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Metitese € uma reag@o atraente para a conversao de 6leos e gorduras em produtos quimicos
uteis. Assim, a metétese de ésteres de dcidos graxos insaturados (constituintes basicos de 6leos
e gorduras) € uma rota conveniente para a sintese de diésteres insaturados, que podem ser usa-
dos como intermedidrios na producéo de polimeros e na quimica fina. A metatese cruzada com
olefinas simples permite alterar o comprimento da cadeia carbonada de 4cidos graxos e de seus
derivados; a metétese cruzada com eteno (etendlise) fornece compostos contendo ligagdes du-
plas terminais, que possuem uma extensa gama de aplicacdes. A etendlise de 6leos graxos (tri-
glicerideos) permite a transformacdo de triglicerideos de dcidos graxos de longas cadeias
carbonadas em dleos graxos de menor massa molecular. Diversos sistemas cataliticos - homo-
géneos ou heterogéneos -, altamente seletivos, se mostraram capazes de efetuar a metétese de
ésteres insaturados. Catalisadores heterogéneos a base de rénio ou de molibdénio t€m atraido
muita atenc¢do. Considerando os procedimentos de ativagdo e de regeneracao do catalisador, os
sistemas cataliticos a base de rénio s@o preferidos.

Metathesis is an attractive reaction for the conversion of oleochemical feedstocks into use-
ful chemical products. Thus, metathesis of unsaturated fatty acid esters (the oleochemical raw
materials) provides a convenient route to unsaturated diesters which can be used as intermedia-
tes for the production of polymers and specialty chemicals. Cross-metathesis with olefins is a
means to change the chain length of fatty acids and derivatives; cross-metathesis with ethene
(ethenolysis) gives compounds with terminal double bonds, having a broad range of applicati-
ons. Ethenolysis of fatty oils or triglycerides allows the transformation of long-chain fatty acid
triglycerides into fatty oils of lower molecular weight. Several highly selective catalyst
systems - homogeneous as well as heterogeneous - have proven to be successful for the metat-
hesis of unsaturated esters. Especially modified heterogeneous rhenium- and molybde-
num-based catalysts have attracted much attention. Considering catalyst activation and
regeneration procedures, thenium-based catalysts are to be preferred.
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Introduction

Fats and oils

In the next century the availability of fossil organic fe-
edstocks - both as energy sources and for the production of
organic chemical raw materials - will gradually decrease.
Hence it is important to look for alternatives. These can be
found in renewable resources both for energy purposes as

well as for raw materials for the chemical industry. In the lat-
ter case, much attention has already been given to the use of
natural fats and oils of vegetable and animal origin in the
oleochemical industry. Oleochemicals are not only produ-
ced from renewable resources, but they also have the advan-
tage of a good biodegradability and no net CO2 production.

Fats and oils (composed predominantly of glyceryl es-
ters of fatty acids) are important sources both for nutrition



and as raw materials for the oleochemical industry. About
15% of the world production of fats and oils (81 million t/ain
1990, 105 million t/a expected in 2000) is used in the oleo-
chemical industry as starting materials for a wide range of
chemical products'. The most important group from the po-
int of view of cost-effectiveness is that of the long-chain ve-
getable oils, such as soybean oil, sunflower oil and new
rapeseed oil (all consisting mainly of unsaturated C;g fatty
acid chains) and palm oil (containing both Ci¢ and Cg cha-
ins). The oleochemical industry prefers a high content of
oleic acid (mono-unsaturated C;g fatty acid) because this is
an important starting material for many consecutive chemi-
cal reactions. Short- and medium-chain fatty oils, such as
palm-kernel oil and coconut oil, consist mainly of lauric
(C12) and myristic (Cj4) acid and are important sources for
the production of detergents, soaps, emulsifiers, etc. Animal
fats, such as tallow (containing 40-45% oleic acid), are also
in demand as raw material, mainly because of their low pri-
ce. Some other vegetable oils are the source of oleochemi-
cals on a smaller scale. An example is castor oil, consisting
mainly (85-95%) of ricinoleic acid, which has a wide range
of industrial uses.

The feedstocks for vegetable oils and fats come from dif-
ferent parts of the world. Soybeans are produced chiefly in
the USA, Brazil, China and Argentina, rapeseed in China,
Europe, Canada and India, and sunflowers in East & South
Europe and Central & South America. Coconut and palm
kernel oil come from Southeast Asian Countries.

Fatty acid esters are generally obtained by transesterifi-
cation of natural oils and fats with a lower alcohol, e.g. met-
hanol. Although more than 95% of all chemical reactions
(e.g. conversion into fatty alcohols and fatty amines) of fatty
acid esters (or acids) are carried out at the carboxy function,
transformation of unsaturated fatty acid esters by reactions
of the carbon-carbon double bond, such as hydrogenation,
epoxidation, ozonolysis, hydroformylation and dimerizati-
on, are becoming increasingly of industrial importance. Me-
tathesis is another reaction of the carbon-carbon double
bond.

Metathesis

Olefin metathesis is a catalytic exchange reaction betwe-
en two alkene molecules during which two alkylidene
groups are interchanged. For normal olefins this can be re-
presented by reaction (1).

2 R-CH=CH-R’ R-CH=CH-R +

R’-CH=CH-R’ 1

A simple example is the metathesis of propene (R = H;
R’ = CH3) into ethene and but-2-ene. The forward reaction is
often called self-metathesis, while the reverse reaction, i.e. a
reaction between two different alkene molecules, is called
cross-metathesis. In fact, many olefinic substrates can un-
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dergo metathesis in the presence of a suitable catalyst, resul-
ting in a wide variety of possible products. These substrates
include acyclic alkenes, dienes, polyenes, cyclic alkenes,
and also functionally substituted alkenes, such as unsatura-
ted esters, nitriles, halogens etc.

At the moment there are various commercial applicati-
ons of olefin metathesis: (i) the production of polymerisati-
on-grade propene via cross-metathesis between ethene and
but-2-ene; this is, in fact, the reverse process of the first in-
dustrial application of the olefin metathesis reaction, viz. the
metathesis of propene into high-purity ethene and but-2-ene,
called the Phillips Triolefin Process, which was in operation
from 1966 till 1972; (ii) the production of neohexene (an im-
portant intermediate in the manufacture of synthetic musks)
via cross-metathesis of di-isobutene with ethene; (iii) the
Shell Higher Olefins Process (SHOP), alarge-scale industri-
al process incorporating olefin metathesis, for converting et-
hene to detergent-range olefins; (iv) the production of
several kinds of polymers produced via the metathesis of
cyclic olefins, such as cyclooctene, norbornene, and dicy-
clopentadiene. A promising synthetic application for the
metathesis reaction concerns the metathesis of acyclic ole-
fins containing heteroatom functional groups. This would
allow single-step syntheses of various mono- and difunctio-
nal derivatives of hydrocarbons with well-defined structu-
res.

Considering the extensive possibilities offered by the
metathesis of unsaturated hydrocarbons within chemical
synthesis, it is not surprising that much research is being car-
ried out into the development of active and selective ca-
talysts for this reaction. The metathesis reaction can be
catalysed by both heterogeneous and homogeneous ca-
talysts. A wide variety of transition metal compounds will
catalyse the reaction, the most important ones being based
on W, Mo, Re and Ru. Heterogeneous catalysts generally
consist of a transition metal oxide, or an organometallic pre-
cursor, deposited on a high-surface-area support (an inorga-
nic oxide). Examples are Re207/Al1203, M0o03/Si0,,
WO3/Si102, and (p-C4H7)4sW/SiO;. In particular a supported
Re»O7 catalyst shows pronounced activity and high selecti-
vity even at room temperature; when promoted with R4Sn (R
=Me, Et, Bu) it becomes also active for the metathesis of un-
saturated esters and other functionalized olefins. Homoge-
neous catalysts mainly consist of (i) a combination of the
transition metal compound (usually a chloride, such as
WClg, WOCLs and ReCls) and an organometallic com-
pound, e.g. R4Sn (R = alkyl) or EtAICly, as cocatalyst, or (ii)
a well-defined alkylidene (carbene) complex of a transition
metal, e.g. Ru(=CHCH=CPh2(Cl); (PCy3)2. Only a relati-
vely small number of the many metathesis catalyst systems
are able to bring about the metathesis of functionalized ole-
fins; these will be discussed in Catalysts section.
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Metathesis is a transalkylidenation reaction and it is ge-
nerally accepted that the reaction proceeds via the so-called
metal-carbene mechanism. The propagation reaction invol-
ves a transition-metal carbene as the active species with a va-
cant co-ordination site at the transition metal. The alkene
co-ordinates at this vacant site, and subsequently a metal-
lacyclobutane intermediate is formed. The metallacycle is
unstable and cleaves to form a new metal carbene complex
and a new alkene, reaction (2). The initial metal carbene can
be formed by a reaction between the catalyst and the coca-
talyst, if present, or by interaction of the substrate alkene
with the transition metal centre. When using an actual metal
carbene as catalyst a metal-carbene forming step is, of cour-
se, not necessary. A detailed monograph dealing with all as-
pects of olefin metathesis has recently appeared”.

M =CHR M —— CHR M  CHR
+ == = | +|
RHC=CHR RHC — CHR RHC CHR

03]

M CHR M — CHR M=—CHR
I+ =] | = +

RHC CHR RHC — CHR'  RHC=CHR'

Metathesis of Unsaturated Fatty Acid Esters

Self-metathesis

Unsaturated fatty acid esters and fatty oils are very pro-
mising and cheap feedstocks for metathesis. For this reason,
the metathesis reaction is of interest to the oleochemical in-
dustry.

The first successful metathesis conversion in this area
was the selective transformation of methyl oleate (methyl
cis-octadec-9-enoate), a readily available ester, into equi-
molar amounts of octadec-9-ene and dimethyl octa-
dec-9-enoate in the presence of a WClg/MesSn catalyst
system3 , reaction (3).

2 Me(CH,);CH=CH(CH>);COOMe
Me(CH,);CH=CH(CH,);Me +
MeOOC(CH;);CH=CH(CH,);COOMe  (3)

Because the free enthalpy change in this type of reaction
is virtually zero, the result at equilibrium is a random distri-
bution of the alkylidene groups. Thus, starting with methyl
oleate, the equilibrium mixture consists of 50 mol% of the
starting material and 25 mol% of each of the products octa-
dec-9-ene and dimethyl octadec-9-enoate. The cis/trans ra-
tio of the reaction products is also in accordance with
thermodynamics. This demonstrates that - in the presence of
a suitable catalyst - the metathesis of unsaturated fatty acid
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esters provides a convenient and highly selective route to
unsaturated diesters. Unsaturated diesters can be used for
the production of useful chemical products such as macrocy-
clic compounds. For instance, the diester obtained by metat-
hesis of ethyl oleate has been subjected to a two-step
reaction sequence, i.e. a Dieckmann condensation followed
by hydrolysis-decarboxylation to give
9-cycloheptadecen-1-one, whose cis form, civetone, is an
important base material in the perfume industry*>, reaction
(4). Moreover, unsaturated dicarboxylic esters and acids are
interesting starting materials for the manufacture of polyes-
ters and polyamides®.On the other hand, the product octa-
dec-9-ene can be dimerized and hydrogenated to
10,11-dioctyleicosane, a lube-oil range hydrocarbon inter-
mediate’.

(CHy)7COOC,Hs (CHy)7
CH/ CH/ \c/ 0
CH\ C}{\ cH
(CHy)-COOC,Hs Ciye” \COOCZH5
(CHy);
CH/ \
— | c=0 )
cH
N(CHy),

Many other unsaturated fatty acid methyl esters of the
general formula Me(CH»),CH=CH(CH,),,COOMe have
been shown to undergo metathesis, such as methyl palmito-
leate (n=5,m=7), methyl erucate (n="7, m=11) and methyl
petroselenate (n = 10, m =4). Another example is methyl un-
dec-10-enoate, which can be obtained from castor oil via
pyrolysis cleavage of the ricinoleic acid. This reaction pro-
ceeds to completion when the by-product ethene is continu-
ously removed during the reaction, reaction (5). It should be
noted that olefins with an OH-containing functional group,
such as COOH and CHO, deactivate most catalysts which
are active for the metathesis of esters®.

2 CH2=CH(CH2)sCOOMe
MeOOC(CH;)sCH=CH(CH;)sCOOMe + CH,=CH, (5)

For the metathesis of methyl oleate a very pure substrate
is required. In an alternative process for the synthesis of ci-
vetone, methyl oleate is first converted to the
doubly-unsaturated ketone pentatriacon-
ta-9,26-dien-18-one, oleon (1), which can be separated in
pure form from the reaction mixture. Oleon is then conver-



ted into 9-cycloheptadecen-1-one (2) via an intramolecular
metathesis reaction (see Scheme 1), at room temperature in
the presence of a RexO7 catalyst supported on SiO2-Al,03
and promoted with BusSn. To reduce the possibility of in-
termolecular metathesis between two oleon molecules it is
necessary to carry out the reaction under high dilution condi-
tions’.

Metathesis of polyunsaturated fatty acid esters, e.g.
methyl linoleate and methyl linolenate, leads to a variety of
reaction products, including polyenes, monoesters, diesters

and cyclopolyenes'®.

Cross-metathesis

Cross-metathesis of unsaturated fatty acid esters with a
normal alkene is an elegant way of synthesising homologues
of these esters, and greatly extends the versatility of the me-
tathesis reaction in the field of oleochemistry. From most in-
dustrial vegetable oil crops fatty acid esters are obtained
with a predominant chain length of 18 carbon atoms. Shorte-
ning these esters to medium-chain fatty acid esters (C19-Ci4)
is possible via cross-metathesis with lower olefins, see e.g.
reaction (6)!1-13.

Me(CH;)7CH=CH(CH,);COOMe
+ EtCH=CHEt EtCH=CH(CH)7;COOMe +
Me(CH»);CH=CHEt (6)

A large excess of the normal alkene can force the reacti-
on to the product side. Fatty acid derivatives of medium cha-
in length - especially Ci» - are in high demand for the
industrial production of surfactants. With regard to their
chain length these esters are quite similar to those of the fatty
acids derived from palm kernel oil and coconut oil. The
by-product alkenes, with the double bond near the end of the
chain, can be used for example for the production of C12-Ci4
alcohols by hydroformylation.

On the other hand, instead of shortening the carbon chain
of unsaturated esters, it is possible to lengthen it, as illustra-

0

CH;(CH,)7CH=CH(CH,);C(CH,);CH=CH(CH,),CH,

1 L )

/ (CHy)y
CH \ CH(CH,),CH,
I c=o0 +
CH CH(CH,);CH;
(i),
(2) 3

Scheme 1. Metathesis of oleon.
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ted for the cross-metathesis between methyl
undec-10-enoate and hex-3-ene in Eq. 7.

CH,=CH(CH,)sCOOMe + EtCH=CHEt
EtCH=CH(CH;)sCOOMe + CH,=CHEt (7)

From a synthetic point of view, cross-metathesis reacti-
ons are very promising in opening new routes for the synthe-
sis of derivatives that often can hardly be obtained by other
means. An example is the is the synthesis of 1-triacontanol,
CH3(CH2)2sCH20H, a plant growth stimulant, in a relati-
vely simple two-step process by cross-metathesis between
methyl erucate and octadec-1-ene in the presence of a
WCl¢/MesSn catalyst, reaction (8), followed by hydrogena-
tion of the ester thus obtained'?.

Me(CH,);CH=CH(CH;);;COOMe +
CH2=CH(CH2) 1 5Me

MC(CH2)15CH=CH(CH2)1 1COOMC +
CH,=CH(CH,);Me ®)

Another example of organic synthesis via
cross-metathesis is the synthesis of biologically active unsa-
turated compounds such as insect pheromones. Use of such
pheromones offers an effective and selective pest control
method. Thus, cross-metathesis of ethyl oleate with
dec-5-ene results in a cis-frans mixture of ethyl tetra-
dec-9-enoate, a pheromone precursor'®. Ethyl tetra-
dec-9-enoate is also obtained by cross-metathesis of
mixtures of unsaturated Cjg ethyl esters (oleic, linoleic, lino-
lenic) derived from olive, sunflower or linseed oil with ex-
cess dec-5-ene'®. Other examples are summarised
elsewhere®!”.

Cross-metathesis of an unsaturated ester with a cyclic
olefin leads to long-chain linear di-unsaturated esters. Thus,
1-triacontanol is also obtained by cross-metathesis between
methyl oleate and cyclododecene, reaction (9), followed by
hydrogenation of the unsaturated diester product'®,

——CH
Me(CH,),CH=CH(CH,),COOMe + (CHy)y || <=

CH

Me(CH,);CH —CH(CH,);,CH=CH(CH,);COOMe  (9)

Ethenolysis

Cross-metathesis of an olefinic compound with ethene is
called ethenolysis. Ethenolysis of unsaturated fatty acid es-
ters allows the synthesis of shorter-chain W-unsaturated es-
ters which have a broad range of applications. An excess of
ethene can easily be applied (e.g. by using an ethene pressu-
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res of 30- 50 bar) to suppress self-metathesis of the ester and
to force the conversion to completion. The ethenolysis of
methyl oleate will lead to methyl dec-9-enoate, together
with dec-1-ene'>%, reaction (10).

Me(CH,);CH=CH(CH,);COOMe + CH,=CH, =—

Me(CH»);CH=CH, + CH,=CH(CH,);COOMe (10)

Methyl dec-9-enoate is the hypothetical source of many
polymers and copolymers; it can be converted e.g. into the
W-amino acid, and then used for the production of nylon-10.
Itis an interesting chemical building block for the synthesis
of relevant chemical products; after hydrolysis and hydroge-
nation it yields decanoic acid or decanol, substances used in
lubricants and plasticizers. In addition, fragrances can be ob-
tained (such as 9-dec-1-enol and civetone), as can pheromo-
nes, prostaglandins etc.®!”, which can easily be isolated in
pure form. Dec-1-ene, like other alk-1-enes, is an important
intermediate in organic syntheses, and has a variety of end
uses in polymers, surfactants and lubricants. Ethenolysis of
methyl erucate gives another w-unsaturated ester, methyl te-
tradec-13-enoate, which could have applications analogous
to those of methyl dec-9-enoate.

For efficient production of the diester of methyl oleate a
two-step process can be considered?!. First, methyl oleate
undergoes ethenolysis to dec-1-ene and methyl
dec-9-enoate; high conversions can be obtained by using a
high ethene pressure. After product separation, methyl
dec-9-enoate undergoes self-metathesis to ethene and di-
methyl octadec-9-enoate. In the latter case the equilibrium
can be shifted to the product side by continually removing
the volatile ethene. In this way more than 50% conversion
can be obtained in both reaction steps, and there are no big
problems in separating the reaction products.

Structure and reactivity of esters in metathesis

In different studies the relation between the structure of
fatty acid esters (and related compounds) and their reactivity
in metathesis has been investigated with two types of ca-
talyst systems: WClg/MesSn at 70 °C!! and Re,O7/
Al,O3/Me4Sn at 20 °C'2. Tt appeared that the reaction works
best if the ester group is not too close to the carbon-carbon
double bond. The presence of one or more CH; groups bet-
ween the double bond and the ester group is sufficient to en-
sure that metathesis takes place.

Metathesis of Natural Fats and Oils

Metathesis of esters of glycerol, i.e. unsaturated fatty
oils, proceeds intra- as well as intermolecularly, the latter re-
action strongly predominating, reaction (11). Thus, olive oil,
which consists mainly of glyceryl trioleate, yields octa-
dec-9-ene and polymeric glycerides (principally dimers and
trimers). Metathesis of oils such as olive oil, soybean oil and
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linseed oil (containing triglycerides of oleic, linoleic and li-
nolenic acid) results in viscous high-molecular-weight oils,
so-called stand oils, with outstanding drying properties due
to their pronounced unsaturated character!”?2,

intra/v

1D
inter\* EE—

Ethenolysis of distinct fatty oils (olive, soybean, rapese-
ed, cotton seed) allows, in principle, the transformation of
long-chain fatty acid glycerides into glycerides of lower mo-
lecular weight, e.g. the production of tricaprin from olive oil
(mainly triolein) by ethenolysis and subsequent hydrogena-
tion, reaction (12), and of trimyristin from trierucain along a
similar route. As valuable by-products corresponding
amounts of terminal olefins are produced. A study of the et-
henolysis of triolein (glyceryl trioleate) as model substrate
with a supported Re>O7 catalyst activated with BusSn sho-
wed that the reaction consists of a sequence of three conse-
cutive ethenolysis reactions, from triolein to
tridecenylglycerol, and proceeds with high conversion at
room temperature and an ethene pressure of 30 bar®.

— + 3 CH2 :CH2 =
triolein
= + 3 CH,—CH(CH,),CH;4
— dec-1-ene
le (12)
!: tricaprin

Ethenolysis of polyunsaturated esters, as present e.g. in
soybean oil, with an excess of ethene in the presence of the
catalyst system Re;O7/Al,03/Et4Sn at 20 °C leads to good
yields of hept-1-ene or but-1-ene (from linoleic or linolenic
esters, respectively), penta-1,4-diene, deca-1,4-diene,
methyl dec-9-enoate and methyl trideca-9,12-dienoate, as
illustrated for methyl linoleate in Eq. 13%*.
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Me(CH»)4CH=CHCH,CH=CH(CH>);COOMe +
CH,=CH,=== CH,=CH(CH;);Me +
CH,=CHCH,CH=CH; +
CH,=CHCH,CH=CH(CH3)sMe +
CH,=CH(CH,);COOMe +
CH,=CHCH,CH=CH(CH,);COOMe

13)

A variety of unsaturated fatty oils may serve as easily ob-
tainable and relatively cheap raw materials of this type.
Thus, good results have also been obtained in the ethenolysis
of methyl esters from olive oil and palm oil*.

Catalysts

Because of the potential industrial importance of the re-
action, much effort has been devoted to the development of
catalysts able to bring about the metathesis of unsaturated
fatty acid esters. A problem is the deactivation of catalytic
sites by the functional group resulting in turnover numbers
which are much lower than those obtained for the metathesis
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of analogous simple olefins. Examples of catalyst systems
which can withstand the negative effect of the polar group to
a certain extent are given in the Table 1.

H()Wl()g@ll@()I/lS systems

Undoubtedly the most active homogeneous catalyst
systems are the well-defined metal alkylidene complexes
synthesised in the laboratories of Schrock?*2*3* and Bas-
set’2. Such systems are characterised by a metal (W, Mo or
Re) in its highest oxidation state containing in its
co-ordinating sphere both alkylidene and bulky elec-
tron-withdrawing ligands (aryloxides, fluoroalkoxides,
etc.); examples are the complexes I, IT and III. The bulki-
ness of aryloxides®? and imido or alkylidyne ligands®®->*3
would prevent dimerization of these electron-deficient orga-
nometallic complexes and, to some extent, the co-ordination
of the functional group to the metal atom®>.,

On the other hand, two-component catalyst systems, ma-
inly WOCl4 and WCle with a suitable cocatalyst (an alkyla-
ting agent such as MesSn), have been widely employed on a
laboratory scale. These are cheaper and easier to handle than
the alkylidene complexes. In this sense, the use of

Table 1. Examples of catalyst systems for the metathesis of unsaturated esters.

Catalyst Substrate® [Ester]/ T /°C t®h turnover Ref.
[Metal atom] number

Homogeneous systems

WClg /MesSn MeOl 75 110 2 38 22
WOCl4/MesSn MeOl 50 70 6 25 26
WOCI4/Cp2TiMes EtOl 50 70 20 18 27
W(=CHCMe3)Np(CI)(OAr); (OR2)° EtOl 100 85 1 32 28
[W]=CHCMe3 (see formula I) MeOl 200-300 25 2-3 100-150 29
W(OAD)>Cl4/R4Sn or BugPb? EtOl 50 85 6 25 30
WOCI4/DSCB® EtPe 150 70 6 81 31
[W]=CHCMes3 (see formula II) EtOl 500 25 1 250 32
[Re]=CHCMej3 (see formula III) MeOl 100 20 6 50 33
Mo(=CHCMe; Ph)(N Ar)(ORF6)2f MePe 1000 20 1 840 34
Heterogeneous systems

Re207/A1203/Et4Sn MeOl 60 20 2 3 8
MoO3/Re207/Al1203/Et4Sn MeOl 60 20 2 30 8
Re207/S102-Al203/BusSn MeOl 240 40-45 3 120 23
Re207/ B203/Si02-Al203/BusSn MeUn 350 50 13 348 21
MoCl5/SiO2/R4Sn EtOl + dec-5-ene 110 90 4 99 15
Mo03/Si02/(CO, hn)/cyclopropane EtOl 250 50 0.17 125 16
MoO3/Si02/(CO, laser)/cyclopropane MeOl 1250 40 3 500 23

#MeOl = methyl oleate; EtOl =ethyl oleate; EtPe = ethyl pentenoate; MePe = methyl pentenoate; MeUn = methyl undecenoate; b= time to reach
the highest conversion; ¢ Ar = CgH3s-(Ph),-2,6; Np = CH,CMes; R = Et, i-Pr; dAr = CgH3-(C1)2-2,6 or CgH3-(Br)z-2,6; ¢ DSCB =
1,1,3,3-(Me)4-1,3-disilacyclobutane; fAr= CeH3-(i-Pr)2-2,6; RFg = CMe(CFs),.
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F;C CH
N ’ F-C CH
e’ C\o ﬁ</ d N
? N/ S~ or, R N,
BCL /7 O OAr \ g
Fee /0 : T RN
e FC- q’
| |
CF, CF;
I m

W(OATr)>2Cly has the advantage of allowing its manipulation
under air’’. The role of the cocatalyst would be a double alk-
ylation of the metal centre, followed by an a-H-elimination
leading to the formation of an alkylidene ligand. A butylide-
ne ligand has indeed been observed during in situ '"H-NMR
studies of the system W(OCsH3-Ph-2,6)2Cla/BusPb*".

Hetemgene()us SySl‘erS

Heterogeneous catalysts seem more suitable for industri-
al applications, because they are more favourable with res-
pect to the separation of the catalyst from the reaction
products, catalyst regeneration and application in continu-
ous processes. The most active systems are based on rheni-
um or molybdenum oxides. They are usually prepared by
impregnation of the support with an aqueous solution of the
ammonium salt of the transition metal. After drying in air at
110 °C and calcination at the desired temperature (usually
between 500 and 550 °C), the catalysts are commonly for-
mulated as Re>O7/support or MoOs/support. However, in
order to be able to bring about metathesis of functionalized
olefins, these catalysts need either the addition of a promoter
as cocatalyst (Re2O7/support + R4Sn or R4Pb) or to undergo
a special activation procedure (MoOs/support). Several pa-
rameters can affect the performance of these catalytic
systems, such as (i) the transition metal loading; (ii) the kind
of support; (iii) the calcination procedure; (iv) the transition
metal/cocatalyst molar ratio; etc. The table presents the best
performances reported for each system. The very high selec-
tivity (>97%) encountered in the metathesis of fatty acid es-
ters might be due to the complexation of the ester group to
the Bronsted acid sites on the support, preventing side reacti-
ons such as double bond shift.

Rhenium Catalysts

Rex07/A1,03/MesSn was the first heterogeneous ca-
talyst system found to be effective for the metathesis of ole-
finic esters>®. The catalytic performance of this system has
since been improved in several ways by (i) the incorporation
of a third metal oxide such as V205, MoO3 or WO3>"+3%; (ii)
the use of a modified support, e.g. SiO2-Al,03%,
Al,03-B>03*°, phosphated alumina*' or borated sili-

ca-alumina®'; (iii) the use of another promoter, such as
BusSn, EtySn or RyPb®.

Structure x catalytic activity

Many spectroscopic studies have been carried out in or-
der to characterise the surface structure of Re207/A1203
catalysts42. The system is generally described as a monola-
yer catalyst; the rhenium oxide species which are catalyst
site precursors are bonded to the alumina surface as mono-
meric species, presenting a C3y symmetry. The structure of
the rhenium oxide phase present on SiO>-Al>O3 has been
studied less. However, at least up to a 3 wt% Re»>O7 loading,
the rhenium oxide supported on SiO2-Al,0O3 has predomi-
nantly a monomeric structure; at higher loadings it might

also be present as three-dimensional clusters®.

The catalytic activity of Re207/A1203 increases with
the rhenium loading. A positive correlation between the ca-
talytic activity and the surface acidity (mainly the Bronsted
acidity) of such systems has been observed***. The activity
of Re,07/A1L03 catalysts can be explained on the basis of
the activity of the surface ReO4 groups which have reacted
with Lewis acid sites and with the different alumini-
um-bonded OH groups during the preparation of the ca-
talyst*!. The most active sites arise from the reaction betwe-
en ReOy ions and the most acidic OH groups on the alumina
surface to form Al-bonded ReOs species. Such reactions are
favoured only after the basic and neutral OH groups have re-
acted to some extent.

On the other hand, when SiO;-Al,03 is used as the sup-
port, the specific catalytic activity decreases as the rhenium
loading is increased*. By analogy with the explanation gi-
ven above for Al,Os it is thought that there are two types of
hydroxyl groups on SiO»-Al>O3: hydroxyl groups attached
to a Si atom and bridging hydroxyl groups attached to both a
Si and an Al atom. The reaction of ReO4 ions with the brid-
ging hydroxyl groups would result in electropositive rheni-
um centres (ReOy tetrahedra) , the active sites. Thus, higher
rhenium loadings would favour the formation of inactive si-
tes of the type U Si-O-ReO0s, as it is known that Re»07/Si05
has no activity in olefin metathesis*’. It should be pointed
out, however, that a great difficulty in the characterisation of
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these systems lies in the fact that only ca.1% of the rhenium
sites are active in metathesis*3*’.

Role of the promoter

Although rhenium-based systems are only active for the
metathesis of functionalized olefins when promoted with an
alkyltin or alkyllead compound, the role of the latter is still
not well understood. Reduction of the rhenium atom, modi-
fication of the active site (by addition of a tin ligand) and for-
mation of the initiating metal-alkylidene species (via a
double alkylation followed by an a-H-abstraction) have
been postulated as promotion mechanisms>’. However, only
a few studies have been carried out concerning the nature of
the interaction between the tin compound and the surface
rhenium species®'>°. Evidence for the presence of Re-O-Sn
bonds comes from Raman spectroscopic studies of
Re>07/A1,03/MesSn>>. Based on ''°Sn Méssbauer and '*C
and ''"Sn  MAS NMR experiments with
Re»07/S102-A1203/R4Sn, reactions as depicted in Scheme 2
have been proposed>*. The R ligand on species A might still
undergo an electrophilic attack from a remaining OH" group
from the surface with release of an alkane. If adouble alkyla-
tion involving only one rhenium site takes place, a coordina-
tively saturated species, B, would be formed. This species
might undergo an a-H-abstraction, spontaneous or surfa-
ce-induced, leading to a rhenium-alkylidene species, C.
Although an alkylidene ligand in the rhenium co-ordination
sphere could not be spectroscopically identified, chemical
reactivity suggests its presence in minor amounts. While
species A would predominate for RexO7/Si02-Al,03/R4Sn
systems, in particular when R = Et, for Re207/A1,03/BusSn
there would only be species C or D*. Taking into account
that (i) for Re207/5102-Al,03/R4Sn systems the highest ca-
talytic activity per rhenium atom is obtained when R = Et®,
for which species A appears in higher concentration than for

Scheme 2.

J. Braz. Chem. Soc.

R =Bu or Me, and (ii) species C and/or D are the only ones
present on the surface of Re,O7/Al,O3/BusSn, which is less
active, it seems that with these systems the presence of a
pre-formed alkylidene ligand may not be a prerequisite for
metathesis to take place.

Organometallic models of active sites

Since ReyO7 reacts with MesSn to form CH3ReQ5®, it
has been suggested that the latter complex is an intermediate
in the heterogeneous system. In solution CH3zReO3 is active
for the metathesis of cyclic and acyclic olefins, but only in
the presence of both a Lewis acid and an alkylating agent.
On the other hand, when supported on Al,O3, Si0,-AlO3 or
Nb,Os, it becomes an efficient metathesis catalyst - even for
functionalized olefins - without a promoter’’%. Although
13C-NMR studies show that the organic ligand remains atta-
ched to the rhenium atom after interaction between
CH;3Re0; and Nb,O5%, exchange reactions with a symme-
trical olefin using a '*C labelled sample showed that the first
metal-alkylidene species does not arise from the methyl
group, but from the olefin itself >°. The main role of the sup-
port would be to increase the Lewis acidity of the rhenium
centre.

Another approach to prepare surface-anchored alkylide-
ne species is based on the fact that in solution Schrock-type
tungsten alkylidene complexes (which are expected to have
the same chemical behaviour as their rhenium analogues)
can be synthesised from the corresponding alkylidyne com-
plexes via protonation by Bronsted acids®’. Thus,
Schrock-type tungsten alkylidyne complexes, precursors of
the homogeneous catalysts I and II, have been reacted with
the surface of Si02°"%% NbyOs, Al,03 and Si02-ALO3%,
respectively, leading in all cases to very active catalysts for
the metathesis of simple olefins. Chemical and spectrosco-
pic studies of these systems point to the presence of several
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surface species, at least one of them bearing an alkylidene li-
gand®®. However, metathetical exchange experiments sug-
gest that the most active systems are those that can react with
olefins and form the initiating metal-alkylidene species via a
p-allyl mechanism®%%3, It has been proposed that surface Le-
wis acid sites induce the formation of a tetracoordinated cati-
onic neopentylidenetungsten(VI) complex (Scheme 3),
which might well be the precursor of the most active species
due to its high electronic and coordinative unsaturation®’.
The presence of such a species could account for both the
high isomerization (through double-bond migration) obser-
ved for terminal olefins and the lack of catalytic activity of
these heterogeneous systems towards functionalized ole-
fins®,

All results discussed above show that surface organome-
tallic approaches to the synthesis of well-defined heteroge-
neous metathesis catalysts have so far failed to provide a
good picture of the actual active site, the homogeneous
systems being not an adequate model for their heterogene-
ous counterparts.

Catalyst deactivation and regeneration

The activity of any catalytic system in the metathesis of
olefinic esters is unavoidably limited by the presence of the
functional group®®. Besides an intrinsic deactivation mecha-
nism (reductive elimination of the metallacyclobutane inter-
mediate)®>, a Wittig-type reaction between the carbonyl
group and the metal-alkylidene may also be responsible for a
decrease in catalytic activity. These systems are also air sen-
sitive. ''”Sn Mossbauer spectroscopic studies of
Rex07/S5102-A1203/R4Sn systems suggest that air exposure
does not cause hydrolysis of Sn-O-Re bonds; such bonds
might, however, be weakened owing to a change in the
co-ordination sphere of the rhenium atom>*,

After deactivation, the catalyst can be regenerated many
times via calcination followed by addition of another
amount of the promoter. However, there is a limit to the
number of times the catalyst can be regenerated in this
way®. 119Sn Massbauer spectroscopic studies revealed after
calcination the formation of both an SnO; phase and a poly-
meric ionic Sn(I'V) species, probably bonded to the rheni-

Y X
N _
X X4

O > CH27 O

+ + |
\Nb/ \I\}b/ \Nb/ \Nb/
/1IN /1IN /1IN 71N

Scheme 3.
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um>*3, which eventually would prevent the formation of
new active sites.

Molybdenum Catalyst

Only two of the many Mo-based heterogeneous metat-
hesis catalyst systems have been reported to bring about the
metathesis of functionalized olefins, viz.
MoCls/SiO2/R4Sn'> and Mo/SiOs, photoreduced in CO at
room temperature and subsequently activated with cyclo-
propane. The latter system has been systematically studied
and will be discussed here.

Photoreduced molybdenum catalysts

Photoreduction of calcined 1 wt% MoO3/SiO, with a Hg
lamp in a CO atmosphere leads mainly to Mo(IV) ions®®®”.
The resulting system is active for the metathesis of propene.
Treatment of this system with cyclopropane results in a
sharp increase of its specific activity’’. Moreover, the ca-
talyst becomes active for the metathesis of olefinic esters'®.
From IR and UV/vis spectroscopic studies it was concluded
that a molybdenacyclobutane intermediate is formed, which
decomposes into molybdenum-alkylidene and Mo(IV)-
p-olefin complexes; Scheme 4772, The molybde-
num-alkylidene complexes were characterised by an ab-
sorption band at 450-480 nm in the electronic spectrum’’.
They proved to be thermally stable up to 430°C and oxygen
resistant at room temperature. Interestingly, the proposed
[Mo]=CH3 species does not undergo a Wittig-type reaction
with acetone’®, which is characteristic of Schrock-type alk-
ylidene complexes.

An alternative activation procedure, consisting of photo-
reduction of MoO3/Si0; in CO with a laser beam of 308 nm
instead of a Hg lamp, followed by cyclopropane treatment
leads to a catalyst of even higher activity*>®’,

Catalyst deactivation

Studies concerning the stability of the catalyst during
continuous metathesis of propene showed a loss of activity
independent of the propene flow rate, suggesting an intrinsic
deactivation mechanism’®. Due to the high stability of both
[Mo]=CH; and [Mo]=CHCH3, the deactivation of the ca-
talyst is assigned to isomerization of the intermediate metal-
lacyclobutane complexes, leading to inactive p-complexes,
in a way analogous to that depicted in Scheme 4. This hypot-
hesis is supported by in situ UV/vis spectroscopic studies .

Perspectives

Despite its considerable potential, the metathesis of un-
saturated fatty oils and their derivatives has not yet been
adopted by the chemical industry. The activity of the ca-
talysts is decreased by the functional group and thus catalyst
costs are high, because high catalyst concentrations are re-
quired. Besides the intrinsic deactivation reactions, catalyst
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deactivation might in practice also take place due to impuri-
ties in the substrate, complexation of the functional group to
the active site or adsorption of product molecules (when
using a solid catalyst), which can block active sites.

The question of activity concerns not only the turnover
number that can be attained, but also the reaction rate (in ot-
her words, how long the reaction takes to reach an accepta-
ble conversion). For the well-defined homogeneous catalyst
complexes a considerable amount of time and money may be
expended in just the catalyst preparation alone, which means
that from an industrial point of view they are very expensi-
ve’4. Therefore, in view of the present knowledge, regenera-
ble heterogeneous catalysts are superior.

Although rhenium is a precious metal, rhenium-based
catalysts are to be preferred over molybdenum ones because
their activation is much simpler and regenerability is much
better. After the catalyst has deactivated, the question is not
only whether, but also how many times it can be regenerated.
Heterogeneous rhenium oxide catalysts can be regenerated
many times without any loss of activity, while the rhenium
can be recovered from these catalysts after total deactivati-
on. Moreover, metathesis can be carried out with these ca-
talysts under mild reaction conditions and with high
selectivity. This means that there are favourable prospects
for its application in oleochemistry.
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