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Abstract

Heterogeneous catalysis and heterogenization of homogeneous catalysts are catch phrases of modern chemistry. Here we
attempt to trace the development from homogeneous to heterogeneous catalysis in the allylic oxofunctionalization of cyclic
olefins. The utility of this oxidative conversionis highlighted succinctly in the allylic oxidation ofisophorone to ketoisophorone,
which is a useful intermediate in the synthesis of carotenoids and fragrances. Competitive allylic oxidation and epoxidation
are discussed briefly for the structurally simpler cyclohexene. Allylic oxidation of bicyefinene to verbenone is used
as an example to illustrate that upon progressing to more complex cyclic olefins, competitive isomerization and structural
rearrangements often result in very poor selectivity to the desif@dinsaturated ketone. ©2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction of organic compounds utilizing heterogeneous cata-

lysts is proving more important in organic synthesis
Awareness of environmental issues has proven a[5].

potent driving force in the development of environ-

ment friendly processes and technologies in the chem-

ical industry [1,2]. This has manifested itself in a o Scope of article

determined effort, on behalf of the industry, to de-

velop catalytic processes which obviate waste produc- 2.1. Allylic oxidation versus epoxidation

tion, i.e. solving the problem at the beginning and

not dealing with waste disposal later [3]. As a con-

sequence of the inherent advantag_es of heterogeneou%urpose of this article, as the preparation of

reagents, much effort has been directed towards thea,ﬁ—unsaturated ketones of cyclic olefins using pri-

development of heterogeneous processes and the het-

erogenization of known active homogeneous catalysts marily dioxygen as oxidant. Allylic oxidation and
9 - . 9 ) aialy epoxidation are two competing processes both in vivo
[4]. For similar reasons, selective catalytic oxidation

and in vitro [6]. Typically, allylic oxidation products
are found when hydrogen abstraction is the dominant

Allylic oxofunctionalization is defined, for the
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retains the olefinic functionality in the product allow-
ing further useful transformations. Allylic oxidation

is a process involving free radicals and is most likely
to occur in the presence of low oxidation state transi-
tion metal species [6]. On the other hand, epoxidation
is generally associated with oxometallic species such
as Ru(VIll), Cr(VI), and Mn(V) [8]. In practice, how-
ever, allylic oxidation and epoxidation are often com-
petitive processes in the oxidation of cyclic olefins and
frequently both processes occur simultaneously. The
dominance of one or the other process is also heavily
dependent on the nature of olefin used and the relative
stability of the intermediate allylic radical formed [6].

E.F. Murphy et al./Catalysis

+©|+©o

Scheme 1.

[O]
—

2.2. Choice of cyclic olefin

Cyclohexene, one of the structurally simpler cyclic
olefins, provides the opportunity to study the ef-
fects of catalyst, oxidant and solvent, which lead
to allylic oxidation and/or epoxidation (Scheme 1).
This article refers only briefly to recent new de-
velopments with regard to cyclohexene oxidation.
More specifically, we will concentrate on the in-
dustrially relevant oxidation of isophorone (IP) to
ketoisophorone (KIP) (Scheme 2) which falls within
the confines of the fine chemicals industry. KIP is
known as a key intermediate for the synthesis of
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carotenoids [9—11] and flavoring substances [12-15].
Catalytic systems which facilitate the direct oxidation
of a-IP to KIP are particularly attractive since they
offer a “single-step” synthesis, avoiding the need for
the isomerization ofx- to g-IP [16]. Isomerization

of a-IP to B-IP is a thermodynamically unfavor-
able process involving disruption of the conjugated
alkene—ketone system irlP and thereby increasing
the energy of the3-IP molecule. Despite this dis-
advantage the greatest success has been achieved in
liquid phase oxidations of-IP. Oxidation of cyclic
olefins is often accompanied by double bond iso-
merization, oligomerization and non-selective reac-
tions, which are exemplified here in the oxidation of
isophorone.

To illustrate the effects of ring size and number
of rings in the allylic oxidation of more complicated
cyclic olefins we briefly describe allylic oxidations of
the readily available terpene;pinene (Scheme 3).
Oxidations of such bicyclic systems clearly demon-
strate how heavily the product distribution depends
on the nature of the olefin. Historically, the autoxi-
dation of pinenes has been known for two centuries
[17], however, high selectivity to a single product
in the catalytic oxidation of pinenes has alluded the
chemist. Verbenone, an important allylic oxidation
product from pinenes, is considered a suitable pre-
cursor in the preparation of taxol, which has recently
been introduced as a therapeutic agent. In theory
therefore, a judicious choice of the appropriate pinene
enantiomer, both chiral forms being available, should
lead to a suitable intermediate for the asymmetric
synthesis of taxol [18,19].

While the influence of ring strain in oxidation has
not been directly investigated farpinene, a compar-
ative study of the oxidation of carene asgbinene has
appeared [20]. Autoxidation of carene aagyinene
in the presence of homogeneous transition metal
catalysts yielded allylic oxidation and epoxidation
products, respectively. It was proposed that molecular
flexibility of the cyclic skeleton in carene allowed
the molecule to align the allylic hydrogen and double
bond in the same plane, thus facilitating hydrogen
abstraction and leading to allylic oxidation prod-
ucts. The authors concluded that allylic oxidation of
a-pinene was hindered by the lack of conformational
flexibility of this molecule in accommodating the
transition state necessary for H-abstraction.
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2.3. Choice of oxidant
Utilizing molecular oxygen as oxidant is partic-

ularly attractive for economic reasons. In addition,
air and oxygen/nitrogen mixtures as oxidants in the

metal substituted redox molecular sieves (silicalites,
zeolites, aluminophosphates and silicoaluminophos-
phates) [25,26] and (ii) immobilization of known
homogeneous oxidation catalysts on the surface and
in the cavities of suitable hosts such as zeolites and
structurally tailored sol-gel materials [27—29]. Het-
erogenized systems usually display lower activities
in comparison with their homogeneous counterparts,
which is partly due to diffusion limitations in the
solid material. However, in some cases higher activ-
ities have been achieved as a result of site isolation
phenomena (i.e. avoiding catalyst deactivation) [4].

It must be kept in mind, however, that the develop-

presence of true heterogeneous catalysts fulfill the yjent of truly heterogeneous catalysts has been trou-

demands of non-polluting oxidizing reagents. When

such systems can be employed, replacing for exam-

ple highly toxic chromium oxidizing reagents [21],

blesome and leaching of metal ions/metal complexes
from the solid in liquid phase oxidations has often
led to competing homogeneous and heterogeneous

the benefits to the community are clear. Several ex- processes [30]. Heterogeneous gas phase oxidation,

cellent books describing the activation of molecular
oxygen [22], details of structurally characterized
dioxygen-metal complexes [23] and autoxidation [24]
are available. Alternative, and still attractive, oxi-
dants are hydrogen peroxide atett-butylhydrogen

peroxide (TBHP). In the production of commodity
chemicals the price of oxidant may determine the
economic viability of the entire process. In the syn-

thesis of fine, specialty or pharmaceutical chemicals
the value of reactant and product are often orders of

magnitude higher than that of hydrogen peroxide or
TBHP, and the crucial parameter in optimizing a pro-
cess is usually the yield (or selectivity at reasonably
high conversion).

2.4. Recent trends in catalyst development for liquid
phase oxidations

Recent trends in liquid phase oxidations fall into two
broad categories: (i) development of new transition

although technically more demanding, provides a
unique and convenient solution to many of the current
challenges encountered in liquid phase oxidations.
Unfortunately, the limited volatility and thermal sta-
bility of complex molecules hinders the general appli-
cation of gas/solid type reactors for oxidation in fine
chemistry.

3. Oxofunctionalization of cyclic olefins in the
liquid phase

3.1. Homogeneous first row transition metal salts
and transition metal salt/pyridine systems

Previous studies of the allylic oxidation of olefins
have generally focused on the use of transition metal
compounds [6]. In particular, cobalt and manganese
are commonly used in autoxidation catalysis. In in-
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Table 1

Oxidation of 3-IP to KIP using various catalysts and molecular oxygen as oxidant

Catalyst Catalys-IP ratio (wt.%) Time (h) Temperaturé €) KIP vyield (%) Reference
Co, Mn, Pb acetates and 2.5-10 1-3.5 40-70 68-91 [36]

V, Cr(lll), Cu, Fe(lll)(acac)
complexes with pyridine
Cu(acac) py - 7 75 84 [40]

dustrial processes, cobalt and manganese acetates witlamine type. An increase from 30 to 84% yield of KIP
bromide as modifier have been used for the partial ox- was achieved on replacingrt-amines [39] with pyri-
idation of methyl-substituted aromatics, as in the con- dine [40]. Attempts to heterogenize these systems for
version ofp-xylene to terephthalic acid [31]. Cobalt the oxidation of3-IP (manganese and cobalt on silica
acetate (cobalt acetate/modifier system) has been theat 50C) gave KIP in 28—-41% yields [37]. An inter-
basis for patents describing the oxidation of pinenes esting exception to this trend and an attractive route
and to a lesser extent isophorone. to KIP involves the use of activated carbon in the
With a few exceptions the literature concerning ox- presence of an amine and in the absence of any tran-
idation of - and-IP to KIP is limited to patents de-  sition metal. This process afforded KIP in good yield
scribing liquid phase oxidation mediated by first row (75.5%) with almost complete conversion®sfP [41].
transition metal and molybdenum based catalysts. Liq- Verbenone is an important intermediate in the prepa-
uid phase oxidations ef-1IP employing simple salts of  ration of taxol and allylic oxidation o-pinene opens
first row transition metals as catalysts typically gave an avenue to this intermediate (Scheme 3). The patent
KIP in poor yields (ca. 21%) [32,33]. Long reaction literature concerning oxidation of pinenes is limited to
times (i.e. days rather than hours) at high temperaturesthree Czech patents, from 1992, based on cobalt and
(>100°C) are characteristic of these autoxidations. Ox- palladium catalyst systems. A water insoluble cobalt
idation ofa-IP mediated by transition metal salts (Cr, salt supported on activated carbon has been used to cat-
Mn, Fe, Co, Cu) at more moderate temperatures in alyze atmospheric oxidation afpinene to verbenone.
the presence of pyridine ancb8, afforded ca. 50%  Trace amounts of soluble chromium salts were em-
yields of KIP [34]. Extended reaction times did not ployed as promoters and it can be debated if catalysis
dramatically improve KIP yields in these systems. is only due to soluble chromium species [42]. Oxida-
Oxidation of -IP is considered indirectly as oxi- tion of a-pinene with atmospheric oxygen, catalyzed
dation of a-IP involving a two-step process, isomer- by Pd/C promoted with salts of Co, Mn, Bi, Cd or
ization followed by oxidation, leading to the desired Zn gave verbenol and verbenone [43]. Verbenone was
allylic oxidation product KIP (Scheme 2). KIP ismore also obtained by oxidation af-pinene with oxygen
readily available via oxidation of-IP, probably as a  in the presence of dipyridyl cobalt dibromide as cat-
result of deconjugation of the eneone systeng-it alyst with chromium or cobalt salts of fatty acids as
(Table 1). Oxidation of3-IP, mediated by cobalt and cocatalysts [44].
manganese acetates in the presence of pyridine and un- Autoxidation is typically difficult to control and the
der mild conditions gave KIP in good yields (68-85%). question arises if there is any possibility to improve
A vanadium catalyst, V(acagyith pyridine, showed these systems in order to achieve greater conversions
enhanced activity and provided KIP in 91% yield while maintaining high selectivity. In many cases sub-
[35,36]. As in the case af-IP oxidation, pyridine has  stituting manganese for cobalt gives no change in con-
a very positive influence, increasing yields by ca. 45% version. Addition of sodium bromide to cobalt acetate
and significantly reducing reaction times over compa- increased conversions in autoxidation, by dioxygen, of
rable first row transition metal systems in the absence «-pinene to myrtanal, verbenone atrdns-verbenyl
of pyridine [37,38]. Oxidation of3-IP by copper(ll) acetate. Unfortunately, high conversions in this system
salts in the presence of amines depended heavily onwere accompanied by very poor selectivities. Substitu-
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Table 2
Heterogenized chromium based catalysts for oxofunctionalization of cyclic olefins
Catalyst Substrate Product Oxidant Conditions Yield (%) Reference
Cr-pillared montmorillonite ~ Methylcyclohexenes = Methylcyclohexenones  TBHP 36-39h, RT 68-76 [52]
CrY Cyclohexene 2-Cyclohexen-1-one 2@nd NMP  24h, 65C 35 [55]
Cr-pillared montmorillonite  a-Pinene Verbenone TBHP 42h, RT 76 [52]
Cr-APO-5 a-Pinene Verbenone TBHP 24 h, QD 66 [53]
Cr-pillared montmorillonite  lonone Oxoionone TBHP 46 h, RT 68 [52]

tion of manganese for cobalt in pinene oxidation also
shifted selectivity towards alcohols and acetates [45].

In the case of cyclohexene oxidation, Alper and
Harustiak [46] have shown that for the cobalt chloride
diglyme system selectivity could be switched to the
alkenone product by addition BFmethylpyrrolidinone
(NMP) to the reaction mixture. NMP played the
role of radical initiator and also effectively increased
solvent polarity [47,48].

In the oxidation ofa-pinene, cobalt(ll) pyridine
complexes tend to increase the degree of allylic
oxidation to verbenone. CogElsN).Br, [49] and
Co(4-MeGH4N)2Br, [50] proved to be promising
catalysts for the aerobic oxidation @fpinene. Com-
plete conversion ok-pinene afforded verbenone as
the major product in 76% vyield. It was suggested that
a-pinene is first oxidized to a mixture of alcohols
which is further oxidized to verbenone (Scheme 3).

3.2. Heterogenized chromium based catalysts

The use of chromia and chromium based oxidizing

Using equimolar quantities of TBHP at room temper-
ature, the alkenone products were isolated in 68—76%
yields. Working under anhydrous conditions the cata-
lyst could be reused without any loss in activity and
selectivity. The presence of water reportedly resulted
in significant leaching of chromium, however, water
is a coproduct of the oxidation reaction and minimiz-
ing chromium loss in this system may be a difficult
task. Chromium substituted aluminophosphates also
catalyze the liquid phase oxidation of terpenes with
TBHP to the corresponding,p-unsaturated ketones.
The oxidation ofa- and p-pinene to verbenone and
pinocarvone, respectively, in high conversions with
good selectivities was described [53]. Leaching of
chromium during oxidation begged the question as to
whether it is possible to heterogenize chromium con-
taining reagents via this strategy [54].

Combination of a chromium-exchanged zeolite
NaY catalyst and NMP gave a 20% vyield of oxy-
genated products from cyclohexene with ca. 90%
selectivity to 2-cyclohexen-1-one product. Increasing
the amount of NMP had no effect on the product
distribution but served to increase the conversion and

reagents has pervaded synthetic organic chemistry foryield [55].

many years [21]. The synthetic utility of these reagents
is, however, outweighed by the stoichiometric (and of-

ten excess) amounts necessitated and the toxicity of3.3. First row transition metal salen based catalysts

the waste produced. Heterogenization of these versa-

tile chromium reagents is an attractive approach to
eliminate such problems.

Heterogeneous chromium catalysts, mainly in com-
bination with TBHP as oxidant, provide,3- unsat-
urated ketones in the allylic oxofunctionalization of
a variety of cyclic olefins (Table 2). In a develop-
ment of Muzart's successful chromium(VI) catalyzed
oxidations [51] chromium-pillared clays have been
applied in the allylic oxidation of a broad range of
cyclic olefins, including ionone and-pinene [52].

Manganese, iron, cobalt and copper salen catalysts
in the presence of a tertiary amine, water, and sol-
vent give excellent conversions and selectivities in the
aerobic oxidation of3-IP to KIP (Scheme 4). Man-
ganese based catalysts have proven particularly at-
tractive and provide almost quantitative yields under
very mild conditions (ca. 3@) in 4h [56-58]. Re-
cently, studies of the influence @FIP concentration
on selectivity to KIP have shown that the addition of
an organic acid to the Mn(ll)(salen) system provides
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improved space-time yields [59]. Oxidation gflP
with oxygen and TBHP at 3@ in the presence of
Mn(Il)(salen), ethylenediamine, and triethylamine af-
forded KIP in excellent yield (93.4%) without epoxide
formation [60]. Interestingly, while Schiff base com-
plexes of manganese and cobalt(ll) catalyze the aer-
obic oxidation ofg-IP to KIP, «-IP is inert under the
same reaction conditions [61].

Ligand tuning, as demonstrated here for cobalt
Schiff base catalysts, can play a significant role in
determining the outcome of alkene oxidation. Autox-
idation of a- andg-pinene in the presence of oxygen
and 2-methylpropanal using Schiff base complex
1 (Scheme 5) afforded the corresponding epoxides
in 64—70% yields, wherea2 promotes formation
of allylic oxidation products (alcohols and enones)

Ph

~—N N
N2/

Scheme

- e
—~0 @Cij@ g
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[62]. Further developments which show how selec-
tivity barriers may be overcome are illustrated by
allylic oxidations catalyzed by with dioxygen in
the presence of ethyl 2-oxocyclopentanecarboxylate.
This system provides allylic oxidation products from
cyclo-pentene, -hexene and -octene, no epoxidation
products are observed. The reaction is believed to
proceed via formation of a cobalt(lll) superoxide
species, which forms only in the presence of ethyl
2-oxocyclopentanecarboxylate, followed by transfer
of oxygen to ethyl 2-oxocyclopentanecarboxylate and
the cyclic alkene [63].

Constantini [61] showed that effective oxidation
catalysis using M(salen) complexes depended heavily
on the metal (M), metal oxidation state, subtituents
(R) on the phenyl ring of salen, and the number of
carbons in the chain linking the two halves of the
ligand (Scheme 4). Mn(ll)(salen) was the most active
catalyst with R=H, andn= 2. Pre-oxygenation of the
Mn(Il)(salen) catalyst has to be avoided by adding the
catalyst to the oxidation reaction as the final step. Stoi-
chiometric amounts of the brown oxygenated complex
(salen)Mn(II)—O-O—(IllMn(salen) did not oxidize
B-IP in acetone/HO in the presence of base. Thus,
attempts to identify the active metal complex show
only that it is an intermediate between Mn(ll)(salen)
and (salen)Mn(l11)-O—-O—(llIl)Mn(salen).

LMn () 4+ 0, = (l11)-0 (1)
LMn(lI1)—=0z + LMn(ll)
= (IIH—-0-O-Mn(lll)L (2)

Mn(ll)(salen) catalyzed oxidations depend heavily
on the solvent system, base additive and the presence

5.



E.F. Murphy et al./Catalysis Today 57 (2000) 115-126 121

+ [base]H*+ —_—

Scheme 6.

of small amounts of water. Only aprotic solvents are tion to KIP, the enol being the likely active species in
suitable since in protic solvents back isomerization of the oxidation reaction (Scheme 6). From the available
B- to a-IP, which is unreactive under these conditions, literature, and catalytic systems studigeP is more
is observed. Reaction rates, but not selectivities, in- readily oxidized to KIP tham-IP. Consequently, since
creased with increasing polarity and basicity of the it appears that upon enolizatian andg-IP afford the
solvent system. Strong organic bases, in particular ter- same intermediate, the greater reactivity pafover
tiary amines, afforded the best results. Mineral bases «-IP may reflect the difficulty involved in enolization
lead mainly to back-isomerization @fIP. In the ab- of the latter.
sence of water an inhibition period was observed dur- It was proposed in oxidations catalyzed by salen
ing which small amounts of water were produced in complexes that the key step involved radical addition
the oxidation reaction. It was shown by kinetic studies of the oxygenated complexes M, to enolized
that the reaction is first order in organic base [61]. B-IP (Scheme 7). A second electron transfer is fol-
Constantini et al. [61] proposed that isophorone lowed by regeneration of the catalyst and production
enolization is the rate determining step in the oxida- of KIP.

OOMn(IIL
+ LMn)-0; —n»
"0 0
OOMn(IIML
+ LMI‘I(IH)-OH ——
-0 0
O—OMn(III)L
+ LMn@) + OH-
o
O—OMn(III)L (0]
i +  LMn(DOH
0} 6}

Scheme 7.
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porphyrin M(TPP); R = H, X = Ph phthalocyanine M(ptc)

Scheme 8.

In the copper salt catalyzed oxidation of isophorone,
the proposed mechanism involves electron transfer be-
tween copper(ll) and the dienolate anion followed by
coupling of the formed radical with molecular oxy-
gen [64]. This mechanism is similar to the generally
accepted mechanism for the oxidation of ketones in
basic media [65].

3.4. Transition metal porphyrins

The subject of metalloporphyrins in oxidation catal-
ysis has been extensively reviewed [66,67]. Oxidation
of B-IP to KIP (93% vyield, 12500 turnover number)
with molecular oxygen is catalyzed by metal ph-
thalocyanines (ptc) and tetraphenylporphyrins (TPP)
including Mn(IL1), Fe(ll,111), Co(ll), Cu(ll) and
Ru(ll) in the presence of triethylamine and water,

Today 57 (2000) 115-126

plexes are the active species in these catalytic cycles
[61].

Immobilization of TPP and ptc systems has been
the focus of much attention [67]. Recently, iodonated
polysiloxane-supported metalloporphyrin complexes
(manganese and tin) have been found to exhibit ex-
cellent selectivity (100%) to 2-cyclohexen-1-one in
the aerobic oxidation of cyclohexene. In addition,
the heterogenized systems showed increased activity
over their homogeneous analogs [71]. Polymer-bound
copper-2,2-bipyridine complexes have also been em-
ployed in cyclohexene oxidation, affording allylic
oxidation products in good selectivity (85.2—95.7%)
at reasonable conversions (15-40%) [72]. Birnbaum
et al. [73] described the catalytic aerobic oxidation
of cyclohexene to epoxide and allylic oxidation prod-
ucts using halogenated iron porphyrin complexes in
supercritical carbon dioxide. Although activities of
the iron porphyrins were higher in organic solvents
the reaction was accompanied by solvent oxidation.
Other applications of scC{as solvent for heteroge-
neous catalysis, including oxidations, can be found in
a recent review [74].

3.5. Heterogeneous molybdenum based systems

Molybdenophosphate/silica based catalysts provide
the most promising results to date in the liquid phase
aerobic oxidation ofa-IP to KIP (Table 3). Aero-
bic oxidation of a-IP in the presence of phospho-
molybdic acid/silicomolybdic acid and copper sulfate

in dimethoxyethane (Scheme 8) [68]. The mecha- systems, and an aromatic amine gave KIP in good
nism of catalytic oxidation by molecular oxygen and yield [75-78]. On the basis of the available patent
metal porphyrins [69] is similar to that suggested literature Freer and Yates [79] described the oxida-
for salen based catalysts [61]. Among the complexes tion of 5,5-dimethyl-2-cyclohexen-1-one aaelP to

studied TPPMn(IIN)CI proved to be the most effec-
tive for the oxidation ofg-IP to KIP. Interestingly,

the same result was obtained for the TPPMn(ll)
analog [68,70], indicating that divalent metal com-

5,5-dimethyl-2-cyclohexen-1,4-dione (60% yield) and

KIP, respectively, using a catalyst system compris-
ing phosphomolybdic acid, potassium dichromate and
cupric sulfate.

Table 3

Comparison of molybdenum based systemsdelP oxidation using molecular oxygen as oxidant

Catalyst Catalyst(-IP Time Temperature «-IP KIP yield Reference
(Wt.%) (h) cC) conversion (%) (%)

MoPO/CuSQ 3.3 90 110 - 47 [75]

MoPO/MoSiO/CuSQ@ 0.1-10 - 50-150 83-100 45-61 [76]

MoPO/MoSiO/V or Mo/MoQ or CuSQ 0.5-4.0 95 100 98.5 45 [77]

MoPO/SiMoO/Ar amine - - 37 35.7 [78]
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Table 4
Allylic oxidation of 1-alkenes over an iron-antimony oxide catalyst in a tubular flow reactor [88]

1-Alkene Temperature®C) Conversion (%) Percentage selectivity to alkenal
Cy 450-470 4-6 0

Cs 350-400 3-22 80-88

Cy 350-400 7-35 30-35

Cs 350-400 1-22 0-1

Cs—Co 350-400 4-37 0

Interestingly, selective aerobic oxidation aflP of the early composites has since been increased by
catalyzed by molybdovanadophosphate supported onorders of magnitude, and nowadays catalysts provide
activated carbon afforded formylisophorone (FIP) in over 90% yield to the corresponding unsaturated alde-
good yield (55%). It has been suggested that pore hydes operating under industrial conditions. However,
size and acidity of the activated carbon support play a successful examples of the allylic oxofunctionaliza-
crucial role in the selectivity/activity relationships in  tion of higher alkenes in the gas phase are rare. Ap-
these systems. This is substantiated by the fact that theparently the sophisticated catalysts developed for the
unsupported molybdovanadophosphate gave KIP astransformation of small alkenes to alkenones do not
major product (7% yield), with a complex mixture of function in the oxidation of higher alkenes. Oxidation
over-oxidation products [80,81]. Recently it has been of C,—Cg alkenes over a Fe—Sb catalyst is shown in
demonstrated that addition of a platinum-group metal Table 4. Reasonable selectivities to the corresponding
to the carbon-supported system leads to improved alkenals were obtained in the case of 1-propene and
yields of KIP (53%) while obviating formation of FIP  1-butene [88]. Similarly, only propene and isobutene
[82]. yielded unsaturated aldehydes as major products over
a Bi—Mo-oxide catalyst [89].

Recently the oxidation ofx-IP to KIP over a
vanadia based catalyst with dioxygen at atmospheric
pressure has been reported [90]. Excellent combined
selectivities to KIP and FIP (>75%, at 17% conver-

3.6. Palladium based catalysts

Palladium plays a central role in allylic oxidation
catalysis [83]. Oxidation of-IP with TBHP in the

presence of palladium(ll), triethylamine and cop-
per(l) catalysts gave KIP in good yields (49-55%).
5,5-dimethylcyclohexen-1-one is oxygenated sim-
ilarly to 5,5-dimethylcyclohexen-1,4-dione (32%
yield), while aromatization of the less sterically

sion of a-IP) were obtained over vanadia and lithium
phosphate supported on pumice. Other catalyst sys-
tems such as vanadia, 20wt.% vanadia/magnesia,
bismuth molybdate (BiO3-2M0Q3), vanadium
phosphate (V:R1.0) which afforded the V(IV)

hindered cyclohexenone and methylcyclohexenone B-phase selectively after calcination in air, 10 wt.%

prevented oxidation [84].

4. Gas phase allylic oxidation of cyclic olefins to
a,B-unsaturated ketones

chromiak-alumina, and 5wt.% silveyfalumina were
less selective [90].

One reason for the lack of work in this area [91]
may be that larger cyclic molecules, such as cy-
clohexene, isophorone and terpenes, are markedly
more thermally sensitive. Unlike propylene and

Gas phase oxidation of propylene to acrolein and isobutylene, they may decompose under oxidizing

isobutylene to methacroline with molecular oxygen

conditions at elevated temperatures (ca. 40026D0

over multicomponent bismuth molybdate and iron an- which are necessary for maintaining activity of bis-
timonate containing metal oxide systems are now two muth molybdate or iron antimonate catalysts. In
well established large scale processes in the commod-the case of IP oxidation, thermal sensitivity of the

ity chemical industry [85-87]. As a result of the sub-
stantial R&D effort in the past decades, the activity

reactants and products demanded experimental tem-
peratures in the range 200-28D [90]. Operating
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oxidation Vapor phase decomposition afIP in the presence

o of various heterogeneous catalysts has been investi-

gated in the temperature range 300-8D0Contact

with low surface area catalysts at 58D gavep-IP

o) 0 CHO ) :
KIp and trimethylcyclohexadienes. In the presence of mag-
FIP nesium oxide and alumina with a broad distribution
\ / of various acid—base centers the reaction temperatures
(0] [0] are significantly reduced to 150 and 3Q@) respec-
tively [95].
o]
o-1P
/ \ 5. Summary
OH . . . . . . .
Allylic oxofunctionalization of cyclic olefins is
N an attractive process transforming cheap and readily
available substrates to valuable intermediates for the
o) o . i .
2 5oxvienol fine chemicals industry. A broad range of homoge-
ve - BP o Xyieno neous catalysts has been tested, some of them afford-
1somerization aromatization

ing over 90% vyield to the desired,p-unsaturated
Scheme 9. ketone. The search for truly heterogeneous systems
has been less successful. Conventional gas phase al-
lylic oxidation catalysts are non-selective at the typi-
under these conditions catalyst deactivation proved cal high operating temperatures. At lower operational
to be a characteristic of all systems investigated. temperatures (ca. 200), which are necessary in the
The study was further complicated by a background selective oxidation of thermally sensitive substrates,
oxidation effect in the absence of any catalyst the conventional catalysts do not function properly.
[90]. Liquid phase oxidation with solid catalysts, such as
Overall selectivity to the desired oxidation product Cr-pillared clays and molecular sieves, suffer from
is also a function of isomerization and aromatization metal leaching. Unfortunately, there are no solid cat-
reactions which occur competitively in the presence of alysts available yet which function at near ambient
metal oxide catalysts as shown in Scheme 9. In the casetemperature, such as Pt metals for alcohol oxidation,
of IP, heterogeneous gas phase catalysis of the latteror Ti-substituted molecular sieves and titania—silica
two reactions is typically conducted under anaerobic mixed oxides for epoxidation. Apparently, the search
conditions [92,93]. Heterogeneous gas phase isomer-for truly heterogeneous catalysts for allylic oxofunc-
ization of a- to B-IP occurs readily over metal oxide tionalization is not a trouble-free route to replace
catalysts including nickel, magnesium, aluminum and homogeneous catalysts. At present, the most attrac-
silicon oxides [92]. In the oxidation of-IP to KIP, tive solution appears to be the heterogenization of
simultaneous conversion to 3,5-dimethylphenol is a proven homogeneous catalysts.
prominent gas phase reaction in the temperature range
250-400C. The reaction is accompanied by elimina-
tion of methane and proceeds via a dienone—phenol
rearrangement (keto—enol tautomerization) [93]. Acknowledgements
In gas phase oxidations afIP, the large number
of possible products (including combustion products),  The authors are grateful to Hoffmann-La Roche AG,
complicates the process further. For instance, allylic Switzerland, for financial support, and in particular
oxidation ofa-IP may occur at the 4-position affording to Dr. Michael Schneider for his contribution in the
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