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The activity of Mo(CO)~/~-A~~O~ for the metathesis of propylene in a pulse reactor, mostly 
at 53”C, has been investigated. A number of different surface species which are the products 
of various pretreatments exhibit catalytic activity. The degree of dehydroxylation of the 
alumina is an important variable. On partially dehydroxylated alumina, the initial catalytic 
activity increases in the sequence MO (CO)lads, Mo(C0)202ads, “(s-O-)zMo,” and 
“ (u-0-)zMo” treated with oxygen at 23°C. “Mo(C0) (02)2ads” and Mo(CO)s/A1$03 acti- 
vated at 500°C are inactive. A Mo(CO)s on dehydroxylated alumina activated at 100°C is 
somewhat less active than that on partially dehydroxylated alumina but material activated 
at 500°C (average oxidation number, O.N. = 0.4) is active. Mo(CO)oads and Mo(CO)202ads 
on hydroxylated alumina are inactive. No more than about 1% of a pulse of propylene is 
retained by the various catalysts. Activity for metathesis of propylene on Mo(CO),ads in- 
creases with pulse number and pulses of ethylene are also effective in act,ivating Mo(CO)tads. 
On most other catalysts, activity declines with pulse number, often rapidly. SelectiviGes in 
the metathesis to the primary products, ethylene and 2-butene, exceed 99%. It appears likely 
that only a rather small fraction of the surface molybdenum becomes catalytically active. 

INTRODUCTION 

h!Io(CO)6/Y-A1203 \vas one of the first 
catalysts (1) reported for the metathesis 
(2) of olefins. Having 18 electrons in its 
valence shell, molybdenum hcxacarbonyl 
should be coordinatively saturated. Since 
exchange between carbonyl and WO is 
slow at 116°C in the gas phase (S), one 
would not expect that molybdenum hexa- 
carbonyl as such could activate olefins at 
lower t’emperatures. The first study aimed 
at the elucidation of the surface reactions 
which convert Mo (CO) sads into active 
catalysts was that of Davie and coworkers 
(4, 5). Infrared and mass spectroscopic 
data led them to suggest that hlo (CO)rads 

1 Present address : Department of Chemistry, 
. 

Wayne State University, 247 Life Sciences Building, 
Detroit, Michigan 48202. 

or hlo(CO)sads was the active catalytic 
site after activat’ion of Mo(CO)6/A1203 at 
100°C. Later, more detailed examinat’ion of 
the correlation of activity with the ir 
intensity of the C-O stretching band led 
Howe and co-workers to conclude that the 
active species on catalysts activated at 
100°C were completely decarbonylated (6). 
However, Burwell and Brenner (7) estab- 
lished that the catalyst activated at 100°C 
with the rigorous exclusion of oxygen was 
nearly quantitatively present in the form 
h$o(CO)oads and that this form probably 
constituted an act’ivc catalytic site or its 
precursor. 

In the preceding paper (a), the pre- 
dominant surface species present after vari- 
ous conditions of activation of MO (CO) 6/y- 
A1203 were determined. This paper reports 
a study of the metathesis of propylene to 
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ethylene and Z-butene on the product, of 
these activations. 

EXPERIMENTAL 

The details of catalyst preparation, 
characterization, and measurement of cata- 
lytic activity have been described pre- 
viously (7-9). Rlo(CO)6/A1203 was pre- 
pared in situ from 0.250 g of AO- to SO-mesh 
alumina and then activated. The alumina 
was of the standard degree of dchydroxyl- 
ation [calcinrd at 450°C in flowing oxygen 
(S)] unless otherwise stated. The activity 
for the metathesis of propylene was 
measured at 53°C by passing a 0.86 cm3 
STP pulse of propylene through the cata- 
lyst bed in an ultrapure helium carrier at 
a flow rate of 1 cm3/sec. Products were 
collected for 3 min in a silica gel trap at 
-196°C and, by warming the trap, the 
adsorbed gas was then released as a pulse 
for gas chromatographic analysis. The only 
detectable impurity in the propylene 
(Phillips Research Grade) was 0.02(% 
propane. The maximum total exposure to 
oxygen during 20 pulses of propylene was 
about 4 X 1W4 cm3 STP or about 0.001 
OJRIo on the usual catalyst which con- 
tained 0.6% JIo by weight. The sensitivity 
for measurement of the conversion of 
propylene was 0.01%. Reproducibility in 
conversion between separate preparations 
and activations of catalysts was about 
15%. Unless stated otherwise, activities 
are for the first pulse of propylene. 

Some runs gave equilibrium COIlVCI’SiOIlS 

of propylene. Thus, runs at’ much lower 
conversions are unlikely to have involved 
serious concentration gradients in the 
catalyst pores. Further, two runs on 
catalysts prepared in the same fashion 011 

70- to SO- and 120- to 140-mesh alumina 
gave the same conversion, 130j0, to within 
the usual reproducibility. 

Rio (CO)B/silica was prepared using 
Davison Grade 62 wide-pore silica gel 
which had been rinsed with 0.1 M nitric 

acid and washed with redistilled wat,er. It 
was exposed to flowing oxygen at tempera- 
tures varying from 180 to 360°C before 
impregnation with 110 (CO) 6. 

In some runs the reactor was modified 
by adding a column of Cr2+/SiOz immedi- 
at,ely before the catalyst. This material 
removes oxygen to undetectable levels (10). 
The oxygen trap was bypassed during 
calcination of the alumina and for 1 min 
during the passage of each pulse of 
propylene. 

RIWJLTS 

Simple metathesis of propylene would 
yield equimolar amounts of ethylene and 
2-butcnc. The equilibrium conversion is 
43y0 at 53°C (11). No by-product hgdro- 
carbons, Cg or lower, were observed in any 
experiment except for traces of 1-butenc. 
The selectivity of metathesis to ethylene 
and 2-butcne exceeded 99.8% with respect 
to volatile products. The amount of 
ethylene in the exit pulse usually exceeded 
that of 2-butene but’ the ratio of the two 
tended to unity with increase in the pulse 
number, the temperatures of reaction, or 
the catalytic activity. The ratio tram-2- 

hutcnclcis-2-hutcI1e was usually greater 
than 2.8, the equilibrium value (11), but 
the ratio fell toward 2.8 as the pulse 
number or the catalytic activity increased. 
For a typical l\Io(CO)Bads catalyst which 
gave an initial conversion of about l$!&, the 
tramlcis ratio in pulse Kos. 1, 3, and 27 
was 10, 3.8, and 2.9, respectively, and, for 
c~thglerle/2-but~~r~~~s, 2.5, 1.3, and 1.0, 
respectively. 

The catalytic activity for the metathesis 
of propylene by catalysts containing 0.56oj, 
Rio is shown in Pig. 1 as a function of the 
loss in carbon monoxide during activation. 

Activity of ~lIo(CO)~arls Catalysts 

In some runs a Cr*+/SiOz trap was 
inserted immediately before the reactor as 
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a test of the effect of any oxygen impurit)y. 
Two runs wit>h this special reactor at a 
loading of 0.54% Rio gave the normal 
stoichiometry for the formatjion of Mo- 
(CO)sads, the normal activity for meta- 
thesis in the first pulse of propylene, and 
the normal increase in activity with pulse 
number. 

The conversion for catalysts of three 
different loadings is shown in Fig. 2 as a 
function of pulse number, and Fig. 3 shows 
the activity of iMo(CO)aads as a function 
of loading. These runs were accompanied 
by small losses of carbon monoxide from 
the catalyst. For the 1.0% catalyst of 
Pig. 2, the losses in pulse Nos. 1, 2, 9, and 
20 were 0.0013, 0.00073, 0.00075, and 
0.00049 CO/Rio, rcspcct’ively. Exposure to 
propylene at higher temperatures results 
in a greater degree of activation as well as 
a substantial adsorption of propylene. A 
pulse of propylene (0.86 cm3 STP) was 
trapped in the reactor for 3 min at 97”C, 
the reactor was then purgrd with helium 
at 53”C, and the activity was remeasured. 
Results are shown in Table 1. In runs at 
- lB”C, the activity steadily dcclincd with 
pulse number from pulse No. 1. Exposure 
of catalysts to pulses of propylene at’ 53°C 
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FIG. 1. Variation of the conversion of propylene 
with the average number of molecules of carbon 
monoxide lost from Mo (CO)6 on 0.25 g of standard 
alumina (0.56% Mo) during activation in flowing 
helium. The number before the hyphen indicates 
the temperature of activation in degrees centigrade; 
the number after the hyphen, the period of time in 
hours at the indicated t,emperalure. W’here no t,ime 
is shown, the period is I 11. 
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FIG. 2. 

,  

VariaGon with pulse number in the 
catalytic activity of Mo(CO)8ads on 0.25 g of 
standard ahrmina at various loadings. The y axis 
shows the conversion at pulse n divided by the 
conversion at pulse 1. The loadings are: upper 
curve, 1.00%; middle curve, 0.34%; lowest curve, 
0.14%. 

did not change the weak EPR absorption 
of Mo(CO)sads (8). 

Catalysts can also be activated by ex- 
posure to cthylcne at 53°C. Seven pulses of 
ethylene were passed over a fresh No- 
(CO),ads catalyst containing 0.78y0 No. 
The total adsorption from these pulses was 
0.1 =t 0.1 ethylcne/h’lo and less than 0.02% 
propylene was formed. The conversion of a 
pulse of propylene which was passed over 
the catalyst was six times that expcctcd 
for fresh %10(CO)~ads. In another run 
seven consecutive pulses of ethylene xere 
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FIG. 3. The conversion in the first pulse vs loading 
for Mo(CO)sads and for Mo(CO)~Oosads on 0.25 g 
of standard alumina. The scale for the conversion 
for Mo(CO)rads is shown at, l#he left,, and t,hal, for 
Mo(CO)~O~ads, at the right. 
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TARLE 1 

Effect of Exposure to Propylene at, 97°C upon t,he Activity of Mo(CO)tads 
for Metathesis at 53°C” 

Prilse ntuuber 

1 2 3 -h 4 -h 5 -* G -* 7 

Conversion (5;)) 1.2 3.8 4.x - 14.6 - 15.0 - 13.6 - 13.6 
CO loss/hIo (x 10”) 1.2 0.7 0.6 0.i 0.6 1.5 0.4 1.0 0.4 1.1 0.8 
CsHs npt,ake - 1.2 - 1.:i - 1.3 - 0.16 - 

0 Catalyst weight, 0.125 g; loading, 2.16yG MO. 

* A 0.86 cm3 pulse of propylene was trapped in the reactor for 3 min at 97°C. Had no adsorption occurred, 
the pressure of propylene would have been 89 Torr. The uptake of propylene is expressed as the ratio, pro- 
pylene/hIo, although the fraction of propylene retained by the support is unknown. 

passed over 1\10 (CO) sads which previously 
had been used to disproportionate propyl- 
ene. The amounts of propylene produced 
were 0.62, 0.33, 0.21, 0.24, 0.17, 0.15, and 
0.11 molc~o, wsprctively. Similar results 
were obtained by pulws of cthylcnc at 
100°C after mc+athrsis of propylww at this 
tempcraturc. 

Since fi[~(CO)~~ads is fornwd rovc~rsibly 
from VIOL (8), it, was of interest to 
check if the active site on this typ(a of 
catalyst is also rcvrrsibly formed. RIO- 
(CO)sads was first exposed to sufficicwt 
pulses of propylene until the activity had 
stabilized at its maximum value and then 
it was exposed to flowing CO at 100°C. 
After 15 h, 92% of the Rfo was rccovcred 
as VIOL and the activity dropped by 
91%. In another run a flow of CO for 5 h 
at 100°C lrd to the recovery of 88% of the 
MOM and reduced the activity by 837’. 

Exposing i\10(CO)~/y-alumina which had 
been activated at 100°C in VQCUO to tri- 
chloroethylene (GHCL) at room tcmpera- 
ture led to a large increase in metathesis 
activit,y (12). Although we also observed 
large activation by exposure at 23”C, at 
this temperature a11 entire pulse of CzHClP 
can bc adsorbed by the support rendering 
it impossible to measure the reaction with 
>10(CO)~ads. WC thcrcfore invcstigatcd 
the reaction bctwecn 0.082 cm3 pulsrs of 

C2HCls and l\Io(CO)aads at 100°C. After 
passing six pulws of C%HCl, ovc’r No- 
(CO)aads at lOO”C, a total of 1.2 CO/Rio 
had been evolved and this value was only 
slowly increasing with pulse number. The 
ratio, (CO wolved)/ (C2HC13 adsorbed, 
correctrd for background adsorption 011 the 
alumina) was 2.5. E’or catalysts of loading 
Icss than 0.147% ;\I(), a single pulse of 
CzHCls increased the activity 90-fold. 
Catalysts of higher loading all gave equi- 
librium mc~tathcsis of the propylene after 
exposure to C,HCls. 

Pulses of nitrogen, CO, and CO, at 
23°C had no cffcct on the activity of 
110 (CO) yads. Exposure to flowing hy- 
drogen for 10 min at 23 or 100°C also had 
110 Pffcrt. 

Since thcne materials are unxtablc at 
53°C in flowing helium, t’heir catalytic 
activities were measured at lower tempcra- 
turcs and the results arc prcscnted as the 
ratio of their activities to that of fiIo- 
(CO)oads of the same loading measured at 
the same tcmperaturc. RIo(CO)jads is of 
z(w) or wry low activity. The relative 
activity of 120(CO)lads at -18°C was 
0.5G f 0.11. Similar results wre obtained 
in preparations from fresh Mo (CO) sads 
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and from MO (CO) sads which had been 
exposed to propylene. The activity of 
Mo(CO)cads quickly drops to about two- 
thirds of its value in pulse No. 1. 

Activity of Catalysts Activated above iOO”C 
and Effect of Exposure to Oxygen 

Catalysts activated at about 280°C are 
initially much more active than Mo- 
(CO) tads (Fig. 1). However, the activity 
drops rapidly with pulse number. The 
relative activities in the first four pulses 
on such catalysts are about (l.OO), 0.85, 
0.76, 0.70. After letting the activity 
stabilize, an equimolar mixture of CO and 
hydrogen was allowed to flow for 3 h at 
100°C over a catalyst which had been 
activated for 3 h at 280°C. This treatment 
had negligible effect on the activity. Such 
treatment does not reverse the formation 
of species formed by the decomposition of 
R40(CO)~ads (8). 

Exposing catalysts which had been acti- 
vated at 200-300°C to a pulse of oxygen 
at 23°C increases the initial activity, 
probably beyond that resulting from the 
conversion of residual MO (CO)sads to 
Mo(CO)zOnads. For example, a catalyst 
of loading 0.56ye MO gives a conversion 
of 10% after activation at 260°C. This 
material, which had lost 5.1 CO/MO, 
adsorbed 0.60 O&VIo and then gave a 
conversion in the first pulse of propylene 
of 28%. An equivalent catalyst, activated 
at 100°C and quantitatively converted to 
Mo(CO)zOzads (8), gave a conversion of 
12yo (Fig. 3). Exposing a catalyst which 
had been heated to 500°C for 25 min (3.3 
H/MO evolved) to several pulses of oxygen 
at 53°C increased the conversion from 
0.01 to 2%. 

Mo (CO)zOtads (7, 8) is initially much 
more active than Mo(CO)sads (Fig. 3), 
but bhe activity declined during the first 
five pulses relatively from (1.00) to 0.55, 
0.45, 0.39, and 0.34. At 53°C in flowing 

helium the losses of carbon monoxide in 
successive intervals of 3 min were 0.07,0.03, 
0.02, and 0.01 CO/MO. During the first 
three pulses of propylene, the losses were 
0.10, 0.03, and 0.01 CO/MO. Heating 
Mo (CO)zOzads to 200°C in flowing helium 
led to the evolution of 0.9 CO/MO and a 
decrease in activity of 75%. Heating to 
500°C resulted in a furt’her loss of 0.8 
CO/MO (the cumulative loss was now 5.7 
CO/Ma) and zero activity. Three runs in 
which 79 f 5% of the Mo(CO)zOzads was 
converted to “Mo(C0) (02)zads” (8) led to 
losses in activity of 71 f 4oj,. 

MO (CO) sads reacts slowly with oxygen 
at 23°C probably to form Mo(CO)zOzads 
(8). A catalyst which had adsorbed 0.07 
oz/nfo gave a conversion of 3.5%, 22$Yo 
of the activity expected from complete 
conversion to Mo (CO)zOzads. (However, 
note that the plot in Fig. 3 is nonlinear.) 
Rio (CO) jads behaved similarly. 

Activity of Catalysts Made from Highly Hy- 
droxylated and Dehyclroxylated Aluminas 

A catalyst containing 1.28% No was 
made by impregnating alumina which had 
been dehydroxylated at 950°C. After 
activation at 100°C in flowing helium for 
1.5 h it gave a conversion of 0.52% [3870 
of the conversion of Mo(CO)sads]. The 
conversion increased to 0.62% (1570 of 
MO (CO)sads) after five pulses. Heating 
the catalyst to 500°C increased the conver- 
sion to 2.9%, roughly 100 times the activity 
of standard catalysts heated to 500°C. 
The oxidation state of the MO in this 
material was 0.4. Exposure of the catalyst 
to several pulses of oxygen at 23°C in- 
creased the conversion to 8.8y0 and the 
oxidation number to 1.7. Exposure to 
oxygen at 500°C for 10 min reduced the 
conversion to 0.09%, and exposure for 30 
min reduced it to zero. Flowing hydrogen 
at 600°C for 30 min reduced the oxidation 
state to 4.2 and increased the initial con- 



ACTIVITY OF Rlo(CO)~/ALTJMINA FOR METATHESIS 369 

version to 0.7oj,. The conversion plateaued 
at 2% after four pulses. The oxidation- 
reduction cycle could be repeated with 
similar results. 

No (CO)aads and Jfo (CO)202ads made 
011 fully hydroxylated alumina wcrc com- 
pletely inactive. Passing helium containing 
21 Torr of water vapor over active Alo- 
(CO)aads (standard alumina) at 23°C until 
water vapor broke through the catalyst 
bed also led to an inactive catalyst. This 
material, exposed to 1 atm of carbon 
monoxide at - 16°C for 50 min, adsorbed 
0.50 CO/MO, compared to an adsorption 
of 1.0 CO/MO in about 0.5 min for standard 
Mo(CO)sads (8). The net adsorption 
(corrected for adsorption on the alumina) 
of 1.2 NHl/Jlo on standard Monads 
also reduced the conversion to zero. 

Catalysts prepared from silica gel had 
loadings of only roughly 0.03% due to the 
large amount of ,110 (CO)3 which evaporated 
during act’ivation at 100°C (9). The cvolu- 
tion of CO after 1 h was 3.2 f 0.4 CO/No. 
The turnover frequency* for these catalysts 
was 1.2 f 0.3 WC-‘, 15-fold larger than 
for J1o(CO)aads on alumina at similar 
loadings. The conversions fell slowly with 
pulse nunibcr. Upon exposure to a pulse 
of oxygen at 23°C two of these catalysts 
adsorbed oxygen and lost, carbon monoxide 
in a ratio of 1.0 Z+Z 0.2. However, the 
adsorption of oxygen was only 0.3 f  0.1 

O&Mo. The exposure to oxygen had little 
effect upon activity. Heating to 500°C 
resulted in the cumulative liberation of Fj.1 
CO/No and a decline in conversion to 

0.03%. 

2 Turnover frequency (or number) is calculated 
by dividing molecules of propylene converted by the 
nurnher of at,oms of molybdenum on the rablyst 
and hy the est.imated half-width of the pulse at the 
middle of the catalyst bed, 1.6 set at 53°C. 

DISCUSSION 

The relative activities of the various 
cat’alysts are summarized in Table 2. 

>letathesis of propylene over all of the 
catalysts in this paper gave >99% selec- 
tivity to ethylene and 2-butrncs. In t,he 
early pulses of propylene and especially for 
the less active catalysts the ratio of 
cthJlcnc/2-buteIIe exceeded 1.0 and the 
ratio of t~ans-2-butcnclcis-2-butenc ex- 
ceeded the equilibrium value of 2.8, but 
both ratios approached the ideal values 
with increases in pulse number, temperature 
of reaction, or catalytic activity. ,411 or 
part of the deviations might well be due to 
the stronger adsorption on the alumina of 
butcnrs compared to cthylcne and of 
cis-2-butene compared to tww2-butene. A 
conversion of lDjO produces only 0.0043 
cm” STP each of ethylene and 2-butcnc, 
so a very small adsorption could greatly 
alter the obsrrvcd product’ distribution, 
particularly with specks of lrsser activity. 

TABLE 2 

Activity of Cat,alysts for Metathesis in the First 
Pulse of Propylenea 

Nature of catalyst Relative activity 
- 

mJ(CO)@dS 0.0 
hlo(CO)!%lds 5 .02 
RIo(Co)rads <O.li 
I\10(C0)a3ds 1.00 
RIo(CO)sads + HdO (y) 0.0 

Mo(CO)~sds + CIHCIJ !JO 
MO (CO) Khads l-1 
Rlo(CO)~Oradu + Hz0 (g) 0.0 
“hlo(Co)(Oz)~ads” -0.0 
“(d-)?Mo” 23 
“(o-l~-)?iiIo” + 02 nt “:l”c 30 
Xh(VI) -0.01 
3lo(CO).;d~h~drox~l~ted alumina 

(activated at 100°C) 04 
Alo (O),/dehydroxstatpd alumina 

(aetivatcd at 5OO’C) 2.1 
nIo(0)/drh~droxstrtt~~l alumina 

(activated at 500°C) + 02 at 23°C Ii.3 
&IO (O)/‘d~,h~~lr~x~l~ted alumina 

(wtivatcd at 500°C) + Or at 500°C 0.0 
Mo(CO)s:‘silica (sctivatcd at 1OOT) 15 
JIo(CO)6 ‘aitlra (wtivated at 5OOT) -0.04 

a The support is alumina of the standard degree of dehydroxyl- 
ation unless noted otherwise. It must be emphasized that these 
are initial activities and the ordering of steady-state activities 
would be rudi4ly different. Genrrittl,y, most ratalysts deacti- 
vats’, whereas Jlo(CO)~~a~ls iucreascs in activity. The loading 
is O.O’,& iU0. 
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Catalysts Derived jrom Xtaraclaxl Alumi,la 

Although the loss of carbon monoxide 
at 100°C corresponded very reproducibly 
to the formation of MO (CO)sads, more than 
one species of this formula must have been 
present. In the graph of conversion in the 
first pulse of propylene vs loading, con- 
version rises rapidly to about 0.06% Mo 
and then slows rather abruptly (Fig. 3). 
From 0.12 to 1.44y0 MO the graph is linear 
with a slope corresponding to a turnover 
frequency of 0.007 see-l. In the first region 
the turnover number is about t’en times 
greater. Mo(CO)zOlads exhibits similar 
behavior, although the activities are higher 
(Fig. 3). The linear sections of the plots 
might be taken to indicate that MO (CO) 3ads 
is of a uniform nature from 0.12 to 1.449& 
MO. However, the extent of activation of 
iVIo(CO)aads by pulses of propylene varies 
with loading in this region (Fig. 2). It’ 
appears, then, that alt’hough the species 
formed by activation at 100°C have all 
lost 3 CO they must exhibit substantial 
nonuniformity which results from variation 
in the geometry of the three surface ligands 
and in the ratio of u-O-/a-OH (8). 

Since t’he initial activity of catalysts 
formulated as Rlo(CO)sads is rather small, 
one must consider whether the activity 
arises in fact from species other than Mo- 
(CO) sads. Mo (CO) 6ads and Mo (CO) 5ads 
are too inactive to contribute significantly. 
The act’ivity, if any, of Mo (CO)lads is 
clearly less than that of Mo(CO)sads. At 
least in part, the activity of lll~(CO)~ads 
catalysts may result from the presence of a 
few percent. of MO (CO)aads which has a 
high turnover number at low loadings 
(Fig. 3). 

Since catalysts activated at 270°C are 
initially 20 times as active as lJlo(CO)sads 
(Fig. l), one might suspect t’hat a low 
concentration of the active sites charac- 
teristic of higher temperatures of activation 
arc responsible for the activity of Mo- 
(CO)3ad~. The following observations indi- 

cate that such sites are absent and that the 
activity is in fact due to &‘to(CO)sads. 

(i) Flowing CO over No (CO)aads lowers 
t’he activit’y in direct proportion to the 
amount of Rio (CO) sads removed as 
Mo(CO)6. However, a flow of CO and 
hydrogen has no effect on the activity of 
catalysts activated at 280°C. Thus, the 
sites responsible for the activity of Mo- 
(CO) aads are reversibly formed whereas 
the active sites on the high-temperature 
catalyst are not. 

(ii) The activity of Ro(CO)sads rises 
with successive pulses of propylene but that 
of the high-temperature catalyst’ falls. 

(iii) Decomposit,ion beyond Mo (CO) sads 
is accompanied by the oxidation of Rio and 
the evolution of hydrogen (8). The hy- 
drogen evolution necessary to generate the 
activity observed for the high-temperature 
catalyst does not occur at 100°C. 

Since Mo(CO)zO%ads is about 15 times 
as active as Mo(CO),ads, one might also 
suspect that the activity of Mo(CO)sads 
results from small amounts of oxygen in 
the carrier gas reacting to convert Rlo- 
(CO)sads to Rio (CO)202. However, from 
the measured impurity in oxygen, it can be 
calculated that the cumulative quantity of 
oxygen reaching the catalyst by the tent’h 
pulse could convert only 0.5% of the 
Mo(CO)sads at a loading of 0.56y0 Mo 
and thereby increase the activity by 
merely 7’%. Runs at this loading with an 
oxygen trap immediately before the reactor 
gave normal conversions. At a loading of 
0.04% Mo, the oxygen could convert 7y0 
of the MO (CO) 3ads and double the activity. 
Thus, the high turnover numbers of Mo- 
(CO)aads at low loadings are not primarily 
caused by oxygen although oxygen probably 
contributed Do the scatter of the data at the 
lowest loadings. 

We conclude, therefore, that some form 
of X’lo(CO).?ads is active. Since this species 
appears to be molecularly dispersed (8), the 
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metathesis reaction probably occurs at a 
single atom of molybdenum. 

Mild oxidation of Mo(CO)sads to form 
Mo(CO)zOsads results in a 15-fold increase 
in the initial activity. Further oxidation to 
“Mo(C0) (O.Jnads” destroys the activity. 
The rapid decline in’the activity of 1\10- 
(CO)zOsads may be relat,ed to the loss of 
CO which occurs most,ly during the early 
pulses of propylene. It, is clear that an int’er- 
mediate oxidation state of the MO is respon- 
sible for high activity and that’ more 
oxidized MO is inactive. It has previously 
been reported t’hat oxygen can either acti- 
vate (5) or deactivate (6) catalyst’s made by 
heating Mo(CO)6,!alumina at 100°C. It 
would appear that the catalyst’ had been 
exposed to less oxygen in t,he first, reference 
so t’hat the activation reaction was domi- 
nant, but to more in the second reference so 
that deactivation dominated. 

Figure 1 shows that thr maximum initial 
activity occurs at! activation temperatures 
near 270°C. At this temperature MO- 
(CO)sads is being oxidized and the main 
product is probably ” (u-O-)Z1lo” (2 H/r\Io 
are evolved) (8). Thus, the species most 
likely responsible for the high activity mar 
270°C is ” (PO-)s;\lo,” particularly since 
more oxidized species are inactive. 

From the peak to the high-temperature 
foot of Fig. 1 there is only a small change 
in loss of CO, but a lOOO-fold drop in ac- 
tivityandfurthcr oxidation of “(u-O-)2;\10” 
by a-OH. After heating to 500°C a total 
of 4 H/Rio (plus 0.2 CH&lo) have bctn 
evolved and the oxidation number of the 
Rio is 5.6. Since oxidation to Jlo(V1) 
destroys activity, the residual activity after 
heating t#o 500°C is due to a small amount, 
of No in an oxidation state less than (1. 

O’Neill and Roomy (13) have rcportcd 
that Mo(CO)6/A1~0~ activated itb uacw for 
2 hat 90°C converts ethylene into propylene 
in a static react,or, but only when the 
catalyst’ has been prrviously cxposctl to 
propylene. Further they report that cx- 

posure of t’he catalyst to ethylene poisons 
the subsequent metathesis of propylene. 
On the contrary, we find that pretreatment 
with ethylene promotes the metat’hesis of 
propylene. Passage of pulses of ethylene 
over catalysts previously exposed to propyl- 
ene leads to the appearance of propylene 
but some of this may be adsorbed propylene 
displaced by ethylene. However, at both 
53 and lOO”C, there is probably a residual 
conversion of ethylene, about 0.1% of each 
pulse. Thus we find much less propylene is 
formed from ethylene than found by 
O’Ncill and Rooney (IS), but we agree in 
observing that ethylene produces very little 
propylcnc on a frtsh catalyst. It, may be 
noted that, they prepared their Rlo(C0)6/ 
Al203 in air. Our experience suggests that 
they may have made some ?\Io(CO)ZOZads 
in this process (8). 

Davic et al. have reported that exposing 
JI~(CO)~/alumina which has been acti- 
vated at 100°C in z’acuo to C,HCl, at room 
tcmperaturc increases the activity for the 
metathesis of propylene 155-fold (there may 
bc a fivefold variation in this number due 
to irreproducibility of the value for the 
normal activity) (12). WC find that ex- 
posing fiIo(CO)aads to C,HCll at 100°C 
increases the activity by go-fold. The 
activation process probably involves the 
evolution of 2 CO, leaving a monocarbonyl 
species. This spccics has a turnover fre- 
qucncy of about 5 set*, the highest for any 
of the catalysts in the present investigation. 

On this support JIo(CO)oads and Rlo- 
(C0)202ads do not catalyze the metathesis 
of propylene. Further, on X’Io (CO) 3ads on 
standard alumina, metathesis is poisoned 
by water vapor at 23°C and the poisoned 
catalyst is much less rcactivc in adsorbing 
carbon monoxide at’ - 16°C than is the 
unpoisoncd catalyst. The effect of water 
suggests that, (a-OH)Jlo(CO):+ which is 
necessarily the fornl on hydrosylatetl 
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alumina, is less active than a species like 
(a-OH) B (a-O-) Rio (CO) s which is likely to 
be present’ on partially hydroxylated 
alumina (8). 

Deh.yclroxylatecl Alumi~~a 

Act’ivation of Mo(CO)6/(dehydroxylated 
alumina) permits preparation of molyb- 
denum species on dehydroxylat’ed alumina 
difficult to prepare in other ways. After 
activation at lOO”C, the material is about 
one-fourth as active cat’alytically as Mo- 
(CO) sads on standard alumina. However, 
after activation at 5OO”C, it is about 100 
times as active as material of the same 
loading on standard alumina. Because of 
the absence of surface alanol groups 
(u-OH), the main oxidation state of MO 

on dehydroxylated alumina is 120(O), 
whereas on standard alumina it is Mo (VI). 
In parallel with Mo(CO)sads on standard 
alumina, mild oxidation of MO(O) on 
dehydroxylated alumina leads to a large 
increase in activity but further oxidation 
destroys the activity. Thus, on dehydroxyl- 
ated alumina, the following oxidat’ion 
numbers and the corresponding conversions 
(%) were: 0.4, 2.9%; 1.7, 8.8%; 4.2, 2%; 
and 6, 0%. 

It appears, then, that on bot’h aluminas 
Mo(V1) is inactive but that a wide range 
of lower oxidation states may be active. 
Activity for metathesis is also exhibited by 
homogeneous catalysts over a wide range 
of oxidation numbers (a). 

Activity of MO (CO) 6 Supported on Silica 

Mo(CO)6/silica gel activated at 100°C 
has a turnover number about 15 times 
greater than that of RIo(CO)sads (on 

standard alumina). Howe and co-workers 
(6) reported that activation at 100°C in 
vacua of the silica-based catalyst produced 
an activity sixfold greater than that of the 
alumina-based catalyst. Since the activa- 
tion of Mo(CO)&i02 resulted in the 
complete disappearance of the infrared 
bands due to carbonyl ligands, they COII- 

eluded that the material had lost all 
carbonyl ligands. Our measurements show 
that roughly 3 CO/No are evolved from 
MO (C06)/silica by activation at 100°C 
(but we have no evidence to determine if 
any stable subcarbonyl species are formed) 
and that further decarbonylation at 500°C 
greatly lowers the activity. Since WC found 
that activation of Mo(CO),Jsilica at the 
loadings attempted by Whan results in over 
95% of the Mo(CO)B evaporating from 
the silica (9), the catalysts examined by 
his group may have been extremely low in 
MO and difficult to examine by infrared 
spectroscopy. 

Mechanism 

There is little definite evidence as to the 
mechanismof heterogeneous catalytic meta- 
thesis. The experiments which support the 
mechanism of Chauvrin and Herisson in 
homogeneous catalytic metathesis (14) 
would be difficult to extend directly to 
vapor-phase, heterogeneous systems at 
lower temperatures. Even though there is 
still some question about the validity of 
this mechanism (18), if one assumes 
tentatively that it’ applies to the metathesis 
of proplyene on the catalysts used in this 
paper, some RHC=Mo must be formed in 
an initial step. This species can now react 
as follows : 

CHCHs 

RHC “CH 2 + MO + RHC-CHCH, 

/ ‘ML 

Mo + CH$H=CH, \ 
/“T 

CHCH3 

II 
RHCMLCHCH, + MO + RHC=CH, 
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Further reaction scqucnccs of propylenct 
with Rlo=CH,! and AIo=CHCH3 will gcnc~r- 
ate CH=CH2 and CH&H=CHCHx, al- 
though the degenerate reaction 

*CH,=*CHCH, + CH,=CHCHs -+ 

CHs=*CHCHs + *CH,=CHC:H, 

is likely to bc much faster (15). It is also 
possible that some of the changes in 
activity of a given catalyst could be due to a 
change in the ratio of (drgencrate/produc- 
tive) rate constants and not turnowr 
numbers.3 

As in homogeneous catalytic metathesis, 
a key problem is how the initial Rlo=alkyl- 
idcne is formed. If the initial alkylidenc is 
Mo=CHCH,CH3 formed from propylene 
(14), perhaps via a i\IoH complex (16, Ii”), 
then reaction with propylene will give 
CHz=CHCH&H3 and CH&H=CHCH2CH3 
equal in sum to the number of catalytic 
sites generated. In runs at 53°C in the 
prcscnt work, traces of 1-butcnc ncre 
obscrvcd in initial pulses but 11o 2-pcntcnc 
was detected (howcvcr, the sensitivity for 
detecting 1-butene is higher because it 
elutcs earlier). Our tcchniquc should be 
rather sensitive for measuring anomalous 
products since the pulse of propylene COII- 

tained an amount, of 01cfi1~ which was 
usually comparable in magnitude to that 
of the surface molybdenum, for example, 
at a loading of O.Gye MO, C3H6/lVo was 
2.5. On the assumptions given above, less 
than 1% of surface molybdenum atoms 
became converted to active catalytic sites. 
At this level of generation, formation of 
Mo=CHR might be accompanied by evolu- 
tion of carbon monoxide since extra 
quantities of carbon monoxide of this order 
of magnitude were liberated during the 
passage of initial pulses of olcfh. However, 
t’here is no correlation between the amounts 
of activation and CO evolution which occur 
during a pulse of propylene. Much larger 

3 Suggested by a referee. However, we have no 
experimental data on this point. 

qunntitics of CO wrc libwatcd during 
activation h!r CHCI-CCla which produced 
a very active catalyst. 

Rapid deactivation of most catalysts 
which started with “ (a-O-)zXo” or JIo- 
(CO)&ads is also consistent with conwr- 
sion of only a small fraction of molybdenum 
to catalytically active sites since the 
accompanying loss in propylene is wry 
small. 

The following reaction would avoid the 
formation of l-butcIlc or 2-pentcne. 

MO + CH,=CH-CH3 4 Ma’ ‘CHz 

‘CL 

- Mo=CH, + CHt=CHz 

2 

This reaction would substitute excess 
ethylene for 1-butcnc or 2-pentcne. The 
rat,io, cthylcnr/2-butene was indeed ob- 
served initially to exceed unit’y but this 
might have resulted from retention of 
2-butcnl>. Ethylcw activates 120(CO)~ads 
better than does propylcnc. Since the 
fragmentation process given above is im- 
possible, formation of YIo=CHCHs is about 
the only possibility if one rejects formation 
of CHz=JIo=CH2. However, Mo=CHCH3 
should react with further CH,=CH, t,o form 
;\Io=CHz + CH&HCHz. Small amounts 
of propylene were indeed observed but in 
amounts which would again restrict forma- 
tion of catalytically act’ive sites to less than 
1% of surface molybdenum. 

In sum, with the exception of the catalyst 
formcdby treatment with trichloroethylcnc, 
the techniques in this paper probably 
involved conversion of less than 1% of 
surface molybdenum to catalytically active 
sites in runs at 53°C if a carbene complex 
must be initially formed. If so, some of the 
turnover frequencies per true catalytic site 
must have been very large. 
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