evidence for f-BuO" radical involvement 
in micelles. 
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