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Tungsten-oxide/silica catalysts from various preparations were compared for their activity in the 
metathesis of propene and the subsequent isomerization of the 2-butene formed. Catalysts obtained 
by cogelation of WCl, and Si(OC,H,), were much more active than catalysts prepared by conven- 
tional methods. Silylation with hexamethyldisilazane, a specific poison for Bronsted-acidic hydrox- 
yls, caused a IO- to loo-fold increase in the metathesis rate; ammonia treatment had much less 
effect. The influence of silylation on the isomerization activity depended on the method of catalyst 
preparation. It is concluded that the isomerization involves a carbenium-ion intermediate. The 
protons needed to produce this intermediate are thought to be donated by Lewis acid site-alkene 
complexes, while surface silanols make the gas-phase butene accessible for proton exchange. The 
generation of active centers for metathesis is explained by proton donation by the Lewis acid 
site-alkene complexes to tetravalent tungsten compounds. The resulting tungsten hydrides are 
believed to react with alkene in the way proposed by D. T. Laverty, J. J. Rooney, and A. Stewart 
[J. Catal. 45, 110 (1976)]. Back-donation of a proton to the Lewis acid complex yields a tungsten 
carbene, which is the postulated chain initiator. The Lewis acid sites are depicted as coordinatively 
unsaturated, hexavalent tungsten species bonded by W-O--.% bridges to the silica lattice. The 
number of =Si-0 ligands surrounding the tungsten atom is thought to determine the strength of 
the Lewis acid sites and, hence, the activity of the catalyst. This number can be increased by 
silylation or by choosing a suitable catalyst preparation method such as cogelation. 

INTRODUCTION point of view (2-4). Currently, it is gener- 
ally assumed that alkene metathesis is a 

Since the first paper on the metathesis of chain reaction, involving metal-carbene 
alkenes was published in 1964 (I), this cata- complexes, reversibly reacting with al- 
lytic reaction has drawn considerable atten- kenes via a metallacyclobutane intermedi- 
tion, both from a theoretical and a practical ate: 

R’HC CHR’ R’HC - CHR’ R’HC = CHR’ 

II II + I I + 
M CHR M - CHR M = CHR 

(14 

R’HC = CHR R’HC - CHR R’HC CHR 

+ $ 
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M=CHR M - CHR M CHR 

The way in which the initial metal-car- sten-oxide/silica and most other solid cata- 
benes are formed is still not fully under- lysts. Laverty et al. (5) presented evidence 
stood, especially not for catalyst systems for an initiation mechanism in which carbe- 
that do not contain carbon, such as tung- noid species are generated by a P-hydrogen 

addition of a transition-metal hydride to the 
’ Present address: Philips Research Laboratories, alkene, followed by an o-hydrogen elimina- 
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y + i”” 2 
CH,R’ 
1 $ y !HzR 

are believed to originate from the interac- 
tion of reduced transition-metal ions with 

M CHR M-CHR M=CR Bronsted-acidic surface hydroxyls of the 
(2) support, e.g.: 

On solid oxidic catalysts, these hydrides 

Si + Wm/) c s; 

However, ammonia and pyridine adsorp- 
tion experiments have shown that activated 
tungsten-oxide/silica does not hold strong 
Bronsted acid sites (6). Therefore, if metal 
hydrides are formed according to Eq. (3), 
the surface hydroxyls are only weakly 
acidic. 

The metathesis of propene leads to the 
simultaneous formation of ethene and 2-bu- 
tene (cis and trans). Tungsten-oxide/silica 
also catalyzes the isomerization of alkenes, 
so that the 2-butene formed reacts further 
to give I-butene. This double-bond isomeri- 
zation is not necessarily associated directly 
with the active sites for metathesis. Silica 
itself can be an active isomerization cata- 
lyst as well (7). On commercial silica gel 
the activity for butene double-bond isomer- 
ization results from a cooperation of alumi- 
num impurities and surface silanols. This 
isomerization can be greatly suppressed by 
silylation of the weakly Bronsted-acidic si- 
lanols with hexamethyldisilazane, which 
converts surface hydroxyl groups to tri- 
methylsiloxy groups (8): 

2-OH + HN(Si(CHJ& + 
2-OSi(CH& + NH+ (4) 

This poisoning appears to leave the Lewis- 
acidic aluminum sites unaffected (7, 9). 

Here, we report on the activity for me- 
tathesis and isomerization of tungsten-ox- 
ide/silica catalysts obtained from various 
preparations, and on the effect of treatment 
with hexamethyldisilazane on their cata- 
lytic activity. The aim of the silylation was 
to find out if weakly Bronsted-acidic hy- 
droxyls play a role in the initiation of alkene 
metathesis, and, if not, whether it is possi- 

iN(IV) $ Si ‘ti(VI) (3) 

ble to eliminate the double-bond isomeriza- 
tion without affecting the active sites for 
metathesis2 In the reaction of hexamethyl- 
disilazane with surface hydroxyls, ammo- 
nia is evolved (Eq. (4)). Because ammonia 
is known to affect both the isomerization 
and the metathesis activity of silica-based 
systems (II, 12), we also studied the effect 
of ammonia treatment. Finally, an attempt 
is made to postulate for the active sites a 
model which can account for the results of 
our kinetic experiments. 

EXPERIMENTAL 

Materials 

The catalysts were prepared by impreg- 
nation (WSI: 360 m2 g-i, 4.2 wt% WOj), 
reaction (WSR: 360 m* g-r, 5.7 wt% WO3, 
or cogelation (WSC: 600 m* g-i, 3.7 wt% 
WOJ as described in a previous paper (6). 
In the preparation of WSC an extensive 
washing with methanol is included to con- 
vert the initial hydrogel into an alcogel. The 
reason for this is that the alcogel can be 
dried by autoclaving, whereas the hydrogel 
cannot. The high reactivity of water near its 
critical point would cause the porous struc- 
ture of the latter to collapse. Because tung- 
sten oxide is slightly soluble in methanol, 
certain active sites might be leached from 
the catalyst surface during the methanol 
treatment. In order to eliminate this effect, 
a portion of aged hydrogel was taken, dried 
in air, milled and sieved, and calcined for 4 
h at 825 K in dry air. This catalyst will be 

* Hexamethyldisilazane has been used by other 
workers to improve the selectivity of a titania/silica 
epoxidation catalyst (10). 
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denoted WSCA. It contained about 6 wt% 
WOj and had a surface area of 540 m2 g-i 
(BET nitrogen). 

Purified propene was prepared by distill- 
ing polymerization-grade propene (Mathe- 
son) over alumina, molecular sieves (4A), 
and copper-on-alumina catalyst. The prod- 
uct was over 99.8% pure, its main contami- 
nant being propane (0.1%). 

Equipment and Procedures 

The kinetic experiments were carried out 
in a closed circulation system with a total 
volume of 25 X 10e5 m3 (7). Typically, 0.5 g 
of catalyst was activated in situ by heating 
for 1 h at 825 K in a stream of oxygen, 
followed by evacuation for 1 h at the same 
temperature, and for 15-18 h at 725 K. Af- 
ter cooling to the reaction temperature (700 
K), 1.1 x lo5 Pa of propene was admitted to 
the system and allowed to react for 10 min. 
During this period one or more samples 
were withdrawn for GC analysis. Then, the 
reactor was evacuated for 10 min, and a 
new batch of propene was introduced. This 
procedure was repeated three to ten times, 
after which the system was evacuated and 
filled with 1.0 X lo5 Pa of helium. The cir- 
culation pump was started and the reactor 
cooled to 525 K. At this temperature, 10e3 
mol of either hexamethyldisilazane or am- 
monia was injected with a hypodermic sy- 
ringe and allowed to react for 20 min. Next, 
the system was evacuated briefly at 525 K, 
and for 10 min at 700 K, and the activity of 
the treated catalyst was measured another 
three to six times. 

We restricted ourselves to measurements 
where the propene conversion was below 
lo%, so that the reaction rate constant for 
metathesis, k,, can be approximated by 

k, = x,lt, (5) 

where t is the reaction time in seconds and 
x, the molar fraction of ethene at time t. 

The subsequent double-bond isomerization 
of 2-butene was assumed to be a reversible, 
first-order reaction with equal rate con- 
stants for the formation of 1-butene from 

FIG. 1. Typical rate constants for metathesis (0) and 
isomerization (0) before and after treatment with hexa- 
methyldisilazane (HMDS). Catalyst: WSI, time scale 
on horizontal axis: 20 min per run; interval between 
runs 10 and 11: 45 min. 

cis- and trans-2-butene. Under these as- 
sumptions, and applying Eq. (5), it can be 
derived that 

kit(1 + K)((l + K)x~~/x, - 1) 
= 1 - exp {kit( 1 + K)}, (6) 

where Xii, is the molar fraction of I-butene 
at time t, ki the reaction rate constant for l- 
butene formation from 2-butene, and K the 
2-/l-butene ratio at thermodynamic equilib- 
rium, i.e., 2.75 at 700 K (13). ki was calcu- 
lated from Eq. (6) using Newton’s method. 

RESULTS 

The selectivity of the catalysts towards 
ethene and butene was better than 99% un- 
der the applied conditions; the main side 
products were butadiene and pentene, and, 
for the silylated catalyst, methane. The ini- 
tial cisltrans-Zbutene ratio was near unity 
in all experiments. 

Figure 1 shows a typical example of the 
variation with time of ki and k, before and 
after hexamethyldisilazane (HMDS) treat- 
ment. A summary of the effect of HMDS 
and ammonia on the activity of all our cata- 
lysts is given in Fig. 2. 

The values for ki and k, given here are 

lo-*L 

t 

WOS 

I- 

10 11 
number of runs 
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FIG. 2. Rate constants (g-l s-l) for metathesis (k,) 
and isomerization (ki) on various tungsten-oxide/silica 
catalysts before (white) and after treatment with hexa- 
methyldisilazane (shaded) or ammonia (black). 

mean values calculated from either the last The double-bond isomerization of linear 
three measurements before or the first butenes on silica-alumina most probably 
three after treating the catalysts with the involves an s-butyl carbenium-ion interme- 
above-mentioned agents. Except for the diate. The protons producing the ionic in- 
ammonia-treated samples (see below) the termediate are thought to be donated by 
activity showed no trend in either direction monomeric or oligomeric butene irrevers- 
over these measurements. The reproduc- ibly chemisorbed on Lewis acid sites; sur- 
ibility of the rate constants was +30% or face silanols appear to make the gas-phase 
better. A blank treatment, i.e., cooling the butene molecules accessible for proton ex- 
catalyst to 525 K, hushing with helium, and change by reversible physisorption (7). Ac- 
reheating to 700 K, did not affect ki and k, tivated tungsten-oxide/silica resembles sili- 
significantly. On first contact with propene, ca-alumina; on both catalysts silanol 
the isomerization activity of some catalyst groups are found, and they contain Lewis 
samples was high when compared with the acid sites of equal strength (6). It is con- 
steady-state value, while the metathesis ac- ceivable, therefore, that the butene isomeri- 
tivity was low. This rather irreproducible zations on these catalysts proceed via iden- 
effect has not been studied further; no data tical mechanisms and on closely similar 
from such samples are included in Fig. 2. active centers. We will show that this con- 
For a description of induction effects (cata- cept can be used successfully to explain our 
lyst break-in), see the Discussion section. experimental results. 

It can be seen from Fig. 2 that, before any In a previous paper (6) we concluded that 
treatment, WSI and WSR have about the the configuration of the tungsten surface 
same activity, and that WSC and especially compound on dehydrated tungsten-oxide/ 
WSCA are more active, both in metathesis silica is predominantly I for WSL and WSR, 
and isomerization. The high activity of and II for WSC (in these and the following 

WSCA relative to WSC indicates that WSC 
has indeed lost active tungsten during the 
washing with methanol (see the Experimen- 
tal section). 

Treatment with hexamethyldisilazane 
causes a lo- to loo-fold increase in metathe- 
sis activity; it lowers ki on the cogelation 
catalysts and enhances ki on the other two 
catalysts. Treatment with ammonia has lit- 
tle effect on ki and increases k, much less 
than silylation does. The enhancement of 
the activity for metathesis after ammination 
was only temporary; k,,, decreased ca. 25% 
per run, in accordance with the observa- 
tions of Gangwal and Wills (1 I) and Taka- 
hashi (12). Hence, it appears that the effect 
of hexamethyldisilazane cannot be ex- 
plained from the evolution of ammonia in 
the reaction with surface hydroxyls, and 
that a separate explanation is needed. 

DISCUSSION 

Isomerization 
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drawings open-ended lines depict =Si-0 
bridges): 

\ 2 ’ P 
-W -W 

HO’ ‘0” 
/\ 

OH 

I II 

The observed Lewis acidity of WSC was 
ascribed to the coordinatively unsaturated 
nature of II. Thus, the interaction of alkene 
(e.g., propene) with the Lewis acid sites on 
activated tungsten-oxide/silica (e.g., WSC) 
can be written as 

+ C3H6 
/q/O @ 

-;; 

t -W - CH,-CH-CH, $ 

/\ 

-CH=CH, + H@ 

OH OH 

II III 

The =Si-0 bridges to the silica lattice are 
electron-attracting groups, owing to the 
p,-d, back-bonding between oxygen and 
silicon. Compound II has three such li- 
gands, whereas I has only two. Obviously, 
II will be a stronger Lewis acid than I, so 
that alkenes chemisorbed on II should have 
a greater tendency to donate a proton. In 
accord with this prediction, the catalysts 
prepared by cogelation, WSC and WSCA, 
are more active in the double-bond isomeri- 
zation of 2-butene than WSI and WSR. 

Treating the tungsten-oxide/silica cata- 
lysts with hexamethyldisilazane converts 
the surface compounds I and II into V and 
VI, respectively (6): 

(7) 

\ P 
-w 

\ P 
-W 

’ ‘O-Si(CH (CH,),Si-0 1 
/\ 

33 0-Si(CH, I3 

V VI 

Owing to the increased number of =Si-0 
ligands, the Lewis acid strength of these 
two sites will be higher than that of the cor- 
responding nontreated species, so that we 
expect an increased activity for isomeriza- 
tion. Silylation, however, also removes 
most of the surface silanols. The presence 
of such hydroxyls has been demonstrated 
to be necessary for the isomerization reac- 
tion to proceed (7, 9). On silylated tung- 
sten-oxide/silica the increase of the isomer- 
ization activity due to the enhanced Lewis 
acidity probably competes with the activity 
decrease due to poisoning of the surface si- 

lanols. This results in the net activity in- 
crease for WSI and WSR, and the decrease 
for WSC and WSCA. 

Ammonia treatment at temperatures 
around 700 K only marginally affects the 
isomerization activity of silica and sili- 
ca-alumina (7). This agrees well with the 
present observations on tungsten-oxide/sil- 
ica. 

Metathesis 

Figure 2 shows that silylation causes a 
lo- to loo-fold increase in the metathesis 
rate over our catalysts. Because the silylat- 
ing compound, hexamethyldisilazane, poi- 
sons Bronsted-acidic surface hydroxyls, it 
is unlikely that these hydroxyls are in- 
volved in the formation of carbenes (Eq. 
(3)). The concept of a hydride intermediate 
(Eq. (2)) can, however, be retained by 
choosing another potential proton donor, 
viz., the Lewis acid-alkene complex men- 
tioned in the foregoing section. This implies 
that the effect on the metathesis activity of 
changing the number of =Si-0 ligands 
(by silylation or by going from WSR and 
WSI to WSC and WSCA) should be closely 
similar to the effects predicted for butene 
isomerization. This is indeed observed: 
WSC and WSCA are more active than 
WSR and WSI, and silylation greatly en- 
hances the metathesis activity. In fact, 
structures V and VI are almost identical in 
terms of =Si-0 ligands, which can ex- 
plain why all catalysts have about the same 
metathesis activity after silylation (Fig. 2). 
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Usually, the metathesis activity of tung- 
sten-oxide/silica increases on prolonged 
contact with propene. This transient behav- 
ior is known under the name of “catalyst 
break-in.” The duration of the break-in can 
be greatly shortened by pretreating the cat- 
alyst with hydrogen or carbon monoxide 
(14) or by activating at temperatures above 
900 K (15). This suggests that the break-in 
is a reduction step. The positive effect of 
ammonia on the metathesis activity might 
be explained from a partial reduction of the 
catalyst as well. The temporary nature of 
the ammonia-induced activity enhancement 
is possibly caused by the low number of 
activated sites, which makes the treated 
catalyst susceptible to poisoning by traces 
of oxygen or water. In terms of the pro- 
posed surface models for tungsten-oxide/ 
silica (I, II), the break-in and the pretreat- 
ments can be depicted as: 

‘,/O -loI ) Lw, 1. “o/ \OH “O/ \OHOr -w\o+ H2o 
I VII (8) 

\ /” -id ,yw, 
7”\ /\ (9) 

‘OH t ‘OH 

II VIII 

Tetravalent surface structures similar to 
VII and VIII have been suggested for the 
highly active catalyst systems derived from 
silica gel and n-methallyl tungsten com- 
pounds (16). The [O] in Eqs. (8) and (9) is 
probably evolved as water or carbon diox- 
ide after reduction with hydrogen or carbon 
monoxide, as molecular oxygen after a 
high-temperature treatment, and as acetone 
(17) or its degradation products after con- 
tact with propene. In the systems described 
in this paper, catalyst break-in was not usu- 
ally observed. Presumably, our treatment 
procedure causes a break-in faster than 1 
min. The time scale of our experiments 
does not allow us to observe such a tran- 
sient . 

On the basis of the evidence now avail- 
able we propose the following model for the 
initiation of propene metathesis on tung- 
sten-oxide/silica, e.g., WSC: 

VIII IX X XI 

Thus, a proton, originating from the Lewis 
acid-alkene complex III in Eq. (7), reacts 
with the Lewis base VIII to yield the tung- 
sten hydride IX. Adsorption of propene on 
this hydride, followed by B-hydrogen addi- 
tion, results in the formation of X (5). 
Back-donation of a proton to the tungsten 
complex IV in Eq. (7), finally, gives the car- 
benoid chain initiator XI. The reverse reac- 
tion of Eq. (10) is probably fast, resulting in 
a limited lifetime of the metal-carbene 
complex. This explains the observation that 
the metathesis on tungsten-oxide/silica can 
be temporarily suppressed without affect- 
ing the rate of isomerization by injecting a 

small amount of oxygen into the propene 
feed (18). 

The interaction between tungsten and the 
silica surface appears to have a twofold 
function, Apart from enhancing the Lewis 
acid strength as already mentioned, the sil- 
ica probably protects the surface compound 
from being reduced beyond the tetravalent 
state by shielding a large part of the tung- 
sten coordination sphere. 

Summarizing, the initiation of alkene me- 
tathesis on tungsten-oxide/silica can be de- 
scribed from the combined action of a 
Lewis acid-alkene complex serving as a 
proton donor-acceptor, and a tetravalent 
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tungsten surface compound on which the 
actual carbene is formed. The promoting ef- 
fect of Lewis acids and the formation of 
tetravalent transition-metal species, both 
from low- and high-valent precursors, are 
frequently observed in homogeneously cat- 
alyzed metathesis (see, e.g., Ref. (29)). 
Therefore, it might be possible that the gen- 
eration of active centers in other metathesis 
systems, homogeneous as well as heteroge- 
neous, can also be explained from a model 
such as that described here. 
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