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Abstract: An overview of the state of the art in the di-
rect oxygen or nitrogen insertion to aromatic rings
and side-chains by hydroxylation, acetoxylation, par-
tial oxidation and ammoxidation is presented. The in-
fluence of a variety of catalysts and oxidants on the
yields of hydroxylated products of aromatic species
is discussed in more detail. The survey is also focussed
on the usage of H2O2 as an effective oxidising agent
for hydroxylation reactions. Acetoxylation of meth-
yl-substituted aromatic compounds to their corre-
sponding esters in a single step is indeed an interest-
ing area from an industrial point of view. Hence, the
topics covering benzylic acetoxylation, although they
are under a developmental stage for commercial ex-
ploitation, are also reviewed. The present contribu-
tion also covers the main directions of selective oxida-
tion/ammoxidation of aromatic compounds to useful
products, surveys recent developments and provides
an updated discussion of the state of the art in the
field of oxidation and ammoxidation of aromatics.
Additionally, a comparative study of the vapour phase
oxidation and ammoxidation of different alkyl aro-
matics to their corresponding aldehydes and nitriles
using various heterogeneous catalysts is presented.

Besides, the achievements and limitations of the cata-
lysts/processes are emphasised. Furthermore, the
present article includes a discussion of common fea-
tures and differences in mechanistic steps of oxidation
and ammoxidation reactions investigated by in situ
FITR spectroscopy. The influence of acid-base prop-
erties of catalyst surfaces in connection with electron-
ic effects of the substituents on the performance of
the catalysts is also described.
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1 Introduction

Scientific and technological developments have had a
significant effect in the field of catalysis (catalytic pro-
cesses) in the last two decades on the development of
novel catalysts, new types of reactors, reaction engineer-
ing aspects, structured beds, etc. Large-scale commodi-
ties, organic intermediates as well as special and fine
chemicals can be synthesised by oxidation and ammox-
idation of various aromatic and heteroaromatic com-
pounds. Usually, catalytic hydrogenation is a method
that is frequently applied in the organic synthesis labora-
tory for the preparation of a variety of valuable chemi-
cals. On the other hand, the use of oxidation catalysis,
particularly with heterogeneous catalysts, in the gas
phase is not so usual. Because all the products of selec-
tive oxidations are intermediates, they are kinetically
controlled in mostly various parallel or consecutive
ways to total oxidation. Hence, the choice of catalysts

and reaction conditions (including control of exother-
micity) are very important to get a high selectivity of
the desired product at a sufficient production rate.
Therefore the review will cover selected reactions
which, on the one hand, lead to interesting organic prod-
ucts and, on the other hand, can be carried out with high
selectivity.
In the selective oxidation of aromatics one can distin-

guish between three general reaction types[1]:

1) formation of oxygenates without splitting of ring
C�C bonding (e.g., formation of phenols),

2) formation of oxygenates under splitting of ring
C�C bonding (e.g., formation of maleic or phthalic
anhydride from benzene or naphthalene, respec-
tively),

3) oxidation or ammoxidation of aromatic side-chains
(e.g., formation of benzaldehyde or benzonitrile).
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The oxidation of aromatic compounds under splitting of
ring C�C bonds represented a milestone in the hetero-
geneously catalysed oxidation technology. Thus, the first
commercial production of phthalic anhydride started in
1916 (vapour phase oxidation of naphthalene over vana-
dium oxide), and also maleic anhydride was produced
from benzene during the earlier industrial period start-
ing in 1933.[1] At present both industrial processes are
only of historical interest and this reaction type is also
not of interest from the viewpoint of the organic syn-
thesis. Therefore, the review will only deal with the first
and the third reaction types.
This paper also covers the main directions of the oxi-

dation of aromatic compounds, particularly with air
and in the gas phase, under the special viewpoint of or-
ganic synthesis. In this light, it can be stated that prefer-
entially the ammoxidation of aromatic side-chains may
be a reliable tool for the direct synthesis of differently
substituted nitriles, whereas the oxidation of side-chains
tobenzyl alcohols (viaoxidative acetoxylation) or toben-
zaldehydes is still under development and is not so versa-
tile in its commercial application as nitrile syntheses.
Additionally, the direct hydroxylation by oxidation of

the aromatic nucleus is indeed a big challenge and hence
the state-of-art for this reaction is presented here for the
different approaches both in liquid and gas phase reac-
tions.
Industrial aspects of the selective oxidation of aromat-

ic compounds are not dealt in this article, formore infor-
mation we refer to the relevant literature, e.g., “The
Technology of Catalytic Oxidations” by P. Arpentinier,
F. Cavani, F. Trifiro.[2]

For the development and application of catalysts the
activation mechanism and the different oxygen species

on the catalyst surface are important; however, this is
not covered in this survey as it is more related to the or-
ganic reaction and its limitations. The activation of oxy-
gen is described in detail elsewhere.[3–5]

Therefore, the main topics of the survey are:
. direct hydroxylation of aromatic compounds,
. acetoxylation of methyl-substituted aromatic com-
pounds,

. synthesis of aldehydes by side-chain oxidation,

. ammoxidation of aromatic side-chains.

2 Direct Hydroxylation of Aromatic
Compounds

The direct and selective introduction of the hydroxy
group into aromatic compounds is one of the most chal-
lenging fields in oxidation chemistry today. Multi-step
processes areused inmanycases for the technical produc-
tion of hydroxylated aromatic compounds. Thus, most of
the phenol produced worldwide is prepared by the Hock
process. Apart from the disadvantage of a multi-step
process, acetone is also formed in equimolar amounts.
Owing to the importance of the direct oxidation of

aromatics, there is a multitude of studies in this field,
which will be discussed in this review in the following sec-
tions. Various oxidation agents are used in gas- or liquid-
phase reactions in the presence of catalysts. In the present
review article, the hydroxylation of benzene is discussed
first, followed by the hydroxylations of phenol, toluene,
xylene, halogenated aromatics and benzonitrile.
The direct catalytic oxidation of benzene to phenol

has been examined with a large variety of oxidants as
shown in Scheme 1.

More than 100 years ago, Friedel andCrafts examined
the conversion of benzene to phenol using oxygen. The
experiments carried out in 1888 were conducted in the
gas phase in the presence of aluminium chloride.[6] Later
studies used molybdenum, tungsten, copper, uranium,
and vanadium oxides as catalysts.[7,8] The selectivities
obtained were very low and hence they are of no impor-
tance with regard to practical applications. The use of
Cu-supported ZSM-5 catalysts afforded a maximum
phenol yield of 1.5%.[9] An increase in the yield up to
4.3% could also be achieved by the use of V-Mo-O/
SiO2 catalysts.

[10] Investigations on the oxidation of ben-
zene with oxygen in the liquid phase in the presence of

Scheme 1. The direct catalytic oxidation of benzene to phenol
with a large variety of oxidants.
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CuCl,[11] iron or palladium in heteropoly acids,[12,13] or
palladium acetate[14] gave also only low selectivities.
These examples show that the direct oxidation of ben-

zene to phenol using oxygen as oxidant – one of the 10
“challenges for catalysis” – as mentioned in the litera-
ture[15,16] proceeds with very low selectivity to hydroxy-
lated products due to opening of the benzene ring as
the total oxidation with formation of CO2 and water is
the predominant reaction. However, the selectivity of
the hydroxylation of benzene to phenol canbe improved
if the reaction is carried out in the presence of reducing
agents. Thus, already in 1954, Udenfriend could show
that the Fe/EDTA/ascorbate complex can be used for
the hydroxylation of aromatics.[17] In later studies, the re-
action has been analysed more thoroughly and the
mechanism has been clarified.[18–21] The homogeneously
catalysed liquid-phase reaction proceeds via OH radi-
cals with the formation of phenol or hydroquinone giv-
ing very low conversion. In several other studies, iron
was replaced by other redox metals. Thus, studies have
been performed in the presence of Cu-supported zeo-
lites,[22] Cu-supported MCM-41 catalysts,[23] and CuO-
Al2O3

[24] but yields obtained were still lower than 1%.
Higher yields of phenol are also reported when iron is
replaced by vanadium catalysts. A maximum benzene
conversion of 3.6% with a selectivity of 98.1% has
been obtained using oxygen in the presence of VCl3 in
the two-phase system water-benzonitrile/benzene.[25]

The highest phenol yield amounted to about 9%
when V/Al2O3 catalysts are used in 80% acetic acid for
the hydroxylation with oxygen as oxidant and ascorbic
acid as reductant.[26] A drawback of this process is that
vanadium penetrates into the liquid phase by leaching.
The use of other reductants such as hydroquinone, pyro-
catechol, dithiothreitol, or 2-mercaptoethanol resulted
in considerably lower yields of phenol.
On thewhole it can be stated that the hydroxylation of

benzene to phenol in the presence of organic com-
pounds as reducing agents is interesting from a scientific
point of view but is not yet suited for practical applica-
tions because of the low yields obtained. Several authors
have also studied the activation of oxygen in the pres-
ence of reducing gases such as hydrogen or carbonmon-
oxide. Probably, hydrogen peroxide is formed in situ,
which reactswith benzene leading to the oxidationprod-
ucts. The reactions have been carried out in the liquid as
well as in the gas phase. The catalysts contained Pd or Pt
to activate oxygen and a redoxmetal responsible for the
oxidation reaction. Redox metals used were copper,[27–
32] titanium,[33] and vanadium.[34,35] Recently it has been
shown that the combination of heterogeneous Pd and
Pt catalysts with homogeneous catalysts accelerates
the hydroxylation of benzene to phenol by oxygen and
hydrogen. Using Pt/SiO2/V(acac)3 catalysts in acetic
acid, a phenol selectivity of 21.8% (based on oxygen)
at an oxygen conversion of 3.1% could be obtained.[36]

The same study gave phenol with a selectivity of

>99% at a benzene conversion of 26% by the use of
Pd/Al2O3/V(acac)3.

[37] The hydroxylation of benzene us-
ing oxygen andhydrogen could also be achievedwithout
an oxidation catalyst if Pd/Pt-containing acidic catalysts
such as zeolites (BEA, MOR, FER, MFI), acidic resins
such asAmberlyst or Nafion/silica composites were em-
ployed. In these studies, the last-mentioned catalyst
gave relatively good results.[38,39] For example, a phenol
yield of 4.2% and a phenol selectivity of 56% were ob-
tained in a mixture of water and ethanol at a pressure
of 1000 kPa.[39]

The use of a palladium membrane resulted in encour-
aging results for the direct hydroxylation of benzene to
phenol.[43] Hydrogen penetrates through themembrane,
dissociates on the palladium surface and reactswith oxy-
gen to give active oxygen species, which attack benzene
to give phenol. Phenol was formed with a selectivity of
80–90% at benzene conversions of 2–16% and with a
space-time yield of 1.5 kg phenol kgcat

�1 h�1. These re-
sults might indicate a first step into the direction of the
practical application of oxygen and hydrogen for the hy-
droxylation of aromatic compounds.
There are only a few studies concerning the applica-

tion of carbon monoxide as reducing agent for the oxy-
gen activation. A phenol yield of only 2.3% (based on
benzene) was obtained using a homogeneous catalyst
consisting of palladium acetate und phenanthroline at
180 8C in the presence of oxygen.[40–42]

The hydroxylation of benzene with nitrous oxide in
the presence ofmodifiedZSM-5 zeolites has been inves-
tigated since the late 1980 s and opens a new way to the
synthesis of phenol. The reaction proceeds with high se-
lectivity under normal pressure at 350–400 8C. Gubel-
mann and Tirel achieved a phenol yield of 16% with se-
lectivities of>95% using a Brønsted-acidic H-
[Al]ZSM-5.[44] A phenol selectivity of 98% at a phenol
conversion of 27% is reported by Burch and Howitt.[45]

Emig et al.[46] could show that the benzene conversion
rises with increasing reaction temperatures, but at the
same time the phenol selectivity decreases and the deac-
tivation of the catalyst is favoured. Total oxidation be-
gins to occur above 400 8C. There are some contradicto-
ry views with respect to the mechanism of this reaction.
While Gubelmann et al.[44] suppose that the acidity of
the zeolites is responsible for the catalytic activity, Pan-
ov[47–51] take the view that a coordinatively unsaturated
iron species (so-called a-sites) in the used [Fe]ZSM-5
zeolites are the active sites. The N2O molecule decom-
poses at the catalyst surfacewith the formation of a high-
ly reactive so-called a-oxygen, which causes the selec-
tive oxidation of benzene. HTlderich et al.[53,54] demon-
strate that the phenol yield depends on the degree of
dealumination of H[Al]ZSM-5 zeolites and that there
is a correlation between the amount of extra-framework
aluminium species and the phenol yield.
The technical realisation of the phenol production by

benzene hydroxylation using nitrous oxide requires a
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cheap technical access to the oxidant as given, for exam-
ple, by the synthesis of adipic acid. However, there have
been only first tests in a pilot scale[55] but no chemical
plant has been put into operation so far. One of the dis-
advantages of the process is that highly pure N2O is nec-
essary for the reaction and that the catalysts are rapidly
deactivated by the deposition of coke.
In numerous studies the oxidation of benzene to phe-

nol by hydrogen peroxide using various redox-active
metals as catalysts has been described. H2O2-based cat-
alytic hydroxylation can be environmentally as well as
economically very favourable because H2O is formed
as the only by-product. H2O2 has a high content of active
oxygen and is rather inexpensive compared to various
organic peroxides and peracids. Hydroxylations of ben-
zene with hydrogen peroxide in the presence of iron cat-
alysts have been performed using both homogeneous
and heterogeneous catalysts. The radical hydroxylation
using FentonLs reagent has been studied repeatedly with
the mechanistic aspects of the reaction being in the cen-
tre of attention.[56–58] Phenol yields of 93% (based on
H2O2) could be obtained at very low concentrations.

[59]

Oxo-bridged di-iron(III) complexes such as
[Fe2O(bipy)4(OAc)2] [ClO4]4 showed a good catalytic
activity for the hydroxylation of benzene with hydrogen
peroxide[60] giving a maximum phenol yield of 41%.
Bianchi et al.[61] used Fe(II) complexes as catalysts and
trifluoroacetic acid as co-catalyst and a phenol selectiv-
ity of 97% (based on benzene) has been reached in the
two-phase system benzene in acetonitrile/H2O at a ben-
zene conversion of 8.6%. The phenol selectivity reached
88% (based on hydrogen peroxide) if the oxidant was
charged slowly. The most effective complexing agents
were derivatives of pyrazinecarboxylic acids.
Maier et al.[62] have reported on the hydroxylation of

benzene with hydrogen peroxide in the presence of
amorphous microporous mixed oxides. A mixed oxide
containing 3% iron and 0.5% cerium turned out to be
one of the most effective catalysts. Thus, a phenol selec-
tivity of 73% at a benzene conversion of 29% has been
reached using acetonitrile as solvent. However, the pro-
cedure has the drawback that a noticeable leaching of
the redox-active metals has been observed.
Vanadium compounds are also applied as catalysts for

the hydroxylation of benzene using hydrogen peroxide.
The vanadium(V) peroxo complexes 1 and 2
(Scheme 2), prepared fromH2O2, pyridine-2-carboxylic
acid and V2O5, react with benzene giving a rather good
phenol yield of 55 or 70% (based on the complex
used).[63–65] The stoichiometric reaction is performed in
acetonitrile.
Kumar et al.[66] describe a vanadium complex from l-

tyrosine and salicylaldehyde, which is bound to a poly-
meric support. This complex catalyzes the hydroxyla-
tion of benzene to phenol with a yield of 30%. Leaching
of the vanadium could not be detected. Chen et al.[67]

studied the hydroxylation of benzene to phenol with hy-

drogen peroxide in the presence of V-MCM-41 catalysts
and the catalytic properties were compared to those of
V-Y and V-BEA zeolites. It was found that V-MCM-41
[Si/V¼25] affords benzene conversions up to 18% at a
maximum phenol selectivity of 40% whereas using V-
BEA zeolite 16% conversion at a selectivity of 37%
andusingV-Yzeolite only 1%conversion at a selectivity
of 3% were obtained when benzene is reacted with hy-
drogen peroxide in a ratio of 2 :1 in acetonitrile at
60 8C. In addition, it was found that an increase of the
V2O5 content in V-MCM-41 resulted in an increase in
both the conversion from 10 to 18% and the selectivity
from 30 to 40%. Phenol was found to be the only liquid
product.
In 2003 Lemke, J�hnisch et al.[68] published results on

the hydroxylation of benzene using hydrogen peroxide
in the presence of vanadium catalysts supported on
MCM-41,MCM-48, silica of the aerosil type, andmicro-
porous mixed oxides (AMM). Among the MCM-based
catalysts, the highest phenol selectivity has been ob-
tained with an MCM-41-based catalyst containing
1.1 wt % vanadium. The selectivity amounted to 67%
(based onbenzene). Thebest results have been obtained
in acetonitrile with a low vanadium-containing VOx/
SiO2 catalyst (0.14 wt % vanadium). A phenol selectiv-
ity of 81% has been observed at a benzene conversion
of 10%. Phenol selectivities based on hydrogen perox-
ide were in the range of only 4 to 26%.
There are also numerous studies on the application of

titanium-containing heterogeneous catalysts for the hy-
droxylation of benzene to phenol. Pinnavaia et al.[69]

found that a yield of phenol of 68%at a benzene conver-
sion of 95% is obtainablewhen the reaction is conducted
in thepresenceofTi-HMSandTi-MCM-41 in acetone as
solvent. Thisworkwas takenup in the following years by
several groups but the results could not be repro-
duced.[70,71] The results of Pinnavaia were revised by
himself in 1996.[72] Hydrogen peroxide had partly
formed hydroperoxides with the acetone used as solvent
so that the analytical results had been falsified.
Recently, Duan et al.[73] have estimated the depend-

ence of the selectivity of the hydroxylation of benzene

Scheme 2. Vanadium(V) peroxo complexes.
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to phenol with hydrogen peroxide on the hydrophobi-
city of the surface ofmodifiedAl/Ti-MCM-41materials.
A benzene conversion of up to 95% was achieved with
the portion of phenol in the sum of oxidation products
amounting to 95%. The phenol selectivity based on re-
acted benzene was not given. Kumar[74,75] and Yera-
mian[76] investigated the oxidation of benzene to phenol
with hydrogen peroxide in the presence of TS-1 cata-
lysts. They found that the reaction proceeds more rapid-
lywhen conductedwithout a solvent (so-called tri-phase
catalysis) as compared to the reaction in solvents such as
acetonitrile, methanol or acetone because of a shorter
induction period. With a molar benzene/hydrogen per-
oxide ratio of 1 :1 a benzene conversion of 74% was
found. The portion of phenol in the oxygen-containing
oxidation products amounted to 86%.
Thehydroxylation of phenol to dihydroxybenzene has

been studied intensively since the 1970 s (Scheme 3).

Strong acids such asHClO4 orH3PO4, redoxmetal cat-
alysts (Fe3þ andCo2þ) or the Ti-containing silicalite TS-
1 have been employed as catalysts. The technical Eni-
chem process using TS-1 has the advantage of being
more selective and affords a higher hydroquinone/cate-
chol ratio and less tar compared to processes using ho-
mogeneous catalysts. We have not included a detailed
discussion here as Perego et al.[77] recently published a
review on this subject. It should bementioned, however,
that Panovet al.[78] published results on the gas phase ox-
idation of phenol in the mixture with benzene one year
later. They used N2O as oxidant in the presence of Fe-
containing ZSM-5 zeolites. They found that this reac-
tion, which proceeds with comparable high selectivities,
affords a higher ratio of hydroquinone/catechol and less
tar as compared to the Enichem process. A further ad-
vantage of the gas phase process is that the dihydroxy-
benzenes are formed directly from benzene and not, as
in other processes, from phenol.
A literature survey reveals that there are only a few

studies on the ring hydroxylation of other substituted ar-
omatic compounds. Toluene was hydroxylated with hy-
drogen peroxide in the presence of vanadium catalysts
(Scheme 4).

If VS-2 was used as catalyst the oxidation took place
not only at the ring but also at the side chain with a prod-
uct distribution of 20% 2-methyl-, 20% 4-methylphenol
and 52% benzaldehyde.[79] In addition, vanadium(V)-
substituted polyoxometallates are suited for this reac-
tion.[80] If K7[P2W15Mo2VO62] was employed as catalyst
53% 2-methylphenol and 20% benzaldehyde were
found as the main products whereas using (Bu4N)4
K[PW10V2O40] 76% benzaldehyde was produced. The
vanadium(V) peroxo complex 1 (Scheme 2) has also
been employed in the toluene oxidation. A product dis-
tribution of 32% 2-methyl-, 27% 3-methyl-, 9% 4-meth-
ylphenol, 4% benzyl alcohol, and 28% benzaldehyde
was found. Ring-hydroxylated compounds as the sole
products were found for the oxidation of toluene with
hydrogen peroxide in the presence of TS-1 catalysts.[81]

56% 4-methyl- and 41% 2-methylphenol were formed
as main products. Klemm et al.[82] studied the oxidation
of toluene with N2O on two different H[Al]ZSM-5 zeo-
lites with an Si/Al ratio of about 25 and different crystal
sizes. A toluene conversion of about 25% with selectiv-
ity to cresol of about 40% was observed.
The reaction of xylene with hydrogen peroxide in the

presence of TS-1 as catalyst[83] is shown in Scheme 5.

Dimethylphenol is formed at a xylene conversion of
2.5%. The best results for the hydroxylation of p-xylene
with hydrogen peroxide could be achieved when em-
ploying Cu-containing montmorillonites as catalysts.[84]

Dimethylphenol and p-methylbenzaldehyde were
formed with a product distribution of 53% and 43% at
a conversionof 24%.The reactionwas performed in ace-
tonitrile as solvent with the addition of hydrogen perox-
ide in small portions.
In addition, there are also a few reports on the ring hy-

droxylation of electron-poor aromatic compounds. Flu-
oro- and chloroaromatics can be hydroxylated using
N2O over ZSM-5 catalysts

[53,85–87] (Scheme 6).
Thus, HTlderich found[53] that chlorobenzene reacts

with N2O giving a chlorophenol selectivity of 58% at a
conversion of 23%. The distribution of the ortho- and
meta-isomers is 28 :72.
The hydroxylation of benzonitrile with N2O is of par-

ticular interest as the products are important intermedi-
ates for the production of plant-protecting compounds
which were until now produced by a multi-step proce-
dure (Scheme 7).
This hydroxylation was first published by HTlderich

et al.[53] and systematically examined by Ehrich, J�h-

Scheme 3. Hydroxylation of phenol to dihydroxyphenol.

Scheme 4. Hydroxylation of toluene with H2O2.

Scheme 5. Hydroxylation of xylene with H2O2.
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nisch et al.[88] ZSM-5 zeolites are excellent catalysts for
this reaction affording a hydroxybenzonitrile selectivity
of 58% at a benzonitrile conversion of 15%. The 3 iso-
mers of hydroxybenzonitrile have been found in ortho:
meta:para ratio of 1 :6 :3. The catalyst activity can be in-
creased by decreasing the Si/Al ratio of the ZSM-5 zeo-
lites. They found that the catalyst activity can be in-
creased by the addition of iron. However, this higher ac-
tivity is linked with an extreme loss of selectivity caused
by stronger total oxidation and a more rapid deactiva-
tion of the catalyst.

3 Acetoxylation of Methyl Substituted
Aromatic Compounds

Benzylic alcohol and benzyl acetate, the products ob-
tained from the acetoxylation of toluene, are used as fra-
grances, in the food industry, as solvents and as inter-
mediates for further synthetic steps. The synthesis by di-
rect oxidation is possible by the so-called acetoxylation,
which is defined as the conversion of vinyl-, allyl-, or
benzyl compounds (with activated CH-groups) in pres-

ence of carboxylic acid andO2 to their corresponding es-
ters in a single step (Scheme 8).

Over the past two decades the Pd-catalysed oxidation
of a-olefins and alkyl aromatic hydrocarbons has be-
come an increasingly attractive field and, in some in-
stances, the only effective route for the selective syn-
thesis of vinylic, allylic, benzylic alcohols and esters.
Thus, in the selective oxidation of toluene other well
known catalytic systems give rise to the formation of
benzaldehyde/benzoic acid as themajor oxidation prod-
ucts.[89–91]

Depending on the reaction conditions, the Pd-cata-
lysed oxidation of toluene can be directed to the forma-
tion of bitolyls,[92,93] tolyl acetates, benzyl acetate or ben-
zylidene diacetate (Scheme 9).
The formation of acetyltoluene by acylation (II) was

firstly reported byDavidson andTriggs,[94] the formation
of only bitolyls (I) was observed by Helden and Ver-
berg[95] using PdCl2 as catalyst. For the synthesis of ben-
zyl acetates in general palladium acetate catalysts are
used. Bryant et al. studied this reaction using a
Pd(OAc)2-Sn(OAc)2-charcoal mixture or 5% Pd on
charcoal-Sn(OAc)2 as catalysts.

[96] A number of reac-
tions using methylbenzenes were studied using this cat-
alyst system. The main product resulted from oxidation
of the methyl group to the benzyl ester function, but in
the case of oxygen in appreciable amounts the consecu-
tive oxidation of this group to further acylated products
was also found (III).
In an earlier study, Bushweller investigated the influ-

ence of the electronic factor and found that electron-do-
nating groups favoured the acetoxylation reaction.[97]

Thus, p-methoxytoluene gave a 46% yield of p-methoxy-

Scheme 8. Direct acetoxylation of aromatic compounds to
their corresponding esters.

Scheme 9. Influence of reaction conditions and catalysts on toluene oxidation.

Scheme 7. Hydroxylation of benzonitrile with N2O.

Scheme 6. Ring hydroxylation of halo-substituted aromatic
compounds.
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benzyl acetate while p-nitrotoluene gave only 2% yield
and p-chlorotoluene gave 25% of the corresponding es-
ter.
Benazzi et al.[89] have studied the palladium-catalysed

benzylic acetoxylation of toluene and reported that the
acetoxylation to benzyl acetate was a purely heteroge-
neously catalysed reaction, which occurred on support-
ed metallic palladium particles. The catalyst system ap-
plied was composed of Pd(OAc)2, Sn(octoate)2, KOAc
andNorit PKDA1–3 charcoal with a Pd:Sn:Kmolar ra-
tio of 1 : 5 : 10. The addition of Sn2þ, Kþ and charcoal led
to an increased rate of Pd(OAc)2 decomposition tomet-
allic palladium.Theaddition of tin(II) is believed to low-
er the activation energy of the reaction by over 25% and
may also serve as a reducing agent in the initial stages of
Pd(0) particle formation. The addition of various ace-
tate counterions had little effect on the catalytic activity
(except Kþ or Rbþ). The mentioned system with
Pd:Sn:K¼1 :5 :10 was found to be the most effective
one.After 180 min activation the toluenewas complete-
ly converted at 100 8C and 1.2 bar O2 resulting in the fol-
lowing product selectivities: 77% benzyl acetate, 20.5%
benzylidene diacetate and 2.5% benzaldehyde. In a fur-
ther study Benazzi et al.[98] have reported that the acet-
oxylation of toluene to benzyl acetate is highly influ-
enced by the particle size of the palladium. The reaction
rate is the highest with 30–35 U particle size corre-
sponding to a 0.33% dispersion. As mentioned earlier,
the effect of tin is to reduce Pd2þ to Pd(0) under in situ
conditions in the formed catalyst system.
Augustine et al.[99] also used Pd-Sn catalysts (on silica)

and found that, on the one hand, the porosity of the sup-
port (optimum average pore diameter near to 20–30 U)
and, on the other hand, the preparation conditions, par-
ticularly the pH value for the formation of the Sn com-
ponent, are of decisive influence.[100] The optimised sys-
tem requires a pH level of 4.2–4.7 in the tin precipitation
step and a Pd:Sn ratio of 0.5. They conclude that the tol-
uene acetoxylation rate over a bimetallic PdSn2 complex
depends on the state of Sn coverage of the silica support
prior to the immobilization of the Pd.
Benazzi et al.[89,98] discussed the Pd(0) species as the

catalytically active one and, therefore, the Pd particle
size plays an important role. The influence of the
Sn(II)may assist by an electron transfer in the formation

of Sn(IV) and Pd(O). The optimum particle size of
about 30–35 U leads to the conclusion that several sur-
facePdatomsmaybe introduced in the catalytic process.
Thus, the reaction cannot be explained as a simple inser-
tionofPd into abenzylicC�Hbondor the formationof a
h3-benzylic-Pd complex. More probably, the aromatic
system is primarily chemisorbed as a p complex on the
Pd surface, then the benzylic H will be abstracted and
the benzyl acetate is formed by nucleophilic attack on
the CHx group. The chemisorption of the aromatic sys-
temon the surface is strongly influencedby steric effects,
which may hamper, for instance, the formation of dia-
cetates. The nucleophilic attack on the CHx group may
be supported by an oxidative addition of C�H on the
Pd surface forming PdHþPdx-p-C6H5CH2-Pd or by a
concerted nucleophilic substitution by the acetate sup-
ported by formation of PdHþ-benzyl acetate. The resto-
ration of the surface by oxidation of the PdH species is
realised by the oxygen in the reaction mixture forming
at least water.
Komatsu et al.[101] reported very recently the gas phase

oxidative acetoxylation over intermetallic palladium-
containing compounds (e.g., Pd5Ge, Pd2Ge, PdZn,
Pd5Ga2 and others) with crystallite diameters below
7 nm. Nevertheless, the highest selectivity for benzyl
acetate (36%) was obtained at a toluene conversion of
nearly 20% resulting in a yield of ca. 7%.
New results from our group[102] showed that the gas

phase acetoxylation of toluene to benzyl acetate in a sin-
gle step can be carried out at a toluene conversion of
about 60% with a benzyl acetate selectivity over 80%.
The performance of the catalysts is strongly influenced
by various factors such as Pd loading, Pd particle size,
type of promoter and the nature of the support of differ-
ent Pd/Sb-catalysts. The titania (anatase) supported sys-
tem is observed to exhibit superior performance com-
pared to all other supports.

4 Synthesis of Aldehydes by Side-Chain
Oxidation

The side-chain oxidation of alkyl (methyl) aromatic
compounds to aldehydes, without reflecting the aromat-
ic nucleus needs at least a nucleophilic type of oxidation

Table 1. Selective oxidation of methoxytoluene over V-containing catalysts.

Catalyst T [ 8C] X [%]
(p-methoxytoluene)

Y [%]
(aldehydes)

Refs.

V2O5-CaO-MgO 400 30 16 [118]
V2O5-K2O/Cs2O 360 60 40 [122]
VPO-CuO-K2SO4 452 75 48 [117]
V2O5–TiO2 430 83 63 [111]
V2O5–Ga2O3-TiO2 400 72 65 [120,121]
VPO-CuO-K2SO4 460 – �72.5 [116]

X¼conversion; Y¼yield.
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(O-incorporation in the side-chain). The selective syn-
thesis of aromatic aldehydes is complicated because
the aldehydes themselves are easily oxidized to acids
and further to total oxidation products. Thus, benzalde-
hyde can be produced only at low toluene conversion
(10–20%) per pass at short residence time (<1 sec)
with only 40–60% selectivity.[103] Therefore, substantial
reports on the commercialisation of the oxidation of tol-
uene and substituted toluenes are rather rare in the liter-
ature. Some examples for side-chain oxidation are given
below in Table 1. Commonly applied catalyst systems
are, e.g., V2O5-H2SO4,

[104,105] novel ultrafine complex
Mo-based oxide particles,[106] V2O5-TiO2 oxide phases
doped with Te or K2SO4,

[107] V-containing micro- and
mesoporous materials,[108] and Fe-Mo substituted de-
boronated borosilicates.[109]

Preferentially, Japanese groups reported on the role
of the acid-base properties of vanadium oxide-based
catalysts, which contain also other metal oxides (K,
Rb, Cs, Ti, Ag) for the partial oxidation of dimethyl-
benzene to methylbenzaldehyde and other substituted
toluenes.[110–112] Summarizing the results, they stated
that activity is strongly dependent on the amount and
strength of acid sites, and the selectivity of the formed
benzaldehydes should be closely related to the basic
properties of the catalyst. This means that the toluene
molecule needs a strong enough chemisorption in the
first step on coordinatively unsaturated sites (Lewis
centres) and finally the rather basic aldehydes mole-
cule must be rapidly desorbed from basic surface re-
gions.
These results can be supported by our own studies on

the oxidation of toluene to benzaldehyde on oxovanadi-
um diphosphates (VPP), which have a rather acidic sur-
face.[113] These compounds contain vanadyl octahedras
as construction units, which possess Lewis sites that
are responsible for the toluene chemisorption in the
form of a p complex. Furthermore, under the reaction
conditions (H2O is formed by partial as well as total ox-
idation) the formation/addition of water can hydrolyse
the existing V�O�V and/or V�O�P bonds resulting in
the generation of surface OH groups. These newly
formed OH groups are responsible as Brønsted sites
for the strengthening of the chemisorptive interaction
of the surface benzaldehyde species in addition to the in-
itially formed surface p-complex on co-ordinately unsa-
turated sites. The reason is the generation of hydrogen
bonding between the aldehyde carbonyl group and
neighbouring OH groups[114] as shown in Scheme 10
and demonstrated by FTIR spectra in Fig. 1.
Spectra a) (after air-toluene exposure) and b) (addi-

tionally water vapour was dosed) reveal a similar ap-
pearance, i.e., the admixture of water vapour does not
significantly change the product distribution as well as
the acidic properties of the (VO)2P2O7 surface (Fig. 1).
This indicates that the water formed during the reaction
is able to generate a sufficient amount of surfaceBrønst-

ed OH groups. The comparison of c) benzaldehyde
chemisorption on untreated catalyst (ca. 1705 cm�1)
and d) benzaldehyde on water vapour treated catalyst
surface (ca. 1680 cm�1) reveals that there is a shift of a
bandby25 cm�1 to lowerwavenumbers on thewater va-
pour treated catalyst. This fact shows that a very strong
adsorption of benzaldehyde is taking place on the water
vapour pre-treated catalyst compared to its untreated
counterpart. A similar observation can also be made af-
ter the addition of pyridine to the feed mixture. Bearing
in mind that the pyridine will not get oxidised under the
reaction conditions for the partial oxidation of toluene,
the pyridinemolecule is able to block the in situ generat-
ed Brønsted acid sites resulting in suppression of the hy-
drogen bonding (Scheme 10) and hence a speed-up of
the process of desorption of aldehyde species from the
catalyst surface. This aspect is clearly depicted in
Scheme 11 and the FTIR supporting evidence is pre-
sented in Fig. 2.
It is evident fromFig. 2 that theFTIR spectra a) andb)

reveal the picture of adsorbed aldehydes and formed cy-
clic anhydrides (benzaldehyde 1678 cm�1, cyclic anhy-
dride 1852 cm�1, 1783 cm�1) which can be estimated
as intermediates for total oxidation. However, it is sur-
prising to note spectrum c) (recorded after addition of

Scheme 10. Generation of H-bonding between aldehyde spe-
cies and neighbouring OH groups under real working condi-
tions.

Figure 1. FTIR spectra of adsorbates on (VO)2P2O7 catalyst
after a) air-toluene flow, b) air-toluene flow after water va-
pour treatment, c) air-benzaldehyde flow and d) air-benzal-
dehyde flow after water vapour treatment.
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4% pyridine into the air/toluene stream), which shows
mainly the bands corresponding to pyridine adsorbates,
but no traces of aldehydes and only low intensities of cy-
clic anhydrides. This observation gives an indication that
the addition of pyridine in the reactant feed mixture fa-
vours the fast desorption of aldehyde species from the
catalyst surface. These findings in the spectra are also
supported by the catalytic tests, which resulted in
three-fold higher aldehyde selectivity with the addition
of an appropriate amount of pyridine to the reactant
feed mixture, as illustrated in Fig. 3.
In the same direction, the addition of alkalimetal salts

to vanadium-containing catalysts as described in[104,105]

leads to an easier desorption of the desired aldehydes
by surface basification. Such catalysts were also used
in our earlier studies, which showed a significant in-
crease in catalytic activity and aldehydes selectivity[115]

(toluene conversion 17%, benzaldehyde selectivity
40% at 643 K).
The synthesis of substituted benzaldehydes is par-

ticularly of interest because the compounds are impor-
tant as organic intermediates and fine chemicals.
Because the first step of the catalytic cycle is the chemi-

sorption of the aromatic system forming a p complex on
the surface, the electron density of the aromatic nucleus

plays a role, and this should be influenced by the kind of
substituent.
The comparison of the selective oxidation of the p-

methoxy- and the p-chlorotoluene underlines this state-
ment. Because p-methoxybenzaldehyde is an important
compound in the production chain for pharmaceuticals
and cosmetics. One can find the first results of industrial
efforts on the gas phase operation beginning in the 1970s
in Japan (Tanabe Seiyaka Co.[116,117]). The partial oxida-
tionwas carried out overV-P-Cu-O catalysts dopedwith
K-sulphate and the yields of methoxybenzaldehyde
were reported up to ca. 70%. Other research groups
also reportedon the role of acid-base properties of vana-
diumoxide systems that are alreadydiscussed in connec-
tion with the benzaldehyde formation above.[110–112]

Recently, Reddy et al.[118,119] reported the formation of
p-methoxybenzaldehyde over vanadium oxides on basic
supports, but the yields over V2O5 on CaO-MgO are
rather poor (10–15%). To achieve both high conversion
and high aldehyde selectivity, on the one hand, the acid-
base properties and, on the other hand, the redox activ-
ities of the catalysts are very important. With vanadium
oxide on special binary oxides (e.g., Ga2O3-TiO2; 1 :5)
Reddy et al.[120,121] obtained high p-methoxybenzalde-
hyde yields of about 65%.TheTable 1 gives information
about the different catalytic performances reported re-
cently.
Because the performance of the catalysts depends on

different factors such as catalyst composition,method of
preparation, reaction conditions, etc., the reproducibili-
ty is sometimes also limited.
Reports on the selective oxidation of p-chlorotoluene

to the corresponding aldehyde are rather limited
(Scheme 12).
Chopra et al.[123] reported that the selective oxidation

of p-chlorotoluene can be carried out overBi-Mo-O sys-

Figure 3. Comparison of benzaldehyde selectivity on VPP in
the oxidation of toluene under comparable conditions, feed-
ing toluene-air, toluene-air-water vapour and toluene-air-wa-
ter vapour-pyridine (4% aqueous solution).

Scheme 11. Influence of pyridine addition on the desorption
of the products.

Figure 2. FTIR spectra of adsorbates after a) air-toluene flow,
b) air-toluene-water vapour flow and c) air-toluene-4% aque-
ous pyridine vapour flow.
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tems achieving selectivities up to nearly 90% at a con-
version level of 92% at 450 8C. However, these results
could not be reproduced in other investigations. At the
Hoechst Company a V-Cs-Fe-O-catalyst (doped with
different transition metals) exhibited a p-chlorobenzal-
dehyde selectivity of about 20% at a conversion of near-
ly 70% at ca. 427 8C.[124]

The substantial difference between the chloro- and
themethoxy-substituted aromatic compounds is the dif-
ferent influence of the substituent on the electron densi-
ty of the aromatic nucleus resulting in the different
strength of the chemisorption on the catalyst surface.
This should result in a higher selectivity at higher con-
version in the case of the selective oxidation of com-
pounds with electron-withdrawing effects. Investiga-
tions about this consideration were taken up by the
group of Ueshima.[111,112] In this study the ionisation po-
tential of the reactant and the reactivity of the selective
oxidation was compared by Dadyburjor et al.[125] These
investigations resulted in the conclusion that the rate-
determining step is the chemisorption step, that means
the electron transfer from the aromatic component to
the Lewis sorption site of the catalyst.[111] To stabilise
the product selectivity, the formed aldehydes on the sur-
face must be desorbed very quickly, before deeper oxi-
dation can take place. This will be supported by weak
chemisorption of the reactant molecule.
From the results of the selective oxidation of differ-

ently substituted toluenes it can be derived that, besides
the redox properties of the catalyst, a well-balanced re-
lation in the strength and distribution of acid (Lewis)
and basic sites of the surface is also very important.
This opens the way for a broad range of catalyst varia-
tions for the development of an optimum system.

5 Ammoxidation of Aromatic Side-Chains

Aromatic nitriles are relatively stable under oxidation
conditions even at higher temperatures compared to
oxy products. Therefore these compounds, which can
be easily synthesised from toluenes by ammoxidation,
are used as intermediates for different subsequent hy-
drogenation or reduction steps (Scheme 13).
Compared with the selective oxidation of toluenes,

which normally give lower yields of aldehydes, the am-

moxidation results in distinctly higher yields of the de-
sired nitrile product. Therefore, the ammoxidation reac-
tion, which is briefly shown in Scheme 14, will be report-
ed in more detail in this section.
This will cover different factors of influence on the re-

action as well as steric and electronic effects of various
substituents, also in combination with acid-base proper-
ties of catalyst surfaces. These investigations resulted in
the conclusion that the catalytic activity and selectivity is
primarily influencedby the electronic nature and the po-
sition of the substituent due to changes in the accessibil-
ity of the side-chainCHgroup as well as the possible sta-
bilisation for reaction intermediates chemisorbed on the
catalyst surface.
It is generally accepted that the reaction proceeds by

chemisorption of the aromatic molecule on the catalyst
surface through the formation of a p complex with a
Lewis site of the catalyst, furthermore H abstraction of
a benzylic H-atom to form a methylene-like species
with parallel formation of water, then partial oxidation,
N-insertion and subsequent rearrangements of the
chemisorbed activated surface species and desorption
of the so formed benzonitrile, followed by oxidative re-
construction of the catalyst surface. Particularly for ad-
jacent surface VO groups as realised for (VO)2P2O7 cata-
lysts,[126] all the reaction steps can be formulated as
shown in the following reaction scheme (Scheme 15).
Literature reports indicate[127,128] that the reactivity of

the alkylbenzene in the ammoxidation reaction increas-
es with increase in size of the alkyl groups in the side-
chain.[129] The rate of ammoxidation of alkylbenzenes
mainly depends on the chemical nature, size and struc-
ture of substituent, but for this aspect only few reports

Scheme 13. Substituted aromatic nitriles as intermediates for
aromatic acids, amides, imines, aldehydes and amines.

Scheme 14. Ammoxidation of various methyl aromatics to
their corresponding nitriles.

Scheme 12. Oxidation of p-chlorotoluene to its correspond-
ing aldehyde.
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are available.[130] A critical analysis of both the open and
the patent literature clearly reveals that the most active
and selective catalysts that are generally used for differ-
ent ammoxidations, particularly for methylaromatics/
heteroaromatics, are based on V-Ti-O,[131,132]

V-Mo-O,[133] V-Sb-O,[134] V-Zr-O,[135–137], bulk V-P-O[138,139]

furthermore multi-component catalysts like KNiCoFe-
BiPMoOx on silica,[140] AgAIBOx,[141] VMoCrPdOx,[142]

SbV-TiOx with additives[143], perovskii systems such as
YBaCu3H6,

[144] CeOx on TiO2
[145] and so on. Nowadays,

zeolite-supported catalysts are also used,[146] e.g., V-
Cu-H-ZSM-5,[147] Cu-Na-ZSM-5,[148] or Cu-Na-morden-
ite.[149] In addition, metal fluorides such as CeF3, AlF3
and MgF2 have also been used in recent times as effec-
tive supports for vanadia catalysts for ammoxidation re-
actions.[150–152]

Selectivity determining factors are, on the one hand,
the catalyst structure and texture and, on the other
hand, also the substrate structure and the reactionmech-
anism. In general the redox mechanism with Mars-van-
Krevelen kinetics is necessary and the catalytic systems
(transition metal oxides) with easily changing the va-
lence state (e.g., V, Mo) are preferred.

The common mechanistic features of alkylaromatics
in the selective ammoxidation reactions are given in
the earlier part of this review. Such a generalmechanism
was also proposed by Andersson and Lundin[153] for the
ammoxidation of 3-methylpyridine. Depending on the
catalyst, there are slight differences in somemechanistic
steps, particularly in the discussion about the ammonia
insertion and in the structure of the N-containing inter-
mediate.
Murakami and Niwa[154,155] studied the toluene am-

moxidation over V2O5/Al2O3 catalysts and suggested
that the reaction proceeds via the reaction of ammoni-
um ions with benzoate ions, which are detected as sur-
face species by IR spectroscopy. Cavalli et al.[156a,157] pro-
posed benzylamine and benzaldehyde species as reac-
tion intermediates from their kinetic data in the ammox-
idation of toluene over V2O5-TiO2, which was in agree-
ment with other results from this group reported by
Busca et al.[158] A kinetic study by Otamiri and Ander-
sson[159] suggests that vanadium imido (V¼NH) or hy-
droxylamino (V-NH-OH) species may play a role as ni-
trogen insertion sites on the catalyst surface, consecutive
reaction of which transform adsorbed toluene to an
amine species (R-CH2-NH2) and subsequently to an
imine (R-CH¼NH) surface species followed by genera-
tion of the nitrile as the final desorbed product.
A furthermechanistic scheme for the toluene ammox-

idation over V2O5-TiO2 catalysts suggested by Sanati
and Andersson[160] includes (C6H5)CH(NH2)O- and
(C6H5)CH(NH2(CO-)2 species as reaction intermedi-
ates. Amido groups, besides protonated and coordinat-
ed ammonia, in connection with the ammonia adsorp-
tion are also reported byRamis et al.[161] Basedon the re-
sults of pulse flow experiments Azimov et al.[162] postu-
lated vanadium imido species (V¼NH) and benzyla-
mine surface species. Detailed mechanistic features
about the ammoxidation of toluenes were derived
from studies with vanadium phosphate catalysts. The
mechanism of formation of surface intermediates of va-
nadyl diphosphate, (VO)2P2O7 from feed components of
the toluene ammoxidation was investigated by in situ
FTIR spectroscopy and other methods.[163] This investi-
gation underlined the preferred role of a benzalde-
hyde-like species, whereas the reaction pathway viaben-
zamide or benzylamine intermediates seems to be not so
probable. From this study a reaction pathway could be
derived as shown in Scheme 15.
Adsorbed ammonia can exist in three different kinds

of nitrogen-containing surface species such as protonat-
ed cation (NH4

þ), co-ordinately adsorbed NH3 and
�NH2 groups. All these species may act as N-insertion
species, and the concentration of these species increases
by the interaction of ammonia with the catalyst surface
at elevated temperatures.[164] In the catalytic reaction
steps, themolecular geometry of the (VO)2P2O7 catalyst
may play a role (edge sharing VO6 octahedra of the py-
rophosphate): the coordinatively unsaturated part

Scheme 15. Reaction pathway for the formation of benzoni-
trile over a (VO)2P2O7 catalyst, including toluene chemisorp-
tion, partial oxidation, N-insertion, nitrile desorption and cat-
alyst reoxidation steps.
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(Lewis site) of the VO6 dimer could chemisorb the aro-
matic ring via p complex formation and the partial oxi-
dation can occur on the other site according to V...V dis-
tance of the vanadyl groups of about 3.4 U[165] and the
C�C ring and C�CH3 distances of the toluene molecule
of 1.4 U and 1.52 U,[166] respectively. The distance of the
p complex centre to themethyl group carbonamounts to
ca. 3 U. The schematic view of the toluene chemisorp-
tion on the VO6 octahedra units (100) is outlined else-
where.[167]

The ammonia for the N-insertion should be chemisor-
bed and activated under the reaction conditions[158,168,169]

but does not directly originate from the gas phase which
was demonstrated by pulse experiments over 14N-con-
taining (NH4)2(VO)3P2O7-catalyst using

15N-containing
ammonia (15NH3) gas in the reactant feed mixture.

[170]

In the ammoxidation, the role of ammonia involve dif-
ferent ways such as i) source for N-insertion, ii) partial
reduction of the surface for enhancement of the selectiv-
ity[164,167] or iii) site blocking of weakly bound oxygen to
decrease total oxidation.[156a,157,171]

Another important point to be considered in almost
all ammoxidation reactions is NH3 oxidation. There is
always a competition between NH3 oxidation and am-
moxidation on the catalyst surface. Furthermore, the
contact of ammonia with the catalyst surface, par-
ticularly at high temperatures, causes a partial reduction
of the oxide surface due to the occurrence of NH3 oxida-
tion to N2. Therefore, control of the rate of unselective
oxidation of ammonia toN2 (NOx) has been reported

[156]

to be an important factor in determining the selectivity
of the nitrile product, because this side reaction limits
the availability of the surface ammonia species that
are necessary for nitrile synthesis. Additionally, NH3 ox-
idation not only leads to the consumption of extra NH3
but also leads to the emission of undesired toxic com-
pounds (i.e., NOx). It is known from the literature

[156]

that ammonia oxidation is a faster reaction when com-
pared to ammoxidation; addition of ammonia modifies
the surface oxidation characteristics of the catalyst and
decreases ammoxidation activity, especially at higher
NH3 concentrations in the feed gas. Nevertheless, it is
also very difficult to completely avoid ammonia oxida-
tion; it can only be minimised to the maximum possible
extent.

5.1 Ammoxidation of Substituted Toluenes

The ammoxidation of substituted toluenes such as 1,2-,
1,3- or 1,4-methyl-substituted toluenes can result in
mono- or dinitriles.[172,173] The ammoxidation ofo-xylene
gives o-tolunitrile, o-phthalodinitrile[174] and even
phthalimide,[175,176] m-xylene is converted to m-toluni-
trile and isophthalodinitrile,[177–179] and p-xylene is am-
moxidised to either p-tolunitrile or terephthalodini-
trile.[140] There are also a few reports on shape-selective

ammoxidations, one such example is the ammoxidation
ofm- and p-xylenes over Cu-containing ZSM-5 zeolites
to their corresponding mono- and dinitriles.[147,148] Be-
sides dialkyl-substitutions, higher methylated benzene
(e.g., mesitylene) can also be ammoxidised, however,
with increase in the number of methyl groups the num-
ber of productswill also increase (e.g., formesitylene, ni-
trile formation result, from the ammoxidation of one,
two and three methyl groups.[180,181] Furthermore, am-
moxidations of substituted methylaromatics like a-
methylstyrene to atroponitrile,[96,182] b-methylstyrene
or allylbenzene to cinnamonitrile[183] are also reported
in the literature.

5.2 Ammoxidation of Halogen-Substituted Toluenes

The activity and the nitrile selectivity of the ammoxida-
tions of substituted toluenes, on the one hand, depend
strongly on the position of the substituent, effecting a
more hindered accessibility of the methyl group in the
order p<m<o. A second substituent of the similar
type could further strengthen the steric hindrance. On
the other hand, electron-withdrawing substituents influ-
ence the strength of the chemisorption and the stabilisa-
tion of reaction intermediates, thus enhancing the nitrile
yield whereas electron-donating substituents cause an
increased total oxidation.
Therefore, halogen-substituted toluenes are easily

converted into nitriles. The specific examples for this
type are fluoro-, chloro-, bromo- and iodo-substituted
toluenes.[184–187] The conversion rate of p-halotoluenes
is found to be nearly independent of the nature of the
halogen substituent, but the selectivity decreases in the
sequence p-Cl>p-Br> >p-I (over VPO-cata-
lysts[184,186]). Nevertheless, the ammoxidation of the iso-
meric chlorotoluenes reveals changed conversions
(p> >o>m) and selectivities (p>o>m) depending
on the position of the substituent.[184,186,187]

Furthermore, the reaction of dichloro-substituted tol-
uenes is much more influenced by the geometric posi-
tion of the substituents, a closer proximity of the sub-
stituents to the methyl group results in lower conver-
sions and nitrile selectivities (2,6-di-Cl<2,5di-Cl<2,3-
di-Cl<2,4-di-Cl<3,4-di-Cl).[187,188] The 2,6-dichloro-
benzonitrile, the ammoxidation product of 2,6-dichloro-
toluene, is of particular industrial importance for the
production of herbicides, pesticides and for preparing
special kinds of engineering plastics with high thermal
resistance. Therefore there have also been some at-
tempts to reach acceptable yields of this com-
pound.[189–191] Additionally, halogen-substituted xylenes
can also be ammoxidised to their corresponding nitriles,
e.g., 3,4,5,6-tetrachlorophthalodinitrile is formed from
the corresponding chloro-substituted xylene in 45%
yield.[192] Some recent patent applications for the am-
moxidation of halo-toluenes are also cited here.[193–199]
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5.3 Ammoxidation of Hydroxy- and Alkoxy-
Substituted Toluenes

The ammoxidation of toluenes substituted with elec-
tron-donating groups is rather less selective. Neverthe-
less, under carefully chosen conditions (choice of the
catalyst, feed composition, reaction conditions) suffi-
cient yields of nitriles can be achieved. Particularly,
the ammoxidation of hydroxytoluenes (cresols) is diffi-
cult. However, a direct synthesis of p-hydroxybenzoni-
trile is possible using bismuth-molybdenum oxide,
iron-antimony oxide or uranium-antimony oxide cata-
lysts[200] that are normally used for the ammoxidation
of propylene. Unfortunately, the catalysts are rapidly
deactivated by coke formation. Better results are descri-
bed for these reactions by the use of boron phos-
phates[201,202] with highly diluted feed gas (cresol:
NH3 :air :N2¼1 :10 :40 :120). Landau et al. [203] obtained
63% p-hydroxybenzonitrile, over silica supported B-P
catalyst,which, however is deactivatedby thedeposition
of polymeric residues, but can be regenerated in a mix-
ture of air, N2 and steam.
In contrast to the chemisorptionmodeof alkylaromat-

ics (flat chemisorption by p-complex formation with the
possibility of methyl group activation), the cresols are
chemisorbed perpendicularly at the surface (formation
of a phenoxide ion) hampering the activation of the
methyl group.[204] Further examples for the cresol am-
moxidation are given in references.[205–207].
For this type of ammoxidations the OH group can be

protected by methylation to change the mode of chemi-
sorption. Thus, the ammoxidation of p-methoxytoluene
can be carried out over V/Ti oxides in 65% yield.[200,208]

Due to differences in the reactivity mixtures of m- and
p-methoxytoluenes, they can be ammoxidised under re-
active separation to p-methoxybenzonitrile and un-
reacted m-methoxytoluene.[208]

The higher electron density of the aromatic nucleus
given by the electron-donating substituent leads to a
stronger adsorption during the reaction cycle and
hampers the faster desorption of products resulting
in more unselective consecutive/secondary reac-
tions.[167] Further reports on the ammoxidation of
p-methoxytoluene are given by Zheng et al. over
VPO/SiO2 catalysts

[209] and Cavani et al. over V-Ti-O
catalysts.[210]

The ammoxidation of methoxy- and isomeric phenoxy-
toluenes is described by Ivanov using V/Sb/Cr/O cata-
lysts.[211] The formation of phenoxybenzonitrile with
58% selectivity at 85% conversion over a multi-compo-
nent catalyst at 420 8C is also described elsewhere.[212]

Other protective groups for the OH function (e.g.,
acylation) seem to be not much preferred due to the
easy decomposition of the acyl group under thereaction
conditions. For example, acetoxy-o-xylene cannot be
ammoxidised to its corresponding nitriles or acetoxy-
phthalic acid derivatives.[213]On the other hand, 9,10-bis-

(acetoxymethyl)anthracene was converted to 10-(acet-
oxymethyl)anthracene-9-carbonitrile in 64% yield.[214]

6 Conclusions

On the whole, it can be stated that the hydroxylation of
aromatic compoundswith various oxidants and catalysts
can be conducted with relatively high conversions and
selectivities, which would certainly be of interest from
a practical point of view. So far, N2O and hydrogen per-
oxides have yielded the best results. However, in many
published results the selectivity of the product forma-
tion basedon the educts is not given but only the product
distribution in the mixture of all oxidation products.
Therefore, comparisons of the published results are dif-
ficult. Other unsolved problems are the leaching of the
redox metals in heterogeneous catalysts and the low se-
lectivity of the hydroxylated aromatic compounds based
on oxidants such as hydrogen peroxide.
The ammoxidation ofmethylaromatic compounds is a

convenient route to produce many nitriles required for
further syntheses of side-chain functionalised products.
Thismethod is versatile and can be carried out very easi-
ly due to the stability and undamaged desorption of the
formed nitriles under severe gas phase conditions. This
research should certainly open the way for further,
broader application of the ammoxidation as a normal
tool of the organic chemist.
The formation of side-chain alcohols (via acetoxyla-

tion) or aldehydes (by direct gas phase oxidation) is
rather limited due to some selectivity limitations. This
field is still under development and will be opened
step by step for organic synthesis in the near future.
The direct oxidation of the aromatic nucleus is a real

challenge and a useful reaction for the production of
commodities (phenol, diphenols) as well as substituted
phenols for further syntheses of valuable chemicals.
Up to now, the application of this reaction for organic
synthesis is also rather limited. Nevertheless, the ap-
proaches with alternative oxidants are promising.
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