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The metathes is  of alkenes is a well-established reaction 
that is applied in various commercial processes. The meta- 
thesis of functionalized olefins has not  yet  been commer- 
cialized despite its considerable potential. The conversion 
of oleochemical feedstocks into specialty chemicals appears 
especially attractive. In this paper, a process scheme is pro- 
posed for the production of 1,18<limethyl octadecanedioate 
from pure methyl  oleate by metathesis .  The chemical and 
technological  bott lenecks are explored, and a rough eco- 
nomic evaluation of this route is given. From these con- 
siderations, it is concluded that  such a process for the 
metathesis  of functionalized alkenes could be viable only 
if certain conditions are met. Rapid catalyst  deactivation 
is identified as one of the main obstacles. Feedstock purity, 
efficient recycling of unreacted feed and multiple catalyst 
regeneration are crucial for economic feasibility. Rhenium- 
based catalysts  are to be preferred over molybdenum ones 
because their activation is easier and regenerability is 
superior. Finally, the direction for future technological and 
catalysis research is given based upon the results of this 
work. 

KEY WORDS: 1,1~Dimethyl octadecanedioate, feasibility, metathesis, 
methyl oleate, molybdenum, process, rhenium. 

Nowadays, 90% of the chemical products, such as polyesters, 
polyethers and polyamides, are produced from petrochemical 
feedstocks {natural oil, gas and coal}, whereas only 10% are 
produced from oleochemical feedstocks {vegetable oils and 
animal fats} (1). The use of petrochemicals has several disad- 
vantages. The resources are limited (2), the use of petrc~ 
chemicals adds to the greenhouse effect {there is a net pro- 
duction of CO2) and the biodegradability of petrochemicals 
is usually not good (1). In contrast to petrochemicals, 
oleochemicals are produced from renewable resources, have 
no net CO2-production (3) and usually the biodegradabilty 
is excellent (1). Despite these advantages compared to those 
of the petrochemicals, the use of oleochemicals is not yet 
widespread. 

There are various causes. Clearly, price and limited avail- 
ability of natural oils and fats will restrict their application 
as chemical feedstocks to the higher end of the market. 
Technologies for the conversion of oleochemical raw mat~  
rials, however, are not as well-developed as those for petro- 
chemical materials. As more and more companies become 
interested in the use of oleochemicals, these techniques will 
improve Another disadvantage is the fact that  most in- 
dustrial vegetable oil crops in moderate climates give fat ty  
acids (the oleochemical raw materials} with a predominant 
chainlength of 18 carbon atoms (2). This is a serious limita- 
tiorL In tropical areas, also shorter, usually saturated chain- 
lengths occur. However, since there is a high demand for 
fat ty acids and derivatives with shorter chainlengths, 
especially for the production of surfactants (4), a shortage 
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of supply is predicted. Fat ty  acids and derivatives with a 
longer chainlength than C18 are also desired. Furthermor~ 
there is a demand for fat ty acids with more than one func- 
tionalized group, for example di-acids. 

In principl~ several options are feasible to vary the chain- 
length of fat ty acid esters and derivatives. One of the possi- 
bilities is the use of new oil crops, eg., obtained from new 
plant species or by genetic modification of existing oil crops, 
that  produce predominantly fat ty acids with a shorter 
[Cuphea spp. {2,5}] or longer chainlength [meadowfoan~ j~  
joba {5,6}]. However, agricultural production of these new 
plants may cause problems (6}. The other solution, to change 
the chainlength of the fat ty acids, lies in chemical methods. 
One of these methods could be metathesis of fa t ty  acid 
derivatives (2). This reaction can also be used for the pr~  
duction of fa t ty  di-acids and derivatives thereof. 

Metathesis of alkenes is a catalytic reaction, in which the 
carbon-carbon double bonds of alkenes are broken and new 
bonds are formed. In the metathesis of propene for exam- 
pl~ ethene and 2-butene are formed: 

2 CH2=CHCH 3 ~- CH2=CH 2 + CH3CH--CHCH 3 

Metathesis is not limited to normal alkenes. Alkenes with 
functional groups, such as esters, nitriles, ethers and 
halogens, can also undergo metathesis (7}. In Scheme 1, ex- 
amples are given of possible reactions with unsaturated 
esters. It  clearly shows the versatility of metathesis and its 
great potential, especially in the field of oleochemical raw 
materials. 

Despite its great potential, up to now no commercial pro- 
cesses exist tha t  use metathesis of functionalized alkenes. 
In contrast, the metathesis of simple alkenes is applied in 
several commercial processes leg., reversed Phillips Triolefin 
Process {8,9}; SHOP (8,10), Shell's FEAST process (11), 
Phillips neohexene process (12}]. The main obstacle for the 
application of the metathesis of functionalized alkenes is 
their relatively low reactivity, in combination with the low 
stability of the catalyst systems and their high costs. In 
this paper, we will consider the metathesis of an unsaturated 
ester, viz., methyl oleate (methyl Z-9-octadecenoate} and in- 
vestigate whether and how it can be attractive for commer- 
cial applications. 

CATALYSTS 

For the metathesis  of simple alkenes, such as propene, 
many catalysts are active. The most  active ones are based 
on Mo, Re and W {13). The metathesis  of functionalized 
alkenes appears to be more complicated than  the meta- 
thesis of simple alkenes. Only a small number  of the 
homogeneous catalyst  systems tha t  are active in the 
metathesis  of simple alkenes were found to be active in 
the metathesis  of unsaturated esters. An example of such 
a catalyst  is WCI6/Sn(CH3)4 (14). Most  of the other  
homogeneous catalyst  systems tha t  are active in the 
metathesis of unsaturated esters and other functionalized 
alkenes are also based on tungs ten  {7,15}. 

Copyright �9 1994 by AOCS Press JAOCS, Vol. 71, no. 6 (June 1994) 



554 

M. S I B E I J N  E T  AL.  

Self-metathesis of methyl oleate 

2 CH,(CH2),CH=CH(CH2)TCOOCH3 

Co-metathesis of methyl oleate and ethene 
(ethenolysis of methyl oleate) 

CH3( CH2)TC H=CH( CH2)TCOOCH3 
+ 

CH2=CH 2 

Intramolecular metathesis of oleon 

CH3(CH2)TCH=CH(CH~)7 
\ 
C=O 

/ 
CH3(CH:)TCH=CH(CH2)7 

CHxOOC(CH~)~CH =CH(CH:)~COOCH, 
d h n e t h y l  9 - o c t a d e c e n e -  1,1 g -d ioa te  

+ 

CH3(CH~),CH = CH (CH:)TCH 3 
9 - o c t a d e c e n e  

CH:=CH(CH2)TCOOCH3 
methy l  9 - d e c e n o a t e  

+ 

CH~(CH~)~CH=CH 2 
1-decene  

/ ( C H 2 ) 7  

CH \ 
CHII /C=O + CH3(CH2)7~H 

"~CH~)~ CH~(CH0~CH 
9 - o c t a d e c e n e  

cis-component 
civetone 

Intermoleeular metathesis of oleon 

CH3(CH2)TCH=CH(CH~)7 
\ 
C=O 

/ 
CHiC H0 H = CH(C 

O 
- II 

RCH: = CH(CH2)~C(CH2)~CH =] :CHR 
n 

R = -(CH2)~CH ~ 

Ring-opening metathesis polymerization of norbornene derivatives 

1l 

R R n 

R = -COeR' ,  - C N ,  -OR' ,  -C1 

SCHEME 1 

In general, heterogeneous catalysts are preferred for in- 
dustrial applications, because of easy product separation, 
the possibility of continuous operation and regenerability. 
Although many heterogeneous catalysts were already 
developed for the metathesis of simple alkenes, only in 
1977 the first heterogeneous catalyst system for the 
metathesis of methyl oleate was reported (16}, viz., 
Re2OT/A1203 promoted with Sn(CH3h. This catalyst 
system has been optimized with respect to the promoter 
and the support material. The most active Re-catalyst now 
is Re2Ov/SiO2.A1203 (25 wt% A12OJ promoted with 
tetraethyltin or tetrabutyltin (17}. Another catalyst 
system that is highly active in the metathesis of un- 

saturated esters was developed only recently. It consists 
of MoOa on SiO2, which is photoreduced in a CO-atmos- 
phere by an Hg-lamp and subsequently treated with cyclo- 
propane (18; Sibeijn, M., M.N.H. Kieboom, J.G. Nazloo- 
mian, R de Leeuw, A. Bliek and J.A. Moulijn, unpublished 
data}. 

In Table 1, the activities (turnover frequency} and the 
stabilities (turnover number} of the catalysts in the meta- 
thesis of methyl oleate are compared with those in the 
metathesis of simple alkenes, such as propene. It is clear 
that, for methyl oleate, the activities and stabilities of the 
catalysts are much lower than for simple alkenes. The 
huge difference is the main reason that, up to now, no 
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T A B L E  1 

Turnover Numbers for Catalysts,  Act ive  in the Metathesis  of Functionalized Alkenes a 

Initial 
Reaction turnover Turnover Reference 

Reactant Catalyst system conditions frequency b number c number 

1-Hexene 3.7 wt% 338~ in n.d. 3000 31 
Re207/AI203 solution 

Propene 4.6 wt% 480~ 0.21 >30008 13 
MoO3/SiO 2 2 bar 

Propene 12.9 wt% 675~ 0.25 >4000 d 13 
WO3/SiO 2 2 bar 

Methyl 1 wt% 305~ 0.99 468 19 
oleate MoOa/SiO 2 pure methyl 

cyclopropane oleate 
Methyl 5 wt% 305~ 0.24 176 19 
oleate MoO3/SiO 2- pure methyl 

cyclopropane oleate 

Methyl 12 wt% Re207/ 305~ 0.032 27 17 
oleate AI203-SnBu 4 in hexane 
Methyl 3 wt% Re207/ 205~ 0.20 120 17 
oleate SiO2Al203-SnBu4 in hexane 
aFor comparison, values for typical simple alkenes are included. 
bAmount of substrate (mol) converted per mol of W, Mo or Re per second; n.d., not 
determined. 
CTotal amount of substrate (mol) converted per mol of W, Mo or Re. 
dCatalyst still active at end of run. 
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commercial processes have been realized for the meta- 
thesis of unsaturated esters or other functionalized 
alkenes. 

Selectivity of the catalysts  in the metathesis of func- 
tionalized alkenes, such as methyl oleate, is excellent. All 
known catalysts have a selectivity higher than 97% for 
the metathesis of methyl  oleate. In principle, isomeriza- 
tion of the carbon-carbon double bond by Br4nsted acid 
sites might  be expected, especially in the case of acidic 
supports. However, complexation of the ester group of 
methyl  oleate to the Br4nsted acid sites on the support  
prevents this isomerization. The selectivity only plays a 
role when less polar substrates than esters are applied. 

REACTION MECHANISM OF METATHESIS 

Propagation. Today, the metal carbene mechanism, pro- 
posed by H~risson and Chauvin (19), is generally accepted. 

In this mechanism, the metal carbene is the catalytic ac- 
tive site. After complexation of an alkene to the metal 
carbene, a metallacyclobutane intermediate is formed. 
This metallacyclobutane can split up in two ways: The 
original alkene can be formed back together with the 
originally present metal carbene, or both a new alkene and 
metal carbene are formed (Scheme 2). 

Initiation. The metal carbene is not  initially present 
on the catalyst, but  it is formed prior to reaction. Simple 
alkenes are able to initiate carbene formation on the 
catalyst  itself 120), but  in the case of functionalized 
alkenes, the metal carbene should be present before in- 
troduction of the functionalized alkene. For supported 
Re207-catalysts, addition of a promoter, viz., SnR4 IR -- 
alkyl), is necessary to obtain the Re-carbene 116), while 
for photoreduced Mo-based catalysts, cyclopropane is 
needed for the creation of the required Mo-carbene 
121). 

M - -  CR~ M - -  

R'~C CR~ R'~C - -  

CR~ 

aN= M< II 
I < > II OR= 
CR 2 R'2C 
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II 
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CR 2 
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< 
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Intrinsic deactivation. In the metathesis of functiona- 
lized alkenes, deactivation plays an important role, caus- 
ing relatively low activities and stabilities of the catalysts 
in comparison to the metathesis of simple alkenes (Table 
1). 

In all metathesis reactions (of both simple and func- 
tionalized alkenes), deactivation will occur according to 
the following mechanisms: the formation of stable n- 
complexes via reductive elimination of metallacyclobutane 
intermediate (Scheme 3a) (22,23) or via isomerization of 
the metal-carbene (Scheme 3b) (23}. This type of deactiva- 
tion is probably an intrinsic property of the metal-carbene 
complexes. It results in a decrease in the amount of ac- 
tive sites, which can probably not be prevented. 

Deactivation by adsorption of polar groups. A com- 
pletely different type of deactivation is caused by the com- 
plexation of a polar group (e.g., an ester group) to the ac- 
tive site. This type of deactivation only occurs in the meta- 
thesis of functionalized alkenes. The much lower reactivity 
of methyl oleate, compared to that of simple alkenes (Table 
1), is ascribed to the complexation of the ester group of 
the substrate on the active site The reason why there are 
so few catalyst systems that are also active in the 
metathesis of functionalized alkenes is probably caused 
by the sensitivity of most catalyst systems for polar 
groups. Even the most active catalyst system, silica- 
alumina-supported Re207 in combination with tetrabut- 
yltin, is not able to metathesize unsaturated acids or 
alcohols (7), obviously because the functional groups of 
these compounds are too polar and easily form complexes 
with the active sites. 

Deactivation by complexation of a functional group can 
be prevented by the introduction of a protecting group, 
prior to metathesis. For example, Warwel et al. (24) ob- 
tained rather high conversions in the metathesis of an un- 
saturated alcohol when the alcohol group was converted 
into a trimethyl silyl ether, whereas the alcohol itself deac- 
tivates the catalyst immediately and does not show any 
conversion. 

Deactivation by impurities in the substrate. Not only 
the substrate itself can cause deactivation of the catalyst, 
but also impurites in the substrate" such as acids, alcohols, 
water or peroxides. For example, on supported Re207 
catalysts, the active sites are formed by ReO4 groups 
that have replaced OH-groups on the support (25). When 
water is present in the substrate" the bond between the 

a o  

(n + 2) + > 

CH~CH--CH:~ 

M 

b o  

CH2~CH--CH3 
M + / / " C H - C H ~ R  < +  

> M 

SCHEME 3 

Re04 groups and the surface is hydrolyzed, and the re- 
maining ReO~ ions are not active for metathesis. 

When oleochemicals are used as a substrate, the acid 
value should be kept very low by means of known ester 
synthesis and refining methods. Special care should be 
given toward the purification and storage of the feedstock. 
During storage, peroxides can be formed by auto-oxida- 
tion. In Figure 1, the effect of the peroxide number (a 
measure for the concentration of peroxides in the sub- 
strate) is shown on the activity and stability of 3 wt% 
Re207/SiO2. A1203 promoted with tetraethyltin. It is clear 
that the presence of peroxides reduces the activity and 
stability of the catalyst strongly. Therefore, thorough 
purification of the substrate prior to metathesis is re- 
quired. In the case of methyl oleate, this can be achieved 
by storing the methyl oleate on silica-alumina at low 
temperatures (26) or by a conventional bleaching earth 
treatment followed by distillation. 

POSSIBLE APPLICATIONS OF METATHESIS 
OF FUNCTIONALIZED ALKENES 

In Scheme 1, the various possibilities of the metathesis 
of functionalized alkenes are shown. The self-metathesis 
of functionalized alkenes results in the formation of in- 
ternal alkenes and of unsaturated alkenes with two func- 
tional groups. The latter compounds can be applied in 
the production of high-performance polycondensates such 
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FIG. 1. Conversion of methyl  oleate as a function of the reaction 
time for three samples of methyl  oleate with varying peroxide 
numbers. Reaction temperature, 297~ molar ratio of methyl  
olcate/Re/SnEt 4 = 120:1:0.6. The numbers in the figure denote the 
peroxide value in mmol of active oxygen per 2 kg of methyl oleate 
(taken from Ref. 26). 
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as impact-resistant nylons, which can be used for the man- 
ufacturing of machine parts, etc. In the case of methyl 
oleate, the di-ester obtained after metathesis can also be 
applied for the production of macrocyclic compounds that 
are used in perfumes, e.g., civetone (27). 

The intramolecular self-metathesis of diunsaturated 
functionalized compounds, such as oleon, can also be used 
for the production of macrocyclic compounds. Recently, 
the successful metathesis of oleon was reported, resulting 
in a mixture of cis- and trans-8-heptadecenonr of which 
the cis-component is civetone (28) (see Scheme 1). How- 
ever, as both stereoisomers are formed during reaction, 
and separation of these isomers is very difficult, meta- 
thesis is probably not suitable for the production of these 
stereospecific compounds. 

The co-metathesis of functionalized alkenes with sim- 
ple alkenes offers other possibilities. As already men- 
tioned, the co-metathesis of fatty acid derivatives with 
short alkenes, e.g., a mixture of hexenes, can be used to 
produce fatty acids and derivatives with a chainlength 
in the detergent range (29,30). A large excess of simple 
alkenes can force this reaction to the product side (see 
Scheme 1). The modest value of these products, however, 
even at the relative shortage envisaged in the near future, 
cannot justify their synthesis by metathesis at the cur- 
rent state of the art, as will be clear from the remainder 
of this paper. 

Metathesis of fatty acid derivatives and normal alkenes 
can also be used for the production of insect pheromones, 
which can be used as biological pesticides, although the 
applications are somewhat limited. The pheromones syn- 
thesized by metathesis are usually not identical to the in- 
sect pheromones, because the latter consist of a specific 
mixture of Z- and E-components. Actually the metatheti- 
cally produced pheromones can be used in disrupting 
techniques, in which the male insect loses its way to a 
female by the large excess of sex attractants. Field ex- 
periments have shown that pheromones obtained by 
metathesis can indeed be used for this purpose (31). 

Another interesting reaction is the so-called ethenolysis 
(i.e., the co-metathesis with ethene) of fat ty acid deriva- 
tives. The reaction can be applied in the synthesis of co- 
unsaturated functionalized alkenes, which can be used for 
the production of nylons after functionalization of the 
olefinic bond. The ethenolysis product of methyl oleate, 
methyl 9-decenoate, can be converted into the co-amino- 
acid and subsequently used for the production of nylon-10, 
which could replace nylon-9 and nylon-11. 

At present, there are no commercial processes that  use 
the metathesis of functionalized alkenes. 

TECHNOLOGICAL ASPECTS 

Several technological aspects should be considered in the 
design of a process based on metathesis. In this paper, 
we will consider the metathesis of methyl oleate, and we 
will investigate its potential for commercial application. 
Scheme 4 presents a process for the production of 1,18- 
dimethyl-octadecanedioate (a saturated diester) via self- 
metathesis of methyl oleat~ Obviously, for some applica- 
tions, the free di-acid is preferred over the diester, but the 
consequential saponification step is neglected here for 
simplicity. We will also only consider the use of pure 
methyl oleate (purity <98%). In a commercial process, 

methyl oleate 

SnBu 4 
addition catal2 

actival 

i met 

on 

recycle of 
methyl oleate 

tthesis 

liquid produ :t 
p~oducts ~ o ,  

deactivated catalyst ~ 

1 hydrogenation 

1,18-dimethyl 9-octadecene 
octadecanedioate 

SCHEME 4 

commercially available "methyl oleate" will be used. This 
"methyl oleate" contains 70% methyl oleate, a certain 
amount of saturated esters (ca. 8%), other monoun- 
saturated esters (15%) and di- and triunsaturated esters 
(7%) (based on brochure data). Selective hydrogenation of 
polyunsaturated acids could enhance the methyl oleate 
level somewhat. When using one of the recently commer- 
cialized high-oleic acid-containing oils, such as high-oleic 
sunflower oil, levels of ca. 85% methyl oleate should be 
possible. Because the saturated esters will act as catalyst 
poisons, the reactivity of commercially available methyl 
oleate will be somewhat lower than that  of pure methyl 
oleate. Als~ the selectivity to the mentioned diester will 
be less because the other unsaturated esters will react with 
methyl oleate. It depends on the required product 
specification whether this commercially available methyl 
oleate can be used. 

Catalysts. The choice of the substrate usually deter- 
mines the type of catalyst and the reaction conditions. 
Homogenous catalysts are suited for ring-opening meta- 
thesis polymerization, because the catalyst remains in the 
product. For the production of acyclic alkenes, hetero- 
geneous catalysts are preferred because of their easy sep- 
aration from the product stream and their regenerability. 
So far, no simple recovery for homogeneous catalysts has 
been reported (32). 

Most of the substrates used for the production of fine 
chemicals do not allow extreme reaction temperatures. 
Therefore, the choice of catalyst is limited to those that  
are active at mild temperatures. When the substrate is 
a functionalized alkene, such as methyl oleate, only sup- 
ported Re207 promoted with tetraalkyltin and photo- 
reduced MoO3 catalysts promoted with cyclopropane are 
available. 

Both catalyst systems have to be activated with a pro- 
moter. For supported Re207 catalysts, this is a tetra- 
alkyltin compound, which is quite toxic Supported 
MoO3 catalysts have to be photoreduced with ultraviolet 
(UV) light in a CO-atmosphere to generate the active 
valency, and afterwards, they have to be treated with cyclo- 
propane to generate carbenes. Especially the reduction 
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of the MoO3 catalysts should become less complicated to 
make it attractive for commercial applications. UV-reac- 
tors have already been developed (33) that might be used 
for the photoreduction of these catalysts. 

The choice of catalyst also depends on the type of pro- 
cess. The process can be carried out batch-wise or con- 
tinuously. For the production of specialty chemicals, 
batch-wise production is usually preferred because of its 
flexibility and its suitability for production of small 
volumes. Moreover, compared to continuous production, 
in the case of metathesis of methyl oleate" batch-wise pro- 
duction is more advantageous because no stable produc- 
tion level can be obtained in a continuous process without 
a complicated catalyst recycle system (17,19). This means 
that a fixed-bed reactor is out of the question; a continu- 
ous-slurry reactor is an option more or less equivalent with 
batch-wise slurry operation. The smaller catalyst particles 
applied in the latter case also suppress diffusion limita- 
tion and consecutive reactions. 

In case a continuous process is desired, a continuous re- 
generation of deactivated catalyst is needed to maintain a 
reasonable conversion level. Rhenium-based catalysts 
could be regenerated at least ten times without any loss of 
activity. The regeneration takes a considerable time. 
roughly 4 h, whereas after 3 h the catalyst has lost half of 
its original activity (34). So, compared to the metathesis 
reactor, a large regeneration section is required. A rather 
large amount of catalyst is therefore needed. As rhenium 
is expensive, it is preferable not to have too much catalyst 
in stock. 

From the results obtained in the batch-wise self-meta- 
thesis of methyl oleate over the molybdenum-based cata- 
lysts, it can be concluded that these catalysts deactivate 
even faster than the rhenium-based catalysts (Sibeijn, M., 
M.N.H. Kieboom, J.G. Nazloomian, P. de Leeuw, A. Bliek 
and J.A. Moulijn, unpublished data}. Moreover, it is ex- 
pected that the molybdenum-containing catalysts will lose 
part of their activity, due to sintering of molybdenum du~ 
ing regeneration (at 773~ As a result, these catalysts 
are not suited for continuous operation with recycle 

It can be concluded from the above that slurry-type pr~ 
duction is preferred. The choice for batch-wise or con- 
tinuous operation depends on whether the plant is a 
dedicated one. production volume as well as the fact that 
batch production allows off-site catalyst regeneration, 
resulting in a less complicated process design. The catalyst 
of choice is the rhenium-based one, because its activation 
is much simpler than that of the molybdenum-containing 
catalyst, and its regenerability appears to be superior. 

Produc t  separation and recycle. Metathesis is an equili- 
brium reaction. As a consequence" large amounts of un- 
reacted substrate remain in the reaction product. After 
separation of the products and the substrates, the sub- 
strates should be recycled. In all commercial processes de  
scribed above, a recycle of unreacted substrates is applied. 
For the metathesis of functionalized alkenes, recycling of 
the unreacted substrates is crucial because they are rather 
expensive. 

For the separation of the reaction products, several op- 
tions exist. In all commercial processes described above. 
product separation is carried out after the metathesis reac- 
tion. In the metathesis of simple alkenes, atmospheric 
distillation can usually be applied. For the metathesis pro- 
ducts of functionalized alkenes, this might cause problems 

because the compounds are rather sensitive to high temp- 
eratures. Vacuum distillation can be an alternative Separ- 
ating volatile by-products and unconverted methyl oleate 
from the diester requires a high number of theoretical 
plates. The residue (the desired product} can subsequently 
be purified by distillation under high vacuum with much 
less stringent demands on performance. This latter treat- 
ment may be postponed until after the hydrogenation step 
to limit metal contaminants in the end-product. For high- 
boiling products, crystallization should be considered, eg., 
when saturated {and saponified) free di-carboxylic acid is 
required, for instance when the application is aimed at a 
nylon. Extraction is an option when the solubilities of the 
substrate and the products are sufficiently different. It  
should not be applied in the metathesis of long-chain 
esters, such as methyl oleate" because all compounds in- 
volved are quite apolar. 

Another solution is the combination of catalytic reac- 
tion and separation in one reactor. An example of this is 
catalytic distillation. This operation can only be applied 
if the volatilities of the substrates and the products are 
sufficiently different and if the operating temperature and 
pressure of the reaction agrees with those of the fractiona- 
tion process. It is attractive for equilibrium reactions, 
because the products are continually removed. This forces 
the reaction equilibrium toward the products' side. A 
possible application for catalytic distillation lies in the 
ethenolysis of methyl oleate. The products are much 
lighter than the substrate and are removed continually 
together with ethene" which can be separated easily from 
the products and recycled. 

This technique can also be applied to the production of 
a diester via metathesis. Instead of carrying out the self- 
metathesis of methyl oleate" first the ethenolysis of methyl 
oleate is carried out. After product separation, the w- 
unsaturated ester undergoes self-metathesis, resulting in 
the production of ethene and the unsaturated diester. In 
this way, high conversions can be obtained, and product 
separation is much easier than in the case of self-meta- 
thesis of methyl oleate. Warwel et  al. (35) showed that in- 
deed much higher conversions can be obtained in this way 
than by conventional self-metathesis of methyl oleate. 

An alternative for catalytic distillation was recently 
suggested (C.W.E Verstraten, and R. Krishna, private com- 
munication). Instead of distillation, extraction by an in- 
ert gas phase is used to remove the products. In this case. 
the volatilities of the products have to be sufficiently dif- 
ferent. An advantage is that the temperature applied is 
that of the reaction. Especially for substrates with low 
thermal stability, this process is preferred. Disadvantages 
are the high cost of separating the inert gas and usually 
the low selectivity. 

ECONOMIC EVALUATION 

An economic evaluation of a process for the production 
of a saturated diester via metathesis of methyl oleate is 
made below. It is not the purpose of the calculations per- 
formed to provide exact numbers, but rather to give a 
rough impression of the viability of the proposed process 
scheme and to suggest directions for future research from 
the derived trends. Scheme 4 gives a possible process. 
First of all, methyl oleate should be purified thoroughly 
to prevent unnecessary deactivation of the catalyst by 
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impurities in the substrate, such as traces of water, free 
fa t ty  acid or peroxides. Subsequently, the metathesis reac- 
tion is carried out batch-wise. After  the reaction, the 
catalyst  is removed by filtration and regenerated. The 
regeneration of the catalyst  consists of heating it in a dry 
air s t ream (Re at 823~ Mo below 800~ cooling it in 
an inert  atmosphere (N2 or Ar) and then react ivat ing it  
by a new amount  of te t rabutyl t in  or cyclopropane. 

After  the removal of the catalyst,  the product  mixture  
is distilled to separate the alkenes, monoesters and 
diesters. The monoesters are recycled. In a process in 
which commercial "methyl  oleate" is used, par t  of the 
monoester recycle has to be drained off to prevent a build- 
up of saturated esters. In the economic evaluation, this 
loss will be neglected. The sa tura ted  monoesters  
themselves represent only a modest  commercial value. 

After  separation, the alkenes are prepared to be sold, 
for example as a feedstock for the production of star- 
branched alkanes (36). The diester should be hydrogenated 
before it can be used for polymer production. 

In our calculations, we will consider the results we ob- 
tained in the batch-wise metathesis  of "pure methyl"  
oleate (purity >97%). This is obviously a gross simplifica- 
tion but  justified for the limited objectives of this study. 
Only the variable costs for the production of the diester 
will be calculated. The variable costs, i.~, costs tha t  are 
not  made when nothing is produced, in our definition in- 
clude raw materials and recycle streams, by-products, 
energy, chemicals (e.g., catalysts), effluent t reatment ,  
packaging materials, and freight. No losses are considered 
explicitly. Incomplete methyl  oleate recycle is taken into 
account, however, and may implicitly be considered as a 
loss. Selling the products in the recycle stream is not taken 
into account. As we est imated the price of the diester to 
be about  NLG 16.00 per kg of diester, a gross margin of 
about NLG 6.00 per kg of diester is a necessary minimum 
for a commercially feasible process (1 NLG = c a .  $0.52, 
DM0.88 and s 

CALCULATIONS 

The prices of the compounds are given in Table 2. The 
price of methyl oleate is rather  high because it  includes 
the purification steps. The prices for the diester and the 
internal alkene are estimated. The price of the diester is 
chosen toward the maximum price charged for the com- 
mercially available C12 dioic acid. This is done assuming 

TABLE 2 

Prices of Raw Materials 

Compound Price, NLG/kg 

Methyl oleate a 2.50 
1,18-Dimethyl octadecanedioate 16.00 
9-Octadecene 1.50 
Support (SiO 2 or SiO 2 ~ A1203) 10.00 
NH4ReO4 b 15000.00 
Sn(n-C4H9)4 b 180.00 
Mo7024(NH4)~ b 250.00 
Cyclopropane ~ 1000.00 
aIncluding purification; 1 NLG = ca. $0.52, DM 0.88 and s 
bUpper limit; estimated from specialty prices (e.g., catalogues of 
Aldrich, Brussels, Belgium; and Janssen Chimica, Geel, Belgium) 
to include manufacturing costs, e tc .  

tha t  nylon-6,18 possesses similar properties to those of 
nylon-12 and tha t  the hexamethylene-diamine par t  of 
such a product  is relatively inexpensive. The price of the 
internal alkene is probably somewhat high. The costs for 
the production of the diester are given in Table 3. These 
prices are es t imated from comparable processes. 

For the calculations for the rhenium-based catalysts,  
we chose 3 wt% R e 2 O T / S i O  2 ~ A1203 (24.3 wt% A1203), 
promoted with te t rabutyl t in  (which will be denoted by 
Re3-Sn/SiA1), because this catalyst  has a much higher 
turnover number than the alumina-supported catalysts.  
For the molybdenum-based catalysts, we will calculate the 
costs for both  1 and 5 wt% MoOJSiO2 because the 5 
wt% catalyst  has the highest act ivi ty per unit  weight of 
catalyst,  whereas the 1 wt% catalyst  gives rise to the 
highest turnover numbers. These catalysts will be denoted 
as Mol-CP/Si for 1 wt% MoO3/SiO 2 and Mos-CP/Si for the 
5 wt% catalyst.  Usually, noble-metal catalysts  are con- 
sidered an investment cost and only regeneration, metal  
recovery and catalyst  preparation are t reated as variable 
costs. Because this approach is not  common for moly- 
bdenum-based catalysts, the investment in the rhenium 
is included in the variable costs for a fair comparison be- 
tween the two options. 

In Table 4, the reaction conditions and the results ob- 
tained after  3 h of reaction t ime are given. These values 
are used for the calculations. The amount of cyclopropane 
used for Mol-CP/Si is ra ther  high. A lower amount  of 
cyclopropane would probably be sufficient. This would in- 
crease the profits considerably because cyclopropane is 
rather  expensive. 

In Figure 2, the gross margins per kg of diester over 
Re3-Sn/SiA1 (a), Mol-CP/Si (b) and Mos-CP/Si (c) are plot- 
ted as a function of the number  of regenerations of the 
catalyst,  bo th  with and without  recycle of unreacted 
methyl  oleate. From this figure, it can be concluded tha t  
recycle of methyl  oleate has a large positive effect on the 
profitability of the process. Therefore, we may conclude 
tha t  the optimal recycle of methyl  oleate is crucial for an 
economically feasible process. 

TABLE3 

Estimated Prices of Process Steps 

Process operations Price, NLG/kg 

Calcination or regeneration of catalyst 0.75 
Reaction, filtration, distillation and 
hydrogenation 2.15 a 

Finishing 0.10 a 
Bleaching of recycle methyl oleate 0.15 
aper kg of diester produced. See Table 2 for values of NLG. 

TABLE4 

Reaction Conditions Used and Results Obtained 
for the Various Catalysts a 

Methyl SnBu4/Re 
oleate/metai or cyclopropane/Mo Conversion 

Catalyst (mol/mol) (mol/mol) (%) 
Re3-Sn/SiAI 240 0.6 50 
Mol-CP/Si 820 10 50 
Mo5-CP/Si 420 2 42 
aReference 17; Sibeijn, M., M.N.H. Kieboom, J.G. Nazloomian, P. 
de Leeuw, A. Bliek and J.A. Moulijn, unpublished data. 
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It is also clear that the number of possible regenerations 
is important. For the molybdenum-containing catalysts, 
at least 25 regenerations are necessary when all the un- 
reacted methyl oleate is recycled (100% recycled}. For the 
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FIG. 3. The effect of the turnover number for Re3-Sn/SiAI (o), 
Mos-CP/Si (A) and MOl-CP/Si (V) on the gross margins, assuming 
that 50% conversion is obtained, a 100% recycle of unreacted methyl 
oleate is achieved, and that the catalysts can be regenerated 100 times 
without any loss of activity. See Figure 2 for NLG values. 

Re-based catalyst, 250 regenerations are required for 100% 
recycle of methyl oleate. These figures seem unrealistic 
at present, however. 

Another conclusion derived from Figure 2 is that the 
catalyst costs appear to form a large part of the total 
costs. As the number of regenerations is increased, the 
margins increase as well. 

The promoters, SnBu4 but especially cyclopropane, 
also add considerably to the costs of the process. This is 
shown in Figure 3, in which gross margins are plotted as 
a function turnover number, i.e., the molar ratio of methyl 
oleate to metal atom {either Re or Mo) with 100% recycle 
of methyl oleate and 100 catalyst regenerations. For all 
three catalysts, profitability increases considerably with 
increasing molar ratio. In the case of Re {at 100 regenera- 
tion cycles}, the decrease in catalyst costs, caused by the 
higher methyl oleate-to-metal ratio employed, outweighs 
the effect of the reduction in SnBu4. In case of Mo cata- 
lysts, the reduction in the cyclopropane required is the 
predominant cost-saving result of high turnover number. 

Summarizing, a gross margin of NLG 6.00 is realized 
in some cases for both Re3-Sn/SiA1 and the Mo-CP/Si 
catalysts (see Figs. 2 and 3). To come to an economically 
feasible process, it is necessary that the catalysts can be 
regenerated many times. The rhenium catalyst showed 
some promise in this respect. It could be regenerated ten 
times without loss of activity. The regenerability of the 
molybdenum catalysts was not investigated. 

Another condition derived from the above calculations 
is the recycle of methyl oleate. It should be as high as 
possible A full recycle of methyl oleate cannot be achieved, 
because part of the methyl oleate and products remain 
adsorbed on the catalyst and is lost during refining and 
separation processes. Therefore, losses are unavoidable. 

The rapid catalyst deactivation is reflected by the low 
turnover numbers reported in this paper. Improved cata- 
lyst stability would greatly reduce catalyst and promoter 
costs. 

Nevertheless, a commercial process that  incorporates 
metathesis of functionally substituted alkenes seems not 
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too far from realization, provided that  high-value speci- 
alty products are synthesized. 

Thus we conclude that  a process for the production of 
diesters via metathesis could be economically viable if the 
following conditions are fulfilled. Thorough purification 
of the methyl oleate feed is a first prerequisite. The recy- 
cle of unreacted methyl  oleate should be as high as possi- 
ble. I t  is necessary that  the catalysts  can be regenerated 
at least 25 times for the molybdenum-based catalysts and 
at least 250 times for the rhenium-based catalysts. The 
molar ratio of methyl oleate to either Re or Mo should be 
as high as possible, with the condition tha t  50% conver- 
sion should be obtained. 

From this evaluation, it is clear that  only products with 
a high added value are candidates for a commercial pro- 
cess in the near fu ture  The real bottleneck for commer- 
cialization of metathesis of methyl oleate is the lack of 
a stable active catalyst. The Mo-CP catalysts a m  in prin- 
ciple quite promising because they exhibit high initial ac- 
tivities, but  the required activation process by a laser 
beam in a fluidized bed in CO-atmosphere is too com- 
plicated for practical applications. The Re-Sn/SiA1 cata- 
lysts clearly are at an advantage because of their much 
simpler activation procedure. Moreover, it is expected that  
the regeneration of the Re-Sn catalysts  will be possible 
many times without  loss of activity, whereas for the Mo- 
CP catalysts it is expected that  loss of activi ty will occur 
upon regeneration, due to sintering of Mo. Therefore, at 
present, Re-Sn/SiA1 is the most  promising catalyst. 

FUTURE RESEARCH 

Metathesis of methyl oleate has not yet  been applied in 
a commercial process. The results of this s tudy and the 
economic evaluation have shown that,  in principle such 
a process is not  far from economic feasibility. 

In the past, most  of the research has been concentrated 
on the improvement of catalytic activity, the development 
of a new catalyst  and explorative studies on the co-meta- 
thesis of functionalized alkenes and simple alkenes. More 
technological aspects, such as reactor design, the various 
separation steps required and regenerability of the catal- 
ysts, have not  been investigated in detail. Therefore, a 
more technologically orientated s tudy is necessary. 

Also, further improvements of the catalysts  are neces- 
sary. For the Re-based catalysts, it is not  likely that  fur- 
ther improvement can be achieved, unless a method is 
found to activate a larger part  of the rhenium atoms. The 
molybdenum catalysts can probably be improved. For ex- 
ample the activation procedure is rather complicated. I t  
would be easier to perform a thermal reduction in H2 or 
CO. Perhaps, this will do for MoO3/A12Os, on which the 
Mo +6 ions are readily reduced to Mo +4. A subsequent 
treatment with cyclopropane would then create the active 
sites. Another  option is the development of a different 
preparation technique, ~g., by chemical vapor deposition 
techniques. Application of alternative (lower-cost) carbene- 
generating substances also deserves attention. 

Another interesting aspect would be the development of 
more stable catalysts. I t  is clear tha t  the stability of the 
known catalysts  is too low. The molybdenum-containing 
catalysts especially are quickly deactivated. Their initial 
activity is high, which explains the relatively high turn- 
over numbers achieved with these catalysts. An increased 

stability would definitely speed up the commercialization 
of the metathesis of functionalized alkenes. 
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