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Low temperature selective catalytic oxidation and nitration using
environmentally friendly reagents
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The selective oxidation of benzyl, phenylethyl and phenoxybenzyl alcohols can be performed using metallic
nitrates supported on clays. It is shown here that similar or better yields can be achieved by simple addition of
iron, bismuth or copper nitrates and a dealuminated or a natural clay to the reaction mixture, instead of their
supported equivalent. The acid catalytic role of the clay is suggested by its concentration e†ect on the reaction
rate. These observations open up new opportunities for easy scale-up of selective oxidation of fragile organic
compounds such as phenoxybenzyl alcohol. The selective nitration of 4-hydroxybenzaldehyde also gives good
yields with the same catalytic system.

Oxydation et nitration catalytiques se� lectives et à basse tempe� rature avec re� actifs respectueux de lÏenvironnement.
LÏoxydation se� lective dÏalcools benzylique, phe� nyle� thylique et phe� noxybenzylique par des nitrates me� talliques
catalyse� e par des argiles acides est compare� e à la re� action obtenue avec des re� actifs supporte� s. Des rendements
similaires ou supe� rieurs, voisins de 100%, sont obtenus avec des nitrates de fer, bismuth ou cuivre. Des argiles
naturelles peuvent aussi eü tre utilise� es comme catalyseur dans ce proce� de� . Ces systèmes catalytiques peuvent eü tre
utilise� s avec des compose� s fragiles comme lÏalcool phe� noxybenzylique et sont faciles à extrapoler à grande
e� chelle. La nitration très se� lective du 4-hydroxybenzalde� hyde donne aussi dÏexcellents rendements avec ce
système catalytique.

Supported reagents have been widely used in organic synthe-
sis for some 25 years and new systems have been recently pro-
posed.1h3 Some of these reagents have found industrial
applications4 and their importance is likely to increase as a
result of new environmental demands and the drive towards
clean technologies in the manufacture of pharmaceutical and
Ðne chemical intermediates. They have been designed for pro-
cesses usually operating in the liquid phase at low tem-
peratures for the conversion of fragile substrates, for which
heterogeneous catalysis can hardly be used. The use of sup-
ported reagents has thus recently attracted much atten-
tion.4h11 Clay-supported metallic nitrates constitute a special
class of these reagents,8,9 particularly interesting in the Ðeld of
oxidation and nitration, which use environmentally unfriendly
agents such as chromium salts or sulfonitric and nitric acids.
These supported reagents may, however, lack stability and
probably for this reason are rather irreproducible in their
preparation and in their chemical applications. For instance,
iron(III) nitrate was proposed to form an unstable acetone
solvate by dissolution in acetone ; its deposition on a support
Ðrst aimed to stabilize this explosive solvate and this insta-
bility could then account for the difficulty of preparation.8 It
can be inferred that the problems are even more complex on
the industrial scale.

The physicochemical characterization by infrared spectrom-
etry, thermal and thermoemanation analyses as well as X-ray
di†raction of several metallic nitrates (Fe, Cu, Bi, Cr, Mn, Ni,
Zn and Co) supported on a commercial dealuminated clay
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(K10 from Su� d Chemie) led, however, to the conclusion that
these nitrates are in fact hydrated salts and nearly amorphous
due to the small size of the crystals.12h15 Their reactivity is
controlled by the decomposition kinetics of the nitrate and the
support, by its acidity, acts as a catalyst for this decomposi-
tion.16

In this hypothesis of a reaction catalyzed by the clay, a new
process can be imagined in which the metallic nitrate is added
directly to the reaction medium as a normal reagent (in situ
preparation method), instead of being introduced previously
into the clay by a complex procedure. We illustrate here the
possibilities of this new method for the oxidation of alcohols
and nitration of phenols (Scheme 1), in comparison with the
usual process based on the corresponding supported reagents.

Scheme 1
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Experimental

Conventional preparation method of the supported
reagents8,9,12

The hydrated metal nitrate was added to acetone (187.5 ml) in
a 0.5 litre evaporating Ñask. The mixture was stirred vigor-
ously for 15 min until complete dissolution of the crystals of
hydrated metal nitrate (in the case of iron, chromium and
bismuth nitrate suspensions were observed). K10 clay (15 g)
was added in small amounts and stirring continued for
another 15 min. The solvent was then removed from the
resulting suspension under reduced pressure (rotary
evaporator) on a water bath, not exceeding 30È35 ¡C.12 After
the Ðrst step of drying, the dry solid crust adhering to the
walls of the Ñask was Ñaked o† and crushed with a spatula,
and rotary evaporator drying continued. The dry precipitate
was powdered. The procedure yields a Ñoury powder.

For the preparation of di†erent supported reagents the
nitrate : support ratio was constant, 10 mmol nitrate (ion) : 1.8
g support.

Reaction conditions

The oxidation and nitration reactions were carried out in a
batch reactor. The oxidation reactions were monitored by gas
chromatography using a column consisting of Celite impreg-
nated with a mixture of PEG 1500, SE-30 and THEED in a
2 : 2 : 1 ratio. The nitration reactions were monitored by
HPLC reversed phase column, UV detector at 254 nm,(C18methanol : water as eluent).

The reaction procedure was as follows : (a) with the sup-
ported reagents, di†erent amounts of previously prepared
reagent (indicated in the captions of tables and Ðgures) were
added to 10 mmol of aromatic alcohol or substituted phenol
compounds, diluted in 50 ml of solvent, at room temperature,
followed by heating to the reaction temperature ; (b) in the
catalytic method, the same amounts of clay, metal nitrate and
substrate as used above were added to the solvent at room
temperature ; the mixture was then heated to the reaction tem-
perature. In some cases the amount of clay was reduced.

Results
K10 alone shows no activity for the two reactions investigated
here : oxidation of aromatic alcohols and nitration of phenols.
The reactivities of the pure hydrated metal nitrates deter-
mined in the oxidation of benzyl alcohol at 60 ¡C are reported
in Table 1. Only iron(III), bismuth(III) and chromium(III)
nitrates show measurable activity, which is rather low since
the yield is a maximum of 40È60% after 12 h.

The reactivities of the conventional supported reagents have
been compared with the catalytic reaction : the results for the

Table 1 Oxidation of benzyl alcohol by pure metallic nitratesa

Reaction Yield
Salt Quantity/gb time/h benzaldehyde/%

Fe(NO3)3 Æ 9H2O 1.34 19.5 (13) 63.5 (54)
Cu(NO3)2 Æ 3H2O 1.21 12 4
Bi(NO3)3 Æ 5H2O 1.65 12.5 61
Cr(NO3)3 Æ 9H2O 1.32 20.5 (12) 50 (41)
Zn(NO3)2 Æ 6H2O 1.48 12 0
Co(NO3)2 Æ 6H2O 1.49 12 0
Mn(NO3)2 Æ 4H2O 1.25 12 0
Ni(NO3)2 Æ 6H2O 1.49 12 0

a Reaction temperature 60 ¡C, solvent benzene, molar ratio
b This quantity is equal to 10 mmol of theNO3~ : alcohol\ 1 : 1.

salt.

oxidation of benzyl alcohol by bismuth(III) nitrate are reported
in Table 2. Since the toxicity of solvents is also an important
parameter for industrial practice, hexane and benzene were
compared. Benzaldehyde is the only product of the reaction,
obtained with 100% selectivity in all cases.

The main di†erence concerns the rates : similar rates can be
observed in the catalytic process or using the supported
reagent, and higher rates are observed when using an acid
catalyst (K10) instead of a neutral bentonite. The nature of the
solvent has also some inÑuence since lower rates are obtained
with hexane. This can be attributed to a lower solubility of the
nitrate.

A further comparison of the catalytic and the conventional
processes is reported in Table 3, which includes the results
obtained with bismuth(III), iron(III), copper(II) and
chromium(III) nitrates. An interesting observation is that
under these conditions (Tables 2 and 3), natural bentonites
can also be used with reasonably good results, which requires
the creation of acidity by interaction with the metal nitrates. It
is well-known that cation exchange in zeolites can occur in the
solid state when using chlorides for example.17 It can be
pointed out here that both the clay and the nitrate are
hydrated ; thus the mobility of the cations at the surface is
ensured by the water layer. The introduction of multivalent
cations on zeolites and clays promotes acidity18 and it is likely
that the acidity required by the reaction is provided by the
exchange of Fe3`, Bi3` or Cu2` cations into the natural ben-
tonite.

These nitrates react very fast at 60 ¡C; the rate is so fast that
it is limited by the di†usion of the reactants in the pores of the
mesoporous K10 clay. The oxidation of benzyl alcohol can
also be performed at room temperature ; under these condi-
tions a slower reaction is observed but the Ðnal yield is practi-
cally the same. This high reactivity permits fragile substrates
or polyfunctional compounds, which could be fragmented at
higher temperatures, to be converted.

Table 2 Oxidation of benzyl alcohol with di†erent systems based on bismuth nitrate to give benzaldehyde (% yield)a

Reaction time/h

In benzene In hexane

System b 1 2 3 4 1 2 3 4

Bi(NO3)3 Æ 5H2O È È 35 52 46 50 52 52
Bi] bentonite 61 74 81 87
Bi/bentonite 81 91 95 68 75 81
Bi] K10 91 95 97 79 85 92 94
Bi/K10 96 98 95 98

a Reaction temperature 60 ¡C, molar ratio b Bi/K10 stands for the supported reagent, prepared previously, and Bi ] K10NO3~ : alcohol\ 1 : 1.
for the mixture of nitrate and clay added simultaneously to the reaction medium (catalytic or in situ method).
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Table 3 Benzaldehyde yields (%) as a function of time for the oxidation of benzyl alcohol by di†erent couples of metallic nitrate and clay
(catalytic method)

Reaction time/h

System 1 2 3 4 6 8 10 12

Bi] K10a 91 95 97
Bi] bentonitea 61 74 81 87
Bi/K10b 4 9 24 44 68
Bi] K10b 1 È 3 È 10 31 68 87

Fe] K10a 92 98
Fe] bentonitea 40 È 85
Fe/K10b 3 È È 10 È 48 54 56
Fe] K10b È 1 È 5 È 51 55 57

Cu] K10a 10 28 60 82
Cu] bentonitea È 51 È 65

Cr ] K10a 83 96 98
Cr ] bentonitea 26 È 43

a At 60 ¡C in benzene, using a molar ratio b At room temperature in benzene, using a molar ratioNO3~ : alcohol\ 1 : 1. NO3 ~ : alcohol\ 1 : 1.

Further illustrations of the e†ectiveness of the catalytic
systems are the oxidations of 1-phenylethyl alcohol (Table 4)
and the industrially interesting m-phenoxybenzyl alcohol (Fig.
1) to the corresponding carbonyl compounds. In all these
cases a complete selectivity to the carbonyl compound is
observed, which is indeed remarkable.

Table 4 Acetophenone yields (%) as a function of time for the oxida-
tion of 1-phenylethyl alcohol by iron and bismuth nitratesa

Reaction time/h

System 0.5 1 2 3 3.5 4

K10 0

Fe nitrate 9 12 20 25
Fe] K10 76 83 91 95 È 97
Fe/K10 80 89 93 È 95 È

Bi nitrate 11 20 35
Bi] K10 73 81 96 È 98 È
Bi/K10 72 78 85 È 88

a Reaction temperature 60 ¡C, solvent benzene, molar ratio
NO3~ : alcohol\ 1 : 1.

Fig. 1 Yields of m-phenoxybenzaldehyde obtained in the oxidation
of m-phenoxybenzyl alcohol by copper and iron nitrates in heptane,
molar ratio NO3~ : alcohol\ 0.67 : 1

The K10 clay can be repeatedly used as catalyst. An
example is the oxidation of benzyl alcohol in benzene at
60 ¡C: K10 (after washing with the solvent and without any
special regeneration) and a new portion of bismuth nitrate
gives the same yield, with a somewhat lower reaction rate only
in the third cycle.

The nitration of substituted phenols is also possible : the
good reactivity at low temperatures of these metallic nitrates
in the presence of K10 clay as a catalyst allows the nitration
of substituted phenols to be performed with high selectivity, as
illustrated in Table 5.

Because of the catalytic e†ect of the clay the amount of
K10, at a constant amount of metallic nitrates, can be reduced
down to a proportion that cannot be reached by the usual
supported reagent technique. With the diminished clay quan-
tities the same chemical yield can be obtained, although the
reaction rate decreases somewhat.

Fig. 2 illustrates the e†ect of the amount of K10 on the
oxidation of benzyl alcohol. The K10 quantity necessary for a
reasonable reaction rate depends on the metal. The more reac-
tive the metallic nitrate, the lower the amount of K10 needed
to induce a fast increase of the oxidation rate. In the case of
Bi, the addition of 5% of K10 has no e†ect relative to the pure
nitrate, but the introduction of 10% of the amount used in the
supported reagent results in a practically complete conversion,
within 3 h. With the less active iron(III) nitrate, a less sharp
di†erence can be observed between 25 and 50% of K10.

Table 5 Yields of 3-nitro-4-hydroxybenzaldehyde obtained in the
nitration of 4-hydroxybenzaldehyde by metallic nitrates used either
supported or simply added to the reaction mixturea

System Yield/%

Bi] K10 85b
Bi/K10 77b

Fe] K10 100c
Fe/K10 94c

Cu] K10 87b
Cu/K10 58b

Cr ] K10 87b
Cr/K10 84b

a Reaction temperature 60 ¡C, solvent toluene, molar ratio NO3~ : 4-
b Reaction time of 4 h. c Reactionhydroxybenzaldehyde\ 1.3 : 1.

time of 3 h.
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Fig. 2 Benzaldehyde yields as a function of time and the amount of
K10 for the oxidation of benzyl alcohol by di†erent couples of metal-
lic nitrate and clay (catalytic method). (a) (b) (c)Bi(NO3)3 , Fe(NO3)3 ,

Reaction temperature 60 ¡C, solvent benzene, molar ratioCu(NO3)2 .
NO3~ : alcohol\ 0.67 : 1

The reduction of the K10 amount is not so advantageous in
the nitration of 4-hydroxybenzaldehyde in toluene at 60 ¡C.
After a very quick initial the process becomes slower, but total
conversion and selectivity can be obtained also with 25È50%
of K10.

In conclusion, this catalytic process based on metallic
nitrates in the presence of dealuminated K10 clay allows high
yields in the selective oxidation of alcohols and nitration of
phenol compounds to be reached. The basic chemistry
involved in these reactions is that formerly described for the
supported reagents, but the type of process proposed here
bypasses the difficulties generally encountered in the prep-
aration of these supported reagents, could eventually be
scaled-up rather easily, and thus open up the possibility of
industrial applications.
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