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Abstract

Methyltrioxorhenium (MTO) supported on silica—alumina acts as a heterogeneous catalyst for the metathesis of 1-octene.
7.5% (m/m) MTO on the support gave a maximum percentage of homo-metathesis products. The reaction reached
equilibrium after 1.5 h a room temperature. Addition of cesium ions onto the silica—alumina support increased the
selectivity towards homo-metathesis products but decreased the total metathesis activity. The optimum percentage of cesium
ions on the support was found to be 3.3%. Addition of 1% oxygen-containing additives to the 1-octene like 2-hexanone,
pentanal, butanol and pentanoic acid, increased the homo-metathesis products and decreased the cross-metathesis products of
1-octene catalysed by the MTO/SiO, - Al ,04 catalytic system. Higher concentrations of additives decreased the activity of
the catalytic system. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

By treating rhenium heptoxide in tetrahydro-
furan with tetramethyltin, methyltrioxorhenium
(MTO) can beisolated as fine crystals[1,2]. It is
stable above its melting point (106°C), dissolves
in organic solvents and in water and is stable in
air.

MTO has exceptiona catalytic qualities. In
solution and in the presence of a suitable Lewis
acid and an alkylating agent it acts as a metathe-
sis catalyst of alkenes[3]. MTO also becomes a
metathesis catalyst when supported on calcined
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silica—alumina, +y-alumina or niobium oxide
[4,5].

When a silica—alumina surface is dehydrated
by heating it to high temperatures, the surface
can show Brgnsted acidity, Lewis acidity or
both depending on the pretreatment conditions
[6]. According to Kawai et a. [7] the presence
of some strong acid sites on the catalyst is
responsible for the double bond isomerisation of
alkenes. Migration of double bonds occurs on
both Brensted and Lewis acids. They also men-
tioned many publications which reported that
the addition of small quantities of alkali or
akaline earth metal ions to heterogeneous cata-
lysts can poison acid sites on the catalyst. This
resulted in a decrease in the activity of isomeri-
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sation and an increase in the selectivity of the
homo-metathesis reaction.

Kawai et al. [8,9] and Mol and Andreini [10]
reported that the selectivity of homo-metathesis
reactions can be improved by the addition of
cesium ions to the support. They further men-
tioned that the total conversion is lower, as a
consequence of less side reactions.

Sibeijn et al. [11,12] reported that an interest-
ing way to increase the catalytic activity of
supported rhenium complexes is treating the
support with phosphate ions prior to impregna-
tion with rhenium complexes. During this pro-
cess phosphate ions react with the acidic OH
groups on the support and form acidic=P-OH
groups which will increase the activity.

The aim of this project was to investigate the
activity of methyltrioxorhenium (MTO) sup-
ported on silica—alumina as heterogeneous cata
lyst in the metathesis of 1-octene. The influence
of cesium ions and phosphate ions on the
MTO/SO, - Al,O, catalyst system was deter-
mined and also the influence of oxygen-contain-
ing organic additives to the 1-octene.

2. Experimental

The reagents, SnMe, (Merck) and 1-octene
(Sigma) were stored under N, after degassing.
Other organic reagents were dried with standard
methods and also stored under N,. SO, - Al ,O,
(Akzo-Nobel, HA-1,5E, 22.4% Al,O,, 347 m?
g b, (NH,),HPO,, CsNO,, v-Al, O, (Merck,
196.4 m? g~ 1), Re,O, (Merck) were used as
received. CH;ReO; was synthesised according
to the method reported in literature [1,2].

All glass apparatus were dried at 100°C and
cooled under N, before use. Two-neck pear
flasks were used as reactors. One of the necks
was fitted with a septum so that liquid reagents
could be introduced into the reactor by means of
syringes.

The catalyst support was calcinated for 3 h
under oxygen followed by 3 h under nitrogen at

550°C and then transferred to a 10 cm® pear
flask containing a stirring bar under a nitrogen
atmosphere. After cooling to room temperature
under nitrogen atmosphere, 1 cm® solution of
MTO in chlorobenzene was introduced via a
syringe into the reactor and was stirred for 5
min. Then 0.3 cm?® of 1-octene was injected into
the reactor. The products were sampled and
analysed after 24 h.

The Cs* and PO}~ containing supports were
prepared by first impregnating the SO, - Al ,0O4
with a solution of cesium nitrate or diammo-
nium hydrogen phosphate, then dried at 100°C
before calcination.

All reactions were done under a dry nitrogen
atmosphere and under the following conditions:

Reactor 10 cm? pear flask fitted
with a septum

Si0,- Al,O, 0.1100 g

MTO 0.0089 g in 1 cm? chloro-
benzene (7.5% m/m
MTO/SIO, - Al,O,)

1-octene 0.3cm?

Reaction time 24 h

Temperature 25°C

Solvent (CH:Cl) Total volume was kept at
1 cm?® and was aso
used as internal
standard for
GC analysis

GC analysis were performed with a Hewlett-
Packard 5840 GC using the following condi-
tions:

Column 2 m X 2 mm stainless steel
containing 5% OV 101
on chromsorb
P AW-DM CS
Temperature ~ 120—220°C (10°C min~1)
Carrier gas N,
Detector FID

Products were identified by comparison with
authentic samples and by GC-M S methods.
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The terms used in presenting the results are
defined as follows:

Total metathesis ~ Thetotal yield of all the
metathesis products

in the product

spectrum and

is calculated as

20X %C,)

(C, isthelength

of the carbon chain
containing an alkene
group)

The sum of the primary
metathesis products
(C,andC,,)

and is calculated as
2X%C,,.

The sum of al the meta-
thesis products with
carbon chain lengths
3—7and 9-13 and is
calculated as

AT % C,)

Homo-metathesis

Cross-metathesis

3. Reaults and discussion
3.1. Influence of the MTO content

The increase in the MTO content of the
MTO/SIO, - Al,O; catalytic system causes an

increase in the metathesis product yield (Fig. 1).
At aloading of 7.5% MTO, the product compo-
sition (mol%) is the following Cg: 11%, Cg:
16%, C,y: 4%, C,;: 4%, C,,: 7%, C,5: 9% and
C,4: 10%. The homo-metathesis product yield is
20% and the cross-metathesis product yield is
80%. Further measurements were done at a
MTO loading of 7.5%.

3.2. The influence of reaction time

The influence of the reaction time on the
system is given in Fig. 2. The homo-metathesis
product yield reached a maximum of 25% after
1.5 h and then decreased with longer reaction
times. After 24 h the yield was 20%. After 6 h
the cross-metathesis products reached a value of
75% and then flattened out as the time in-
creased.

3.3. The influence of cesium ions

It is known that the addition of small quanti-
ties of cesium ions to the support of heteroge-
neous metathesis catalysts [8—10] improved the
selectivity of the homo-metathesis reaction.

In Fig. 3 the influence of cesium ions added
to the system is illustrated. The homo-metathe-
sis product increased to a maximum of 46% at
3.3% cesium loading while the cross-metathesis
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Fig. 1. The influence of MTO concentration on the support on the metathesis activity of 1-octene after 24 h. [(m)—cross-metathesis;

( ¢)—homo-metathesis].
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Fig. 2. The influence of reaction time on the metathesis activity of 1-octene with the 7.5% MTO/SO, - Al,O5 catalytic system.

[(m)—cross-metathesis; (4 )—homo-metathesis).

products decreased until it reaches 1% at a 10%
cesium loading.

3.4. The influence of phosphate ions

The addition of phosphate on the silica—
alumina before calcination does not show any
marked influence. The homo-metathesis prod-
ucts are amost constant at 19% with a dlight
increase from 80% to 85% of cross-metathesis
products is noticed when the phosphate content
was increased from O to 9%.

In Fig. 4 the influence is shown of the phos-
phate content on the metathesis of 1-octene with

100

a 7.5% MTO/3.3% Cs*/SO,-Al,O, cat-
alytic system. The homo-metathesis products is
kept amost constant at 45%. At 3% PO}~
content the cross-metathesis products reached a
maximum of 22%.

3.5. The influence of additives added to 1-oc-
tene on the metathesis activity of the catalytic
system

Most metathesis catalytic systems are deacti-
vated in the presence of polar groups present in
the functionalized alkenes [13]. We investigated
the metathesis activity of the 7.5% MTO/SIO,

RN
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Cesium/mass %
Fig. 3. The influence of cesium content on the metathesis activity of 1-octene with the 7.5% MTO/SIO, - Al ,O4 catalytic system after 24 h.

[(m)—cross-metathesis; (4 )—homo-metathesis].
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Fig. 4. The influence of the phosphate content on the metathesis activity of 1-octene with the 7.5% MTO/3.3% Cs/SiO, - Al ,05 catalytic

system after 24 h. [(m)—cross-metathesis; (4 )—homo-metathesis].

- Al ,O, and the 7.5% MTO/3.3% Cs*/SiO, -
Al , O, catalytic systems in the presence of func-
tionalized saturated hydrocarbons.

3.6. The influence of pentanoic acid

Fig. 5 shows the influence of pentanoic acid
on the metathesis activity of the 7.5%
MTO/SO, - Al ,O, catalytic system with 1-oc-
tene. Addition of pentanoic acid to 1-octene
increases the homo-metathesis products and it
reaches a maximum of 30% at 1.3% pentanoic

100

acid after which it declines. The cross-metathe-
sis products decrease from 80% at 0% to 10% at
9.5% pentanoic acid added.

Fig. 6 shows the influence of the pentanoic
acid on the metathesis activity of the 7.5%
MTO/3.3% Cs*/S0O,-Al,O; catalytic sys
tem. Addition of pentanoic acid decrease the
homo-metathesis products from 46.6% at 0% to
5.8% at 9.5% pentanoic acid added. The cross-
metathesis products decrease from 10.6% at 0%
to 0% at 6.1% pentanoic acid added and stays
like that for further addition of pentanoic acid.

Product/mol %

4

6 8

Pentanoic acid/mass %

Fig. 5. The influence of pentanoic acid on the metathesis activity of 1-octene with the 7.5% MTO/SiO, - Al ,05 catalytic system after 24 h.

[(m)—cross-metathesis; (4 )—homo-metathesis].



162 T.M. Mathew et al. / Journal of Molecular Catalysis A: Chemical 148 (1999) 157-164

100

80
X
]
E 60
2 L
=
T 40 A
a9

20 [ T

0 h:—f - L -

0 2 6 8

Pentanoic acid/mass %

Fig. 6. The influence of pentanoic acid on the metathesis activity of 1-octene with the 7.5% MTO/3.3% Cs/SiO, - Al ,04 catalytic system

after 24 h. [(m)—cross-metathesis; ( 4 )—homo-metathesis].

3.7. The influence of other additives

The influence of butanol, 2-hexanone, pen-
tanal, water and butylamine was also investi-
gated. In Table 1 the influence of a 1% and 2%
addition to the 1-octene is illustrated (the influ-
ence of pentanoic acid is also presented in Table
1).

3.8. Yield of homo-metathesis products

Only MTO supported on the silica—alumina
is activated towards homo-metathesis products
by 1% additive added except in the case of
water and butyl amine. 2-Hexanone gives the
highest metathesis products at 1% of 2-hexanone
added. Addition of 2% of the additives drasti-

Table 1

cally decrease the homo-metathesis products in
the case of butanol and pentanal. Water, butyl
amine, pentanoic acid and 2-hexanone dlightly
decrease the homo-metathesis products.

Addition of 1% of the organic additives deac-
tivates the MTO catalyst supported on the sil-
ica—alumina loaded with cesium. Butanol gives
the highest deactivation and butyl amine gives
the lowest deactivation. Increased concentra
tions of additives aso deactivates the MTO/
Cs*/S0, - Al O, catalytic system.

3.9. Yield of cross-metathesis products
The cross-metathesis products of 1-octene

catalysed by MTO supported on silica—alumina
decreased with the addition of 1% of additives.

The influence of 1% and 2% addition of butanol, 2-hexanone, pentanal, pentanoic acid, water and butylamine added to 1-octene on the

metathesis activity of the MTO containing catalytic system

Additive Butanol 2-Hexanone  Pentanal

Pentanoic acid Water Butylamine No addition

% addition 1 2 1 2 1 2

1 2 1 2 1 2 0

System 7.5% MTO/SIO, - Al,05/1-octene

% homo-metathesis 25 9 36 28 30 10
% cross-metathesis 32 11 22 16 42 12

System 7.5% MTO/3.3% Cs* /SiO, - Al ,05/1-octene
% homo-metathesis 9 6 23 11 11 6
% cross-metathesis 0 0 2 0 4 0

25 17 13 10 18 20 19
53 23 21 16 56 41 79

23 16 16 13 34 28 47
4 2 2 2 5 5 11
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Water gives the highest and butyl amine the
lowest deactivation. Addition of 2% of butanol
gives the highest deactivation of MTO/SIO, -
Al,O, catalytic system.

Addition of 1% butanol drastically decreases
the cross-metathesis products of 1-octene catal-
ysed by the MTO/Cs* /SO, - Al ,O, catalytic
system. Addition of 1% butyl amine gives the
least deactivation. Higher concentrations of ad-
ditives also deactivates the MTO/Cs* /SO, -
Al,O, catalytic system.

4. Conclusions

In the presence of the MTO containing
metathesis catalyst, 1-octene is converted into a
series of alkene products stretching from C,, to
C,4. To form these products 1-octene must un-
dergo an alkene isomerisation reaction.

Metathesis activity and rhenium oxide load-
ing can be related to the number and Bronsted
acidity of OH-groups on the support. At low
MTO loading, there will be more Bransted acid
sites on the support which favour isomerisation
and result in low selectivity towards the homo-
metathesis reaction.

The addition of alkali metal ions to heteroge-
neous catalysts improve the selectivity of
homo-metathesis reaction. Fig. 3 illustrates that
the addition of cesium clearly improves the
selectivity of MTO supported on the silica—
alumina towards homo-metathesis reaction. The
addition of cesium before calcination interfere
with the active sites on silica—alumina involved
in isomerisation. The cesium ions displace the

Table 2

hydrogen ions on the silica—alumina surface,
inhibit the isomerisation reaction and no cross-
metathesis products can be generated. Higher
concentrations of cesium on the support also
reduced the percentage yield on homo-metathe-
Sis products.

It is important to note that the added phos-
phate ions do not influence the yield of homo-
metathesis products of 1-octene and only a slight
increase in cross-metathesis products as can be
seen in Table 2.

It can be concluded from the data given in
Table 1 that a low percentage of organic addi-
tives to 1-octene increase the metathesis activ-
ity. However, an excess of the additive lowers
the metathesis yield. The type and aso the
amount of additive added to the 1-octene has an
influence on the activity on the MTO-containing
catalyst.

The metathesis activity of MTO supported on
the silica—alumina loaded with cesium de
creased with the addition of the organic addi-
tives, but the selectivity towards homo-metathe-
Sis reaction increased, as a consequence of less
side reactions. These results correlate with the
result of Nishiguchi et a. [14]. They reported
that Bransted acid sites of the silica—alumina
interact preferentially with the polar additives as
a result the activity decreased. If the organic
additive is in excess, it competes with the alkene
double bond for the active site.

The additive used can be classified as Lewis
bases which are 2-hexanone, butyl amine and
pentanal, each containing a lone pair of elec-
trons on the oxygen or nitrogen atom, and
Brensted acids which are water, pentanoic acid
and butanol.

The influence of 3.3% Cs* and of 2% PO;~ on the metathesis product yield of 1-octene catalysed by a 7.5% MTO/SIO, - Al ,0, catalyst.

Reaction time 24 h at room temperature

Catalytic systems

Homo-metathesis products

Cross-metathesis products

7.5% MTO/SiO, - Al ,O, 20
2% PO}~ /7.5% MTO/SIO, - Al ,O, 20
3.3% Cs* /7.5% MTO,/SiO, - Al ,O, 47

2% PO}~ /3.3% Cs* /7.5% MTO/SIO, - Al ,O, 46

80
85
11
20
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The presence of acidic hydrogen in the func-
tional group of additive, increases isomerisation.
That could be the reason why the cross-metathe-
Sis products in Table 1 for pentana is higher
than that of the 2-hexanone.

The Lewis bases containing a C=0 group
and an electron pair on the oxygen may react
with the metal carbene according to a Wittig
type of reaction [15] to form a Re=0O containing
species and so deactivates the system.

The Bransted acids may protonate the rhe-
nium and lowers the possibility of the rhenium
nucleus to reacts with an alkene and to form a
metal carbene [16].
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