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Catalytic aerobic oxidation of alcohols by Fe(NO3)3–FeBr3
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Abstract—Selective aerobic oxidation of secondary and benzylic alcohols was efficiently accomplished by the binary catalyst
system Fe(NO3)3–FeBr3 under air at room temperature. The oxidation developed in mild conditions and showed good yields. A
secondary alcohol even in the presence of a primary one was selectively oxidized. © 2002 Elsevier Science Ltd. All rights reserved.

The oxidation of alcohols plays an important role in
organic synthesis. New ways to achieve this transforma-
tion continue to receive attention in spite of the
availability of numerous other oxidizing reagents.1

Unfortunately, one or more equivalents of these often
hazardous or toxic oxidizing reagents is required. In
terms of economical benefit and environmental impact,
catalytic oxidations processes are extremely valuable
and those involving molecular oxygen or air are partic-
ularly attractive.2 Although a variety of different cata-
lytic systems for the aerobic oxidation of alcohols has
been developed3 many applications are often restricted
to activated substrates.4 A number of ruthenium-based
catalytic systems using air or molecular oxygen have
been reported.4f,5 Otherwise, catalytic oxidations of
alcohols in the presence of molecular oxygen as sole
oxidant or with additional co-oxidants takes place
using Cu,4a,6 Pd,4c,e,7 Co,8 Pt,9 Os10 and recently Ni11

catalysts. There are few examples of heterogeneous
catalysts with molecular oxygen for the oxidation of
alcohols.4c,5c,7f–g,12 Recently, new methods including
molecular oxygen oxidation catalyzed by bifunctional
system such as (n-Pr4N)(RuO4)–CuCl,13 OsO4–CuCl14

or related heterobimetallic complexes have been
reported.15 Additionally, Mn–Co and Mn–Cu nitrates
in combination with TEMPO allow the oxidation of
alcohols by oxygen.16 Although the direct use of atmo-
spheric pressure of air is more desirable not many
examples have been reported.17 The search for catalytic
systems that use inexpensive, nontoxic, molecular oxy-
gen in the air as secondary oxidant remains an impor-
tant challenge. On the other hand, clay-supported
metallic nitrates have been widely used as reagents in
organic synthesis, particularly in the field of oxidation

and nitration.18 The reactivity of Fe(III) montmoril-
lonite-supported metal nitrates (Clayfen) towards
organic substrates has been extensively studied.19

Clayfen is unstable, but may be stored for a few days
under pentane and the preparation of the compound
also needs certain caution.18a,b Several methods for the
oxidation of alcohols with metal nitrates have been
described.20 Such systems include clay-supported
Fe(III) nitrate,20a,b in situ generated montmorillonite
K-10 supported Fe(III) nitrate20d and metallic nitrates
supported on silica gel.20c,e Varma and Dahiya
described the microwave-assisted oxidation of alcohols
with Clayfen under solvent-free conditions.21 In all
these cases the metal nitrates were used as reagent; and
in some of these cases it was claimed that they acted as
a source of nitrosonium ions.18a,20a The oxidation of
benzyl alcohol by montmorillonite-supported metal
nitrates in an NO3

−–alcohol ratio of 0.5 was also
investigated.22

The aim of our work was to develop a simple and
general procedure for the oxidation of non-activated
alcohols catalyzed by iron. In a previous work, we
reported a very efficient and selective aerobic oxidation
of sulfides to sulfoxides with the binary system
Fe(NO3)3–FeBr3,23 developed under mild conditions,
yielding high purity products, that may be applied to
any type of dialkyl and alkyl aryl sulfide, and to
substrates of biological interest. Taking all this into
account, we report here our recent findings on the
oxidation of alcohols with the same binary catalyst
Fe(NO3)3–FeBr3, with air under mild conditions. The
advantage of this method is that it does not demand a
metal complex or any co-oxidant. Aerobic catalytic
oxidation of alcohols was carried out in CH3CN, at
room temperature in the presence of Fe(NO3)3·9H2O–* Corresponding author. E-mail: martins@dqo.fcq.unc.edu.ar
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FeBr3 as catalysts. Menthol (1) was selected as a model
substrate for the optimization process (Eq. (1)).

(1)

A typical experimental procedure was quite simple: To
0.1 mmol of Fe(NO3)3·9H2O and 0.05 mmol FeBr3 in
CH3CN (5 mL) was added 1 mmol of the substrate.
The reaction mixture was stirred under air at room
temperature. Yields were determined either by gas chro-
matography using an internal standard or products
were isolated by column chromatography with appro-
priate combination of hexane/ethyl acetate. Table 1
shows results of the oxidation of menthol (1) under
different conditions and catalytic systems. The oxida-
tion of 1 afforded menthone (2) at 85% yield with total
selectivity within 24 h (entry 1, Table 1). No other
products were obtained. Compound 2 was isolated
yielding 81 and 14% of 1 was recovered. Among the
solvents examined, CH3CN was found to be the most
effective. Reaction in solvents such as benzene, CH2Cl2
and AcOEt produced unfavorable results.

In order to improve the efficiency of this catalytic
system we examined different ratios between the metal-
lic salt and the metal bromide. The best results were
found when the ratio between the salts Fe(NO3)3:FeBr3

was 1:0.5, similar to the oxidation reaction of sulfides.23

When Fe(NO3)3 was used as catalyst alone, only 26% of
the alcohol was oxidized to ketone and the rest was
recovered intact (entry 2, Table 1). This is in agreement
with previous reports of metal nitrates used as oxida-
tion reagents.20 When FeBr3 was added to the system,
the rate of oxidation was enhanced and the system
became catalytic. Oxidation with only FeBr3 under the
same conditions resulted in practically no reaction, and
1 remained unchanged (entry 3, Table 1). The use of
less than 10 mol% Fe(NO3)3 took longer to react. Next,
the effect of the temperature was examined. No
improved rates could be observed at higher tempera-
tures. The formation of 2 under a dioxygen atmosphere
proceeded in the same way as in air (entry 4, Table 1).
Otherwise, under a nitrogen atmosphere, only 22% of 1
was oxidized and the rest was recovered (entry 5, Table
1). Oxidation with only Fe(NO3)3 under nitrogen atmo-
sphere took place in the same way as in air. As previ-
ously reported in the oxidation reactions with
Fe(NO3)3, the metal nitrates are a source of nitronium
ions,18,20a thus the reaction did not require molecular
oxygen. Therefore, oxidation observed in the reactions
above described under nitrogen atmosphere could be
due to this pathway. However, during the catalytic
reaction the latter results hint at the possibility that
dioxygen was involved in the course of the reaction. It
is interesting to note that the reaction does not require
a high pressure of dioxygen. In fact, it can be run at
atmospheric pressure of air. This is an important fea-
ture of this reaction. On the other hand, the aerobic
oxidation of 1 by Fe(NO3)3 and the complex
[(FeBr3)2(DMSO)3]24 was examined, (entry 6, Table 1).
The main advantage of the use of this coordination
compound is its high stability unlike that of anhydrous
FeBr3. This complex was found to be less efficient than
FeBr3, even at longer reaction times. We also investi-
gated the role of components of the binary catalyst in
this oxidizing system. The catalytic reaction proceeded
hardly varying from FeBr3 to KBr (entry 7, Table 1).
This result shows that the oxidation of the substrate is
related to the Fe(III) of the metal halide, and that in a
special manner this Fe(III) controls oxidation. This is
further supported by the results of the reaction carried
out with Fe(NO3)3–[(FeBr3)2(DMSO)3]. As previously
discussed,23 the presence of a ligand delayed oxidation,
which means that the metal center was less available for
the coordination of the substrate. Furthermore, it was
found that replacing FeBr3 by FeCl3 led to very little
catalytic activity, even though it contained Fe(III)
(entry 8, Table 1). This is in agreement with the result
shown in the oxidation of sulfides with nitric acid in a
biphasic system catalyzed by FeBr3 and FeCl325 or by
tetrabromoaurate(III) and tetrachloroaurate,26 in which
lower yields were obtained in the oxidation involving
chlorides. Although, there was practically no reaction
with KBr, the last finding with FeCl3 confirmed the
catalytic role of the bromide together with Fe(III). In
the absence of either Fe(III) or bromide the oxidation
hardly occurred. The catalytic activity of Cu(NO3)2–
CuBr2 and Zn(NO3)–ZnBr2 systems was also examined
(entries 9–10, Table 1). In the Cu(II) system 2 was
obtained in low amounts while the oxidation of 1 did
not occur with Zn(NO3)2–ZnBr2 as catalyst.

Table 1. Catalytic air oxidation of menthol (1) to men-
thone (2) at room temperaturea

Entry Catalyst (% mmol) Conditions Yield of 2b (%)

85Fe(NO3)3
c–FeBr3 Air1

2 26Fe(NO3)3 Air
FeBr33 2Air

4 82O2
dFe(NO3)3–FeBr3

Fe(NO3)3–FeBr35 N2
d 22

Fe(NO3)3– 606 Air
[(FeBr3)2(DMSO)3]e

Fe(NO3)3–KBr7 Air 2
AirFe(NO3)3–FeCl3 248

9 10Cu(NO3)2
f–CuBr2 Air

10 Zn(NO3)2
g–ZnBr2 Air N.R.h

a Reaction carried out with 1 mmol of substrate in an open system at
room temperature for 24 hours, at a molar ratio sub-
strate:Fe(NO3)3:FeBr3 1:0.1:0.05 mmol, in 5 mL of CH3CN. The
reaction has been shown to be effective on a 35 mmol scale with no
change in reactivity or yields.

b Determined by GC.
c Fe(NO3)3 corresponds to Fe(NO3)3·9H2O.
d Under an O2 or N2 atmosphere (1 atm).
e Reaction carried out for 36 h.
f Cu(NO3)2 corresponds to Cu(NO3)2·2.5H2O.
g Zn(NO3)2 corresponds to Zn(NO3)2·6H2O.
h N.R.: Reaction did not occur.
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Having established what appeared to be the optimal
conditions, we switched our attention to the substrate.
A variety of alcohols were then reacted with this
remarkably simple procedure and the results appear in
Table 2. As shown, both secondary and benzylic alco-
hols were oxidized in good yields. All the reactions
occurred with complete selectivity for ketones or alde-
hyde and no over-oxidation or other products were
detected in the reaction mixtures. The products could
be readily isolated. The only purification step consisted
of a filtration through a silica gel column, which led to
good yields and purity of the products. It is important
to notice that the reaction works well with sterically
hindered alcohols such as menthol (entry 1, Table 2).
Many other secondary cyclic alcohols were efficiently
oxidized (entries 2–5, Table 2). The 2-adamantanol
required longer reaction times for the same conversion
than other cyclic alcohols (entry 4, Table 2).

Interesting results were obtained during the oxidation
of (1S,2R)-(−)-cis-1-amino-2-indanol (entry 5, Table 2).
The presence of an amino group in the substrate did
not interfere with the oxidation process. The oxidation
product was obtained in good yields with no change in
the configuration at the carbon atom bond bearing the
amino group. Aerobic oxidation can also be success-
fully performed with other aliphatic secondary alcohols
(entries 6–7, Table 2). It should be noticed as a very
interesting finding that primary alcohols could not be

oxidized by this system (entry 8, Table 2). Besides,
secondary alcohols were selectively oxidized even in the
presence of primary ones (entry 9, Table 2). The reason
for this behavior is not clear so far. However, using
ruthenium-hydrotalcites as catalysts Kaneda has
reported that primary aliphatic alcohols are barely oxi-
dized while secondary ones smoothly convert into their
corresponding ketona.12b The oxidation of benzyl alco-
hol produced benzaldehyde in good yield with no over-
oxidation (entry 10, Table 2).

The present aerobic oxidation can be rationalized by
two different active species in the catalytic cycle. Since
the reaction mixture became light brown NO2 may be
generated in situ, as proposed in a related system which
contained NO3

− and MBr3.27 Thus, the Fe(NO3)3–
FeBr3 system could be a source of NO2 and might play
a role in this oxidation. On the other hand, mechanistic
studies by electrochemical methods demonstrated that
in selective oxidation of sulfides with nitric acid cata-
lyzed by FeBr3 and [(FeBr3)2(DMSO)3] the high selec-
tivity exhibited was controlled by the transition metal,
the role of nitric acid was to oxidize bromides into
bromine, and that this couple was the redox mediator
in sulfide oxidation.25 In our system the catalytic role of
bromides and the control of oxidation by Fe(III) was
also confirmed. Furthermore, the oxidation potential of
the nitrates is too low for an efficient oxidation of
chloride into chlorine.25 This fact may account for the
low yields obtained from the oxidations by Fe(NO3)3–

Table 2. Selective aerobic oxidation of alcohols using Fe(NO3)3–FeBr3 as catalysta
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FeCl3 system. Thus, an oxidation should be considered
where the active oxidant could be the bromide/bromine
couple and the alcohols were activated by coordination
to the metal.

In conclusion, the catalytic system Fe(NO3)3–FeBr3 led
to an effective and selective oxidation of secondary and
benzylic alcohols using atmospheric pressure of air as a
sole oxidant. Secondary alcohols are selectively oxi-
dized even in the presence of primary ones. The reac-
tion proceeded under very mild conditions and it was
easy to implement. Two types of active species may be
regarded in the metal-catalyzed oxidation, either oxida-
tion by NO2, or oxidation by the bromide/bromine
couple controlled by Fe(III).

General procedure. Oxidation reactions catalyzed by
Fe(NO3)3–FeBr3. A typical experiment was carried out
in an open reaction tube provided with a condenser. To
the mixture of Fe(NO3)3·9H2O (0.1 mmol) and FeBr3

(0.05 mmol) in 5 mL of CH3CN menthol was added (1
mmol). The reaction mixture was stirred under aerial
conditions at room temperature. GC was used to follow
the reaction. When the reaction was complete, CH2Cl2
was added and the two phases were separated. The
aqueous layer was extracted with CH2Cl2. The com-
bined organic layers were washed with water, dried
over MgSO4, and the solvent was removed in vacuo.
The residue was chromatographed on a silica gel (70–
270 mesh ASTM) column, and eluted with ethyl ace-
tate/hexanes using various ratios. All products
identified were found to be identical to authentic
samples.
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