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The isomerization of n-butenes was studied over a molybdena-alumina catalyst which had been 
reduced with hydrogen at SOo”C (e/MO = I .4 2 0. I). The rate ofcis-trans isomerization was found 
to be much higher than that of double bond isomerization. The initial rrans-/I-butene ratio was 
determined as around IO from data obtained in the recirculation system. Metathesis proved to play 
a significant role in this reaction (except for the first pulse in the microcatalytic studies). The 
isomerization was accompanied by extensive H-D exchange when mixtures of CIH, and C4Dg were 
co-reacted and by significant deuterium incorporation when C,H, was reacted in the presence of 4. 
The experimental data suggested that, except for cis-trams transformation by metathesis, the 
isomerization proceeds by hydride insertion leading to a set-butyl intermediate. 

INTRODUCTION 

Data for the isomerization of n-butenes 
have been reported previously (1-3) for our 
unreduced molybdena-alumina catalyst 
(8% MO on y-A&O,). Over the freshly oxi- 
dized catalyst these reactions proceeded by 
an acidic mechanism. The rate of the 
acidic-type isomerization decreased during 
the reaction in a recirculation system and 
cis-trans isomerization via metathesis be- 
came the prevailing reaction (I). The “turn- 
ing on” of metathesis activity was accom- 
panied by the slight reduction of the 
catalyst (I, 2). 

The isomerization rates of 2-butenes 
have been reported to be significantly 
higher over molybdena-alumina catalysts 
reduced with hydrogen at 550°C for 2 hr 
than over unreduced catalysts (4, 5). A 
similar increase was observed in the rate of 
propene metathesis (5). The metathesis of 
propene as well as the cross-metathesis of 
butenes were suppressed, while the isomer- 
ization of butenes was enhanced over the 
reduced catalyst by HR (hydrogen adsorbed 

1 On leave from the Central Research Institute for 
Chemistry of the Hungarian Academy of Sciences, 
Budapest, Hungary. 

2 TO whom all correspondence should be sent, 

at high temperature) (5-7). These facts 
raise some interesting questions such as: 
what is H, and how does it affect metathe- 
sis sites? How important is metathesis in 
the cis-trunns isomerization over the re- 
duced catalyst? Can the isomerization reac- 
tions be explained in terms of a common 
intermediate? The latter two questions are 
addressed herein. 

The surface chemistry of reduced molyb- 
dena-alumina catalyst (7-12) and its rela- 
tionship to catalyst function (13-17) have 
been of continuing interest here as has the 
develupment of butene isomerization as a 
diagnostic tool for the prediction of the na- 
ture of catalytic sites and the characteriza- 
tion of reaction intermediates ( I-3, 18, 19). 
The present paper is concerned with the 
isomerization of butenes over reduced mo- 
lybdena-alumina catalysts. 

EXPERIMENTAL 

Catalyst. The same molybdena-alumina 
catalyst (8% MO) prepared by impregnation 
of y-alumina (Ketjen C K 300) was used as 
in most of our previous works (lot. cit.). 
The same charge of catalyst was calcined 
before each experiment in flowing dry oxy- 
gen overnight at 5OO’C, followed by evacu- 
ation for 30 min at the same temperature. 
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The catalyst was then reduced with flowing 
ultrapure hydrogen (60 cm3/min) at atmo- 
spheric pressure for 1 hr at SWC, followed 
by evacuation at the same temperature for 1 
hr. The degree of reduction achieved under 
these conditions (7) was e/MO = 1.4 ? 0.1, 
as determined by the reoxidation of the cat- 
alyst . 

Reagents. I-Butene and cis-Zbutene 
were Matheson C.P. grade; before use they 
were outgassed after freezing with liquid 
nitrogen, and distilled from a vessel cooled 
with dry-ice in acetone. The l-&D, was 
from Merck which we determined to have 
97 atom % isotopic purity. The cis-2-CID, 
was prepared by the procedure reported by 
Larson et a/. (20) and purified by gas chro- 
matography. 

Procedure. The experiments were car- 
ried out in an all glass recirculation system 
and in a microcatalytic pulse system. Reac- 
tants and products were separated by gas 
chromatography and the separated frac- 
tions were analyzed for the deuterium dis- 
tribution in individual components by mass 
spectrometric analysis. A more detailed de- 
scription of the procedure was given previ- 
ously (I, 2). 

RESULTS 

Experiments with cis-Zbutene were car- 
ried out in the recirculation system using 
100 mg of catalyst and an initial pressure of 
cis-Zbutene of 150 Tot-r. The changing 
product distribution with time for a typical 
experiment (at 40°C) is shown in Fig. 1. The 
initial ratio of tuans-Zbutene to I-butene 
was about 12. Both rates decreased sharply 
after reacting for a few minutes. Propene 
and pentene, the products of cross-me- 
tathesis between 2-butene and 1-butene, 
were not observed in the early stages but 
appeared later on. Pentene was detected by 
gas chromatography, but was not deter- 
mined quantitatively because the broadness 
of the peaks and because the amounts re- 
covered appeared to be less than those of 
propene. 

FIG. I. Isomerization of cis-2-butene over reduced 
(~/MO = 1.4) molybdena-alumina catalyst at 40°C in 
the recirculation system. Weight of catalyst: 0.1 g; 
initial pressure of cis-2-butene was 150 Torr. 

The reaction of cis-2-butene-d, + cis-Z 
butene-d, was carried out to determine the 
role of metathesis in the k-tram transfor- 
mation. The microcatalytic pulse system 
was used for the experiments, the weight of 
the catalyst being 50 mg and the reaction 
temperature 60°C. The product distribu- 
tions are given in Table 1, and the deute- 
rium distributions in 2-butenes in Table 2. 
In the first pulse about 40% zrans-Zbutene 
and only about 2% I-butene were pro- 
duced. The amount of propene formed indi- 
cates that a significant fraction of I-butene 
product was consumed in the cross-me- 
tathesis. The formation of small amounts of 
n-butane (0.2%) can be explained by the 
reaction of hydrogen held by the reduced 
catalyst, even after evacuation for 1 hr at 
500°C; note the 8% mass loss from the first 
pulse. 

The deuterium distribution in tram-2-bu- 
tene formed in the first pulse (Table 2) 
showed that extensive hydrogen scram- 
bling had taken place. Only a little more d4- 
species than d3- and d,-species was present 
in the cis- and in the trans-Zbutene. This 
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TABLE 1 

Product Distributions from Isomerization of cis-2-CIH, + &-2-&D, over a Molybdena-Alumina Catalyst 
Using the Microcatalytic Pulse System at 60°C” 

Catalyst Pulse No. Molecules x 10-l’ 

cis-Butene I-Butene trans-Butene Propene n-Butane Mass loss 

Reduceda I 49.9 1.9 41.3 2.7 0.2 8.1 
2 55.0 0.4 43.3 5.6 - - 
3 55.7 0.3 43.6 5.1 - - 
4d 68.9 0.4 43.4 5.9 - - 14.6 

Unreducedc 1 95.2 1.8 4.7 - - 2.4 
2 99.9 1.4 2.4 - - 0.3 
36 103.0 0.2 4.6 0.2 - -4.0 
4 99.2 0.2 4.4 0.1 - - 

a Weight of catalyst, 50 mg (2.5 x lOi MO); pulse size, 1.04 x lOI molec.; He flow rate, 60 cmVmin. 
a Reduction with H2 (60 cmVmin) at 500°C for I hr (to e/MO = I .4), and evacuation at the same temperature for 

1 hr. 
c For further information see Refs. (I, 2). 
d Before the pulse the catalyst was treated with cis-2-&H* + cis-2-&D* (initial pressure; 200 Ton) for 10 min at 

60°C and flushed with helium at the same temperature for 1 hr. 

result suggested that metathesis played a 
minimal role in the isomerization process, 
but this was not true with subsequent 
pulses.3 In these approximately the same 
amount of trans-Zbutene (40%, Table 1) 
was formed as in the first pulse, but 
significantly less I-butene and more pro- 
pene was produced. No n-butane nor mass 
loss was observed in the second and suc- 
cessive pulses. Extensive hydrogen scram- 
bling still took place (Table 2), but the much 
higher concentrations of &species com- 
pared with the d3- and &species clearly 
indicated the significant role that metathesis 
played in the cis-rrcrns transformation. The 
exact determination of the fraction of tvans- 
2-butene formed via metathesis was not 
possible because of the extensive hydrogen 
scrambling. Part of the &-species evidently 
was formed via an isomerization process 
involving intermolecular H or D transfer as 

3 Note that if isomerization of cis- to rrans-tbutene 
occurred exclusively by metathesis, the deuterium dis- 
tribution in the latter should be do: d,: d4 = 1 : 1 : 2. 
This behavior was approached in the most favorable 
cases. 

were part of the d3- and &species. To fur- 
ther complicate matters, part of the d3- and 
&species undoubtedly resulted from me- 
tathesis of already exchanged olefins or 
from secondary exchange with already 
formed [runs-2-butene& From an equi- 
molar mixture of cis-Zbutene-d,, and cis-2- 
butene-d,, the equilibrium ratio of d,/(d, + 
d,) is unity. Hence, the product formed by 
metathesis will be about twice the concen- 
tration of the &species. Using this estima- 
tion, in the first pulse not more than about 
12% of the trans-Zbutene resulted from 
metathesis, but in the successive pulses 
over 50% was formed in this way. 

Over unreduced molybdena-alumina cat- 
alysts metathesis was not observed in the 
first pulses of cis-Zbutene (I). Hydrogen 
scrambling was present, but significantly 
decreased after conditioning the catalyst by 
contact with cis-Zbutene (initial pressure, 
200 Torr) for 10 min at 60°C; now tram-Z 
butene was formed almost exclusively via 
metathesis. No decrease in hydrogen 
scrambling nor increase in metathesis activ- 
ity was observed after the same treatment 
of the reduced catalyst (4th pulse in Tables 
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TABLE 2 

Deuterium Distribution in ZButenes from the Isomerization of cis-2-CIH, + cis-2-C,D8 over a Reduced 
Molybdena-Alumina Catalyst Using the Microcatalytic Pulse System at 60°C” 

Pulse No. Butene 
isomers 

Deuterium distribution (%) Metathesis (%)b 

d, 4 4 4 4 4 4 4 

0 Reactant cis 45.7 0 0 0 0 0 0.8 7.2 46.3 0 
1 cis 28.1 11.2 3.3 1.3 2.5 1.7 3.2 15.0 33.8 5 

tram 14.3 15.8 6.3 3.9 6.1 5.0 7.2 21.5 20.0 12 
2 cis 25.3 7.1 2.6 4.1 10.9 5.2 3.6 11.2 29.9 22 

tram 9.2 7.8 5.7 9.4 23.1 10.9 6.8 11.8 15.3 46 
3 cis 25.4 8.0 2.6 4.1 10.9 5.2 3.1 10.5 30.3 22 

trans 9.2 8.4 5.4 10.0 21.9 11.0 6.1 11.5 16.5 44 
4c cis 28.0 5.7 2.1 3.7 9.3 4.0 2.5 9.7 35.0 19 

tram 11.1 8.2 5.3 10.1 23.6 9.6 6.2 10.6 15.4 47 

’ Analysis of products for reduced catalyst from experiments of Table 1. 
b Estimated values, 2Nl (see text). 
c Before the pulse the catalyst was treated with cis-2-CIH, + k-2-&D, (initial pressure: 200 Torr) for 10 min at 

6O”C, and flushed with helium at the same temperature for 1 hr. 

1 and 2), possibly because the first pulse 
effected the same result (see Fig. 2). 

For comparison purposes the reaction of 
an equimolar mixture of cis-Zbutene-d,, and 
cis-Zbutene-d, was studied in the microca- 
talytic pulse system over unreduced molyb- 
dena-alumina catalyst (50 mg) under the 
strictly comparable conditions as with the 
reduced catalyst. The product distribution 
is given in Table 1, and the deuterium distri- 
bution in the product trans-Zbutene is 
shown in Fig. 2. Very high selectivity can 
be achieved in this way (1, 21) but the ac- 
tivity is many times lower than with the 
reduced catalysts (Table 1). Both in the first 
pulse, where no metathesis was observed 
over unreduced catalyst and little over the 
reduced one, and in 4th pulse, after soaking 
the catalyst with cis-Zbutene so that me- 
tathesis became the prevailing reaction, the 
reduced catalyst proved to be at least 10 
times more active for cis-rrans isomeriza- 
tion than the unreduced catalyst. 

Since the isomerization of cis-2-butene 
over reduced molybdena-alumina catalyst 
was accompanied by an extensive hydro- 

gen exchange, the isomerization of cis-Z 
butene-d,, was studied in the circulation 
system in the presence of deuterium (18% 
Dz in C,H,). The results are summarized in 
Table 3 (Expt. 1); mass spectrometric anal- 
ysis of the individual butenes was carried 
out when less than 50% of the initial deute- 
rium was consumed. Formation of only 
0.7% butane was observed. It also can be 
seen that only d, isomers were obtained 
(besides the d,,). This may be accounted for 
in terms of isomerization, but not metathe- 
sis. 

A similar experiment was made with a 
mixture of I-butene-d,, and deuterium 
(Expt. 2). The exchange character was sim- 
ilar to that obtained with cis-2-butene. 
Nearly 25% of the product 2-butenes ap- 
peared as d, isomers, but the amount of 
deuterium incorporated into the uncon- 
verted I-butene was much larger (Table 3, 
Expt. 2). This differed from the result with 
cis-2-butene (Expt. 1) where the incorpora- 
tion into products (particularly 1-butene) 
was greater. The rate of hydrogenation 
(6.4% n-butane) was comparable with the 
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FIG. 2. Deuterium distribution in truns-2-butene 
produced in reaction of &-2-&H, + cis-2-C4D, over 
reduced and unreduced molybdena-alumina catalyst 
at 60°C in pulse system. Weight of catalyst: 50 mg 
reduced at 500°C for 1 hr. (a) Initial deuterium distribu- 
tion incis-2-butene; (b) 1st pulse: (c) 2nd pulse; (d) 3rd 
pulse after contact with the catalyst with cis-2-C4H8 + 
cis-2-C.4 for 10 min at 60°C. Scales for (a) and (b) are 
on the left; scales for (c) and (d) are on the right and 
are displaced upward to prevent overlap with (a) and 
(b), or each other. 

rate of double bond isomerization. The pos- 
sibility that these stepwise exchange pro- 
cesses were taking place on the exposed 
alumina portion of the surface (23) was con- 
sidered and abandoned (see below). 

Sharp differences between the reduced 
molybdena-alumina on the one hand and y- 
alumina, zinc oxide, and microcrystalline 
chromia catalysts on the other were ob- 
served in the concomitant exchange with 
D, during the I-butene isomerization. The 
data for the experiments of a mixture of 
82% I-butene and 18% Dz, carried out un- 
der the same conditions as with reduced 
molybdena-alumina, are summarized in Ta- 
ble 3. Whereas in the case of reduced mo- 
lybdena-alumina, 23 to 24% of the product 
Zbutenes appeared as d1 isomers, values 
for y-alumina, zinc oxide, LaZ03, and chro- 

mia catalysts were very much lower. Signifi- 
cantly, all of the latter group have been 
shown to isomerize olefins via the allylic 
(intramolecular) mechanism (19, 22, 
38). 

Experiments with mixtures of l-butene- 
d, + I-butene-d, were carried out in the 
pulse system using 15 mg of molybdena- 
alumina catalyst; the results are summa- 
rized in Table 4. The extensive hydrogen 
exchange (1.6 H/D atoms exchanged per 
molecule of product 2-butenes) indicates 
that multiple exchange took place besides 
isomerization and this agrees with the 
results obtained in the recirculation system 
(Table 3) which indicated that exchange 
into the 1-butene was much faster than into 
the cis-butene. Isotope effects were in- 
significant. As with the results for cis-2- 
butene (Tables 1 and 2), double bond isom- 
erization decreased in the 2nd pulse com- 
pared with the first. Metathesis, however, 
increased significantly (see ethene and pro- 
pene). The change in the character of the 
catalyst can be described by the M/I ratio, 
i.e., the ratio of the products of metathesis 
to the products of isomerization. In this 
calculation we considered only the prod- 
ucts of productive metathesis (twice the 
amount of ethene) because the cross me- 
tathesis depends on the amount of first 
formed 2-butenes. The amount of propene 
is equal to the amount of 2-butene con- 
sumed in cross metathesis, therefore it has 
to be counted in the products of isomeriza- 
tion. The M/I ratio increased from 0.1 in the 
first pulse to 1.6 in the pulse after treating 
the catalyst with 1-butene. 

It has been reported elsewhere (6) that 
both cis-trans and double-bond shift isom- 
erization were enhanced by hydrogen ei- 
ther in the gas phase or preadsorbed on the 
reduced molybdena-alumina catalyst. The 
same effect of preadsorbed hydrogen was 
observed in the hydrogen scrambling (Table 
4). One pulse of hydrogen was sent over the 
catalyst immediately before each one of the 
l-butene pulses. The metathesis activity 
of the catalyst was not influenced sig- 
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TABLE 3 

Isomerization of cis-2-Butene and I-Butene in the Presence of DZ in the Recirculation System 

Experi- 
ment 
No. 

Reagent Catalyst 

1” 

2c 

3 

3a 

4/ 

82% cis-2-butene Reduced 
18% D, molybdena-alumina 

82% I-butene Reduced 
18% D2 molybdena-alumina 

82% I-butene Microcrystalline 
18% D2 Chromiad 

18% I-butene Microcrystalline 
18% D2 Chromiad 

82% I-butene y-Alumina 
18% D2 

50 82% I-butene 
18% D, 

Zinc oxide 

6’ 76% I-butene 
24% D2 

Lanthanum oxide 

Total Butene Percentage Deuterium 
conver- isomers butenes distribution (%) 

sion in 
(%) product’ do d, d,-4 

45.9* 

31.56 

68.6e 

38.5’ 

21.0 

23.2” 

20.2 

tram 40.9 84.0 16.0 
I -but 2.6 66.0 34.0 
cis 54.1 96.5 3.5 
frans 3.7 77.0 23.0 
l-but 68.5 83.2 16.8 
cis 4.4 75.9 24.1 
trans 44.9 96.0 4.0 
l-but 31.2 95.1 4.9 

cis 18.2 96.8 3.2 
trcrns 21.0 97.0 3.0 
l-but 63.0 96.4 3.6 
cis 12.8 98.0 2.0 
wans 8.9 98.8 1.2 
1 -but 79.0 98.1 1.9 

CiS 12.1 99.1 0.9 
turn.7 4.1 99.0 I.0 
l-but 75.0 99.1 0.9 

cis 18.9 98.S 1.5 
tram 2.2 99.0 I.0 
l-but 79.8 99.3 0.7 

CiS 18.0 98.9 1.1 

a Molybdena-alumina (0.2 g) reduced with H2 at 500°C for 1 hr and evacuated at the same temperature for 1 hr; 
50 cm3 (NTP) butene + 11 cm3 (NTP) Dz. Reaction temperature, 60°C. 

b Total conversion was calculated on the basis of all products. For cis-Zbutene: isomerization (tram + I- 

butene) 43.5%, cross metathesis (propene) 1.7%, hydrogenation (n-butane) 0.7%; for I-butene: isomerization 
(cis + trans-butene) 8.1%, metathesis (2 x ethene + propene) 17%, hydrogenation (n-butane) 6.4%. 

c Reaction temperature, 65°C; other experimental conditions are the same as (a). 

d Catalyst (0.5 g) prepared according to Ref. (22); activated by flowing H2 for 14 hr at 500°C and evacuated at 
the same temperature for 1 hr. Reaction temperature, 60°C; other experimental conditions are the same as (a). 

We are indebted to Professor Gary Hailer for this sample of his catalyst. 
e Two experiments are shown at total conversion given (isomerization 33.8 and 63. I%, hydrogenation 3.0 and 

5.7% respectively); data from separate experiments. 
’ y-A1203 (0.5 g) same as used in Ref. (19), activated by flowing 0, for 2 hr at 530°C and evacuated overnight at 

the temperature. Other experimental conditions are the same as (a). 

9 ZnO (2.0 g) used in Ref. (19), activated by flowing 0, for 2 hr at 530°C and evacuated for 2 hr at the same 
temperature. Reaction temperature, 50°C; other experimental conditions are the same as (a). 

’ Total conversion given (isomerization 23.0%, hydrogenation 0.2%). 
i Reaction temperature, 25°C; catalyst weight = 0.04 g. Catalyst activation same as described earlier (38). 
J The difference between 100% and the sum of the butene percentages is largely due to the percentage propene; 

smaller amounts of butane were also formed. 
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nificantly, but both the isomerization and 
the H(D) exchange increased. The response 
was particularly large with the first pulse. 

The coordinative unsaturated sites of the 
reduced molybdena-alumina catalyst can 
be effectively poisoned by treatment with 
NO (13, 17). The NO was added in the 
same way as with hydrogen, i.e., by send- 
ing a pulse of NO immediately before each 
1-butene pulse (Table 4). The pulse of NO 
directly preceding the first pulse of l-bu- 
tene decreased significantly the total con- 
version and the extent of hydrogen scram- 
bling. In the first pulse, the metathesis 
reaction was not influenced by the NO 
treatment, but after the 2nd pulse of NO, 
metathesis was almost completely elimi- 
nated while the total conversion and extent 
of scrambling were further reduced. This is 
not at variance with our earlier report (17), 
where the objective was to determine the 
smallest amount of chemisorbed NO which 
would eliminate hydrogenation of propene; 
these amounts left metathesis activity unaf- 
fected. 

The cisltrans ratio and its temperature 
dependence in the 1-butene isomerization 
are characteristic for the type of isomeriza- 
tion. Experiments were carried out in the 
recirculation system with I-butene as the 
reagent. By extrapolation of the conversion 
vs reaction time curves to zero conversion, 
the ratio of the initial rates for the cis- and 
trans-butene formation were determined. 
As can be seen from Fig. 3, the ratio of the 
initial rates over the reduced molybdena- 
alumina catalyst is very close to unity, and 
nearly independent of the temperature. 

For comparison purposes, 1-butene isom- 
erization experiments were made under 
comparable conditions over lanthanum ox- 
ide, y-alumina, and zinc oxide catalysts. 
The catalysts and the conditions for pre- 
treatment were identical to those described 
by Lombard0 et al. (19). Over each of these 
catalysts (see Fig. 3) the ratio of initial rates 
for the formation of cis- and trans-Zbutene 
was >7 at 30°C and the ratio decreased 
significantly with increasing temperature. 

FIG. 3. Temperature dependence of the ratio of ini- 
tial rates for ck-2-butene and truns-2-butene formation 
in I-butene isomerization over different catalysts. Ex- 
periments in recirculation system (except for unre- 
duced molybdena-alumina). For details see text. 

For the unreduced molybdena-alumina cat- 
alyst the ratio of the amount of cis- to truns- 
2-butene determined in the pulse system (3) 
at low conversion was about 3 at 30°C but 
it decreased slowly on increasing tempera- 
ture, as with the reduced catalyst. 

The activity for acid catalysis increases 
with the degree of hydroxylation (30); the 
reverse is true for allylic mechanisms. The 
reduced molybdena-alumina catalyst was 
tested in this respect for the isomerization 
of 1-butene. After the usual reduction and 
evacuation at 500°C the catalyst was ex- 
posed to water vapor at room temperature 
for 3 hrs. After this, it was partially dehy- 
droxylated by evacuation overnight at dif- 
ferent temperatures. To avoid the reoxida- 
tion of the catalyst by water vapor, the 
temperature of the catalyst was raised 
slowly while pumping. The results are sum- 
marized in Table 5; the activity of the cata- 
lyst was found to increase with the increase 
in the temperature of dehydroxylation. Re- 
duction with CO instead of Hz significantly 
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TABLE 5 

Initial Rate of I-Butene Isomerization over 
Reduced Molybdena-Alumina Catalyst 

Dehydroxylated at Different Temperature9 

The activities of the catalysts reduced 
with hydrogen were found to be much 
higher for the double-bond isomerization of 
butene than those for unreduced catalysts 
(4). 

Temperature of 
dehydroxylation 

(“0 

Initial rate of 
2-butenes formation 

molec. g-l s-i 
x IO-” 

400 2.4 

450 3.8 

500 5.8 

5oob 7.1 

5ooE 1.1 

A similar increase in activity has been 
reported for the metathesis of propene and 
for butene isomerization (24) with the ex- 
tent of reduction of the catalyst with hydro- 
gen. The isomerization of cyclopropane is 
presumably catalyzed by Briinsted acid 
sites (14, 16). If so, it is curious that acidity 
should increase with extent of reduction. 

a Catalyst (0.2 g) reduced in flowing hydrogen 
at 500°C for 1 hr and evacuated at the same 
temperature for 1 hr. Then the catalyst was 
exposed to water vapor at room temperature for 
3 hr and evacuated overnight at the given tem- 
peratures. Reaction carried out in the recircula- 
tion system at 42“C, initial pressure of I-butene, 
150 Torr. 

b Value for catalyst freshly reduced in HZ. 
c Value for catalyst freshly reduced in CO. 

lowered the isomerization and exchange ac- 
tivity . 

DISCUSSION 

The isomerization of cis-Zbutene over 
freshly oxidized molybdena-alumina cata- 
lysts in the microcatalytic pulse system was 
shown (I, 3) to be acid (proton) catalyzed 
in the first pulses. After the fresh catalyst 
had been treated with -100 Torr of cis-Z 
butene, for a few minutes, or when the re- 
action was carried out in the recirculation 
system, however, the acidic-type isomeri- 
zation decreased materially and the cis- 
truns isomerization was found to proceed 
almost exclusively by metathesis (I, 2). 
The change in the character of the catalyst 
by induction in butene was explained by a 
slight reduction of the catalyst with cis-Z 
butene accompanied by the formation of 
carbenes. 

Over reduced molybdena-alumina cata- 
lysts, metathesis of 2-butenes was observed 
in the very first pulse (Tables 1 and 2), but 
the extent increased substantially in subse- 
quent pulses. This induction effect differed 
from that observed with unreduced cata- 
lysts in that with the latter a slight reduction 
of the catalyst occurred (I, 2, 23, without 
which it proved to be inactive for metathe- 
sis; carbene formation may have been con- 
comitant with this reduction as suggested 
by Rappe and Goddard (26) (Scheme a). On 
the surface of the reduced catalyst, coordi- 
nately unsaturated sites suitable for me- 
tathesis are already present and in the 
course of induction the carbene and metal- 
locyclic complexes can develop as sug- 
gested by Lombard0 et al. (15) (Scheme b) 
or alternatively via the allylic route sug- 
gested by others (27-29) (Scheme c). The 
much higher activity of the reduced catalyst 
suggests that a larger number of active sites 
can be developed on the already reduced 
surface. Although the role of metathesis 
was small in the first pulse, about the same 
conversion of cis-Zbutene to trans-Zbu- 
tene was achieved in all of the successive 
pulses (Table 1). This is possible only if the 
nonmetathetic isomerization decreased as 
the metathesis activity increased, suggest- 
ing that the sites for the former are con- 

0 CHR 
F\H" 

CHz 
a)ll +I -f II + RCHO (Ref. 26) 

MO CH2 MO-CHz MO 
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H CHR H CHR 
b)\ +u + 'MO * 0 + MO-CHz-CH2R + 

MO CHI CH;! 
H, &H-CH2R 

MO 
cus (Ref. 15) 

CH-CHzR' CH /CHkCHR1 z 
CHp=CHz 

L II 2 f -\ + 
A MO' Mo=CHR' Cl 

MO dk, 
(Ref. 27-29) cus 

verted into sites for the latter. This could 
happen, for example, if an alkyl intermedi- 
ate is involved both in isomerization and in 
the formation of the carbene (Scheme b). 

With butene- 1 (Table 4), the double-bond 
isomerization is a nonmetathetic process; it 
decreased in the second pulse, and further 
decreased after treatment with I-butene. 
The metathesis activity also decreased no- 
ticeably after this treatment presumably be- 
cause of polymerization of butene. The de- 
crease of the activity of the catalyst for the 
nonmetathetic isomerization was similar to 
that observed in the acidic isomerization 
over unreduced catalyst. 

Since the role of metathesis proved to be 
small in the cis-trans isomerization in the 
early stages of the reaction (Fig. 2) we can 
treat the data for the first pulses as “pure” 
isomerization and try to use the reaction 
characteristics as diagnostic tools for mech- 
anistic interpretations with the reduced cat- 
alyst. The reaction characteristics for isom- 
erization were as follows: 

(a) Initial cis-trans ratios from the isom- 
erization of l-butene were very close to 
unity and temperature independent (Fig. 3). 
This is typical for carbonium ion chemistry 
(18) where the set-carbonium ion will yield 
cis- and trans-Zbutene with equal probabil- 
ity. Although this criterion has been widely 
used to distinguish acid catalysis from basic 
catalysis, it should not be forgotten that any 
common intermediate where the probabil- 
ity of forming cis- and trans-Zbutene is 
about equal will yield the same results, e.g., 
a secondary alkyl-intermediate species. 

The fact that the cis-trans ratio is close to 
unity and temperature independent tends to 
exclude the possibility of a r-allylic carban- 
ion mechanism, since the initial cis-trans 
ratios for such systems [A1203, ZnO (19) 
and Laz03 (38)] are usually high (-S), and 
since in these systems (because of the na- 
ture of the mechanism) the initial cis-truns 
ratios decrease rapidly with increasing re- 
action temperature (Fig. 3). Although the 
evidence is tenuous, reduced chromia may 
be an exception (22) (vide i&a). 

(b) Small isotope efSect (Table 4). The 
values between 1.2 and 1.7 are similar to 
those expected for a carbonium ion mecha- 
nism (18) and disagree with the known liter- 
ature on r-allylic systems (/9), where much 
higher values (-4) are characteristic. How- 
ever, this serves mainly to eliminate the 
latter mechanism, not establish acid catal- 
ysis. 

(c) Rate of isomerization increased with 
the extent of dehydroxylation of the surfuce 
(Table 5). This characteristic is contrary to 
expectation for a carbonium ion mecha- 
nism, where the rate should increase with 
extent of hydroxylation (30), but is in 
agreement with a mechanism where vacan- 
cies are required for catalytic activity. 
Mechanisms involving removal of hydrogen 
from the molecule (allylic intermediates) 
are unlikely, based on both (a) and (b) 
above, whereas hydride insertion to form 
the secondary alkyl may be considered a 
likely mechanism. Here MO-H species 
would be present at coordinately unsatu- 
rated isomerization sites which are pro- 



ENGELHARDT, GOLDWASSER, AND HALL 

duced by reduction, poisoned by HzO, and 
regenerated by evacuation at increasingly 
higher temperatures. 

(d) Zsomerization as well as hydrogen 
scrambling were poisoned by NO (Table 4). 
When a pulse of 1 x 10lg molecules of NO 
was passed over 15 mg of the catalyst con- 
taining (7.5 x 1Ol8 total molybdenum 
atoms), the activity for isomerization and 
exchange was drastically reduced. NO 
would be expected to be a strong ligand for 
coordinatively unsaturated molybdenum 
ions, as is HzO. Therefore, these are the 
catalytic centers and not catalyst protons. 
Proton transfer should be assisted by Hz0 
co-catalyst and why should a carbonium 
ion reaction be inhibited by NO? 

(e) Zsomerization and hydrogen scram- 
bling were enhanced by H2 (Table 4). This 
is consistent with expectation for a reaction 
involving a metalloalkyl (a half hydrogen- 
ated state) formed by hydride insertion on 
coordinatively unsaturated sites (31). 

(f) Briinsted acidity H’as not observable in 
the ir spectra for pvridine on the reduced 
molybdena-cllumina catalyst. The results 
of Segawa and Hall (32) have confirmed 
(33) the presence of Bronsted acidity on 
unreduced molybdena-alumina catalysts. 
It could not be detected, however, after 
reduction. 

(g) The isomerization reaction is an “add- 
on” mechanism involving intermolecular 
transfer of H and D. Table 3 shows that in 
the case of known “intramolecular” sys- 
tems [ZnO, A1203, Laz03 (38) and chromia 
(22)] the incorporation of deuterium into 
the isomerization products is minimal while 
in the case of reduced molybdena-alumina 
(Expt. 1 and 2, Table 3) the amount of dI 
product is significantly higher. This sup- 
ports the notion that some form of H or D 
must be added onto the olefin in the transi- 
tion state, i.e., that either a carbonium ion 
or set-alkyl mechanism is operative. This is 
strongly supported by the deuterium distri- 
bution shown for the first pulses in Tables 2 
and 4. Comparing the deuterium distribu- 
tion in the products of isomerization of l- 

butene and cis-Zbutene in the presence of 
18% D2 (Reactions 1 and 2 of Table 3), an 
appreciable amount of d, (-17%) was 
found incorporated into the unreacted l- 
butene whereas only 3.5% was introduced 
into the unreacted cis-Zbutene. Presum- 
ably, the ability of 1-butene to form the 
primary alkyl, a pathway for exchange but 
not for isomerization, accounts for this dif- 
ference. Recent work by Tanaka and Oku- 
hara (3/) on MO& supports this view. Here 
it was shown using a mixture of propene-d, 
+ propene-d, and the microwave technique 
for the identification of the position of the 
deuterium in the reacted molecules, that the 
ratio of propene-1-d,ipropene-2-d, was 317. 
This suggested that the o-alkyl intermedi- 
ates were about 70% n-propyl and 30% iso- 
propyl. Since the MoS, system has similari- 
ties with our reduced molybdena-alumina 
catalyst (vide infra), it can be assumed that 
most of the exchange occurring in the un- 
isomerized I-butene comes from a primary 
and not from a secondary intermediate. 
This obviously supports the hydride inser- 
tion mechanism over the carbonium ion, 
since it is known that the formation of the 
primary alkyl (which leads only to ex- 
change) is strongly competitive with the 
set-alkyl (which can lead to isomerization). 
Of course, in the carbonium ion the situa- 
tion would have been exactly opposite. In- 
terestingly, the alkyl reversal, which is not 
significant with CzH4 (15), becomes more 
important with propene and is facile with 
butene, at least at low D2 partial pressures. 

The data presented indicate that hydro- 
gen scrambling is a stepwise process mod- 
erated by metathesis; they suggest that 
isomerization occurs by a related “add-on” 
mechanism and the supporting arguments 
tend to eliminate a carbonium ion mecha- 
nism, provided that the origin of the 
Bronsted acid is the catalyst itself. In fair- 
ness, it must be noted that most of these 
latter arguments would break down (or be 
seriously weakened) if in some way the cat- 
alyst could generate its own protons by 
some as yet not understood interaction with 
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strongly adsorbed hydrocarbon molecules. 
There is little to support this notion, how- 
ever, except some unanswered questions. 
What is the origin of the MO-H required for 
the alkyl mechanism? The catalysts were 
evacuated at 500°C before use or reduced 
by CO. Although the latter were sig- 
nificantly less active, they still effected 
the isomerization of butene (Tables 4 and 5) 
and cyclopropane (16). Intermolecular 
scrambling of H and D reached equilibrium 
when equimolar mixtures of cyclopropane- 
d,, and -d6 were passed over the same re- 
duced catalyst in the same temperature 
range, not only in the propene formed, but 
in the unisomerized molecules (16). How 
can this be explained other than by acid 
catalysis? Experiments where a pulse of 
perdeuterio-hydrocarbon was passed over 
the freshly reduced catalyst showed little 
transfer of catalyst-H into product mole- 
cules, but when the next pulse of perhydro- 
molecules was passed, nearly 30% of the 
product molecules contained at least one 
atom of D. Similar experiments with silica- 
alumina catalysts yielded analogous results 
and were interpreted to mean that “resi- 
dues furnish protons needed for the reac- 
tion” (18). 

One might expect reduced chromia cata- 
lysts to isomerize olefins by the same basic 
chemistry as with reduced molybdena-alu- 
mina. Haller and John (34) have presented 
convincing evidence that double-bond 
isomerization of CHBCH=CDz is an intra- 
molecular process proceeding via allylic in- 
termediates. Moreover, Burwell and co- 
workers (36) found that isomerization 
accompanied deuterogenation of I-hexene, 
but that the resulting 2- and 3-hexenes were 
largely free of deuterium. However, Haller 
and Saint-Just (22) found the expected high 
cis-trans ratio which usually accompanies 
allylic mechanisms for only one of four 
kinds of preparations; the others were close 
to unity. The evidence is weak, however, 
since these data were reported for pulse 
experiments at unspecified temperature and 
conversion levels. They attributed the low 

vs high ratio, and other kinetic differences 
among the catalysts, to differences in the 
charge on the allylic intermediate, i.e., 
carbanion vs neutral or positively charged. 
Why, then should the chromia preparations 
be so different from the molybdena-alu- 
mina catalysts? The answer may be the fol- 
lowing. Catalysts such as ZnO and chro- 
mia, which dissociate Hz heterolytically, 
form r-allylic carbanions on the same sites 
by analogous chemistry. When both gases 
are present, isomerization via the latter is 
competitive with hydrogenation which 
takes place via the metal alkyl produced by 
olefin insertion into the metal hydride bond. 
The alkyl can only function in isomerization 
if its formation is readily reversible and if 
the secondary alkyl can form. Neither of 
these requirements is met by ZnO (37). 
Both seem to be possible on reduced mo- 
lybdena-alumina with the butenes, al- 
though alkyl reversal was minimal with 
ethene (15) and small but definate with pro- 
pene (17). Thus, the chromia and the mo- 
lybdena-alumina results may indeed be 
part of common chemistry, differing only in 
such matters as strength of adsorption, rela- 
tive rate constants, and structural features 
of the surface which may favor or disfavor 
the formation of the secondary alkyl. 

The present work clarifies the role of the 
changing surface chemistry in dictating 
mechanism and the nature of products pro- 
duced. The freshly oxidized catalyst effects 
acid catalysis (I), but this is an unstable 
situation because slight reduction and car- 
bene formation occur when the catalyst is 
contacted with olefin ( I-3). Now, metathe- 
sis plays a dominant role; isomerization is 
suppressed. When the catalyst is reduced 
extensively before contact with olefin, car- 
bene formation is more extensive than can 
be achieved with unreduced catalyst, the 
acid function is eliminated and metallo-or- 
ganic chemistry becomes possible. Me- 
tathesis is again important, but must com- 
pete with isomerization involving a 
set-butyl metalloalkyl, perhaps having re- 
stricted rotation (6, 31) thus explaining the 
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high initial trans-Zbutenell-butene ratios 
observed in the present work (Tables 1 and 
3). It is of considerable interest that olefin 
isomerization over reduced chromia cata- 
lyst proceeds by proton abstraction via an 
allylic mechanism (22, 34) while reduced 
molybdena-alumina goes by hydride inser- 
tion via an alkyl mechanism with superim- 
posed metathesis. 
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