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Hydroxylation of Hexane Using Dioxygen and Trimethylhydroquinone:
Biomimetic Catalysis by an Unsymmetrical Diiron-p-Oxo Complex
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An unusual unsymmetrical diiron(IIl) complex has been ob-
tained with an amine/pyridine ligand. Its ability to catalyze
the hydroxylation of n-hexane with O, and trimethylhydro-
quinone as reductant and proton donor, respectively, is re-
ported in homogeneous and supported conditions. A spectro-

scopic study is reported to confirm the role of the reductant.
A high-valent iron-oxo species is suggested.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

Transforming alkanes into alcohols under environ-
mentally friendly conditions (i.e. using O, at room temper-
ature) is a challenge for chemists.!!) In the area of biomi-
metic chemistry, complexes with porphyrins!? or amine/pyr-
idine ligandsl! are extensively used to model the active site
of mono- or dinuclear iron-containing biological systems
capable of performing the above-mentioned reaction.
Among nonheme metallobiomolecules able to hydroxylate
a CH bond using O, and electrons, one can evoke two sys-
tems: the antitumoral drug Bleomycin (BLM),[*> which
cleaves DNA oxidatively, or the metalloenzyme methane
monooxygenase (MMO),[%7I which catalyzes the conversion
of methane into methanol. In both cases, the entity re-
sponsible for the oxidation of the CH bonds has been sug-
gested to be a high valent iron-oxo compound. In the case
of MMO, the active state is an Fe'V(p-O),Fe'" intermediate
(compound Q) derived from the peroxo form Fe™(u-1,2-
peroxo)Fe!!! (compound P). It has been envisioned that the
so-called “activated BLM” Fe"-OOH dissociates to yield
Fe™YO + OH or FeYO + OH .

Most of the synthetic models that mimic the oxidation
reactions catalyzed by these natural systems do not react
directly with O, plus a reductant, but with H,O, instead.
Although some peroxo models have been obtained by re-
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acting Fe!l complexes with O,,%% only a few complexes
have been reported to catalyze alkane oxidation reactions
with dioxygen as oxidant.[>'% In this communication, we
report a new unsymmetrical dinuclear Fe!'' complex ob-
tained with the ligand N, N’-dimethyl-N,N'-bis(2-pyridylme-
thyl)propane-1,3-diamine (L3). This diiron(II1) complex can
be reduced to the Fe!! state to further react with dioxygen
and converts n-hexane into n-hexanols.

Results and Discussion

The molecular structure of [LiFe"(Cl)(n-O)Fe''Cl5] (1)
has been resolved by X-ray diffraction (cf. Figure 1).[''1 The
structure can be described as two different units bridged by
an oxo group. The first unit is an iron center in a pseudo-
octahedral environment with the L3 ligand wrapping
around the metal in a cis-f fashion; a chloro ligand and the
oxo bridge complete the coordination sphere. The second
unit is an Fe' moiety in a tetrahedral environment with
three chloro ligands and the oxo bridge. Very few examples
of this type of unsymmetrical dinuclear Fe'' complexes
have been described.!'>~ 13 Moreover the complex described
here is the first one which has been obtained with pyridine
groups.

Although the possibility that the unsymmetrical diiron
units can be considered as models for biological systems
has been envisioned,!'>~ '3l no reactivity studies have been
carried out with these complexes. The catalytic activity of 1
towards oxidation of n-hexane with molecular dioxygen has
been evaluated in the presence of acetic acid and trime-
thylhydroquinone as reductant. At the beginning of the re-
action the solution is purple, although this color disappears
after about 10 minutes. The results were monitored period-
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Figure 1. Molecular structure of [LiFe'"'(Cl)(u-O)Fe"'Cl;] (1)

ically by GC and those recorded after 2 and 16 hours are
gathered in Table 1. The total number of turnovers (ca. 10)
is reached after 2 hours and further reaction time does not
increase the yield nor alter the distribution of the products.
Separate experiments confirmed that the presence of 1 in
the reaction mixture was necessary for the oxidation of the
substrate. Very interestingly, the alcohol-to-ketone ratio is
much higher than 1. Such a high ratio is indicative of the
absence of radical chain autoxidation, thereby suggesting
the involvement of a metal-centered oxidation.*] The evolu-
tion of this ratio from 15.5 to 50 when the reaction time
increases seems artificial. Indeed, the yield of ketones de-
creases slightly while the yield in alcohols increases. As this
phenomenon concerns a low number of turnovers, it is
probably the consequence of side reactions, for example, re-
duction of the ketones by the excess reductant. Moreover,
these side reactions take place over a period much longer
than the time necessary to reach the total number of turn-
overs; they are therefore too slow to be responsible for the
high A/K ratio observed after 2 hours.

Table 1. Oxidation of n-hexane by O, with by catalyst/trimethylhyd-
roquinone/acetic acid(®!

System TTNIPI A/K

(duration)

Products (T.N.)

1-ol 2-0l 3-ol 2-one 3-one
1in solution 2h) 1.0 34 49 0.3 0.3 9.9 15.5
1 in solution (16 h) 1.1 3.7 5.2 0.1 0.1 10.2 50

1 on silica (2 h) 02 1.0 1305 05 3.5 2.5
1 onsilica (16 h) 5.1 17.8 222 1.9 2.1 49.1

[a] Yields are given as turnover numbers (T.N.) based on 1. Reaction
conditions: 1 atm. O, at 25 °C in 2.6 mL of dry acetonitrile; final
concentration for the catalyst in the reaction mixture
0.33 mmol-L~1. catalyst/n-hexane/trimethylhydroquinone/acetic
acid 1:3000:350:250. ™ TTN stands for total number of turnovers.
(I Alcohols/ketones ratio.
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Concerning the total number of turnovers and the A/K
ratio, the results listed in Table 1 are of the same order as
those reported for the oxidation of cyclohexane and n-pent-
ane catalyzed by [{Fe(HBpz;)(hfacac)},O].['® The same ex-
periments were carried out without any acetic acid: the
same product distribution was observed but the total yield
was reduced by a factor of three. This suggests that main-
taining a dimeric structure for the catalyst by means of an
acetate bridge increases the lifetime of the catalyst 1. We
are currently trying to isolate the species that forms in the
presence of acetate. Recently, White et al. made similar ob-
servations: they used acetate to increase the product yield
and robustness of their catalyst.[!7]

The same conclusion is suggested by the results obtained
in heterogeneous conditions.(cf. Table 1). Upon immobiliz-
ing the L3 ligand on a silica support,['®!°] the yield is in-
creased by a factor of five after 16 hours. Contrary to the
experiments in solution, these results improve drastically
with time. This is not surprising if one considers that the
substrate has to reach the metal center and the product has
to be removed in solution before analysis. The reactivity
has also been explored under slightly different conditions
(results not reported in Table 1). This allows us to deter-
mine the following: i) as under homogeneous conditions,
acetic acid increases the yield; ii) when the silica support
was not treated with the C-18 chain (see figure in Sup-
porting Information), the yield decreased. It appears that a
hydrophobic matrix facilitates the reactivity. One can pro-
pose that, because of the long alkyl chains, the hydrophobic
substrate is driven to the reactive site and the polar prod-
ucts are easily eliminated; iii) whatever the conditions, the
heterogeneous catalyst was always more efficient than the
homogeneous one for a reaction time of 16 hours.

In order to propose a mechanism for the catalytic oxida-
tion of n-hexane by O, in the presence of trimethylhydro-
quinone and 1, we have studied the reaction between 1 and
the reductant in the absence of any substrate. The evolution
as a function of time of a solution of equimolar amounts
of 1 and trimethylhydroquinone (TMH,Q) in acetonitrile
under argon has been followed by UV/Visible spectroscopy
(Figure 2). The characteristic LMCT bands of the unsym-
metrical dimer 1 at 347 nm and 420 nmP% decrease in in-
tensity as the reaction evolves. At the same time the charac-
teristic bands of trimethylquinone at 255 and 266 nm ap-
pear. No further change is observed after one hour. How-
ever, if dioxygen is gently bubbled through the reaction
mixture for three days, the electronic spectrum reveals that
the dinuclear compound 1 partly reforms (see Figure 2).
With a TMH,Q/1 ratio of 1:1 the reoxidation by O, is slow.
However, when using a much larger amount of reductant
relative to 1, we observed that this redox process becomes
cyclic — and much faster (ca. 1 minute for each cycle) —
by degassing or oxygenating the solution. It is most likely
that in the presence of an excess of TMH,Q, an Fe'll-
TMHQ complex is formed, as indicated by the purple color
(Amax = 568 nm) attributed to a charge transfer between a
phenolato group and Fe™.21:221 The Fe''-trimethylhydro-
quinone complex then formed is reoxidized by O, much
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Figure 2. UV/Vis spectra of: (a) 1 + 1 equiv. of trimethylhydroqui-
none under argon (full line); (b) spectrum obtained after three days
under O, at the end of evolution (a) (dotted line); spectrum of
L3Fe"(Cl)(u-O)Fe'Cl5 1 (dashed line)

more rapidly than the Fe'"-Cl complexes in the above ex-
periment. Thus it appears that TMH,Q plays a double role
in the catalysis: reduction of Fe™ and displacement of the
chloro ligands to give a Fe'-trimethylhydroquinone com-
plex that is more sensitive to O,. The importance of ligation
of hydroquinones to iron has already been pointed out.!>!

The observations reported above are in agreement with a
mechanism implying a high-valent iron species: initial re-
duction of the dinuclear Fe-oxo complex 1 by trime-
thylhydroquinone to the Fe!! level allows dioxygen to inter-
act with the metal centers to finally yield a high valent iron-
oxo entity. However some questions remain to be elucid-
ated, in particular the chemical nature (mono- or dinuclear)
of the active species has to be addressed.

Conclusion

Compared to synthetic models, the pre-eminence of en-
zymatic systems resides in the separation of the successive
steps in the catalytic cycle, whereas for model systems all
the reactants are mixed together. The crucial reaction, i.e.
oxidation of m-hexane by a putative mono- or dinuclear
Fe!V species, is in competition with oxidation of the excess
reductant. The challenge for chemists in the coming years
is therefore to devise catalytic systems in which the different
steps can be timely orchestrated.

Experimental Section

The ligand L3 was prepared following the method reported for the
ligand bispicen®! but using N,N' dimethyl-1,3-propane diamine as
starting material.

Synthesis of 1: A 7 mL methanolic solution of FeCl;:6H,O
(165mg, 0.61 mmol) was added to a solution of L3 (1 equiv.,
173 mg) in 10 mL of MeOH. The solution was stirred for a few
minutes and a dark orange powder precipitated. The solid was fil-
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tered and washed twice with methanol (174 mg, 50%). Crystals
were obtained within a few hours by diffusion of zerz-butyl methyl
ether into a solution of 1 in acetonitrile. C;;H,4Cl4Fe,N4O-1/
2CH30H (569.92 g'mol™!): caled. C36.88, H4.60, Cl24.88,
Fe 19.60, N 9.83; found C36.74, H4.50, Cl124.77, Fe19.34,
N 9.74.

Syntheses of the grafted ligand and supported catalyst are available
as Supporting information(see footnote on the first page of this art-
icle).
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