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Cyclopentene and l- and 2-butenes have been adsorbed on synthetic reolites 
(“molecular sieves”) and reacted with oxygen at temperatures from 25 to 90”. Rates 
of oxidation are from 5 to 600 times faster than in homogeneous systems at the same 
temperature, but a multiplicity of products, some tightly bound to the sieves, are 
formed. The most prominent volatile products from the butenes are methyl ethyl 
ketone, crotonaldehyde, and 2-butene-14, whereas the principal products of homo- 
geneous oxidations are hydroperoxides. 

INTRODUCTION swered the question of the mechanism of 
We have previously shown (1) that the the oxidation. 

products of olefin oxidations depend on the The use of molecular sieves as catalysts, 
two competing propagation reactions: principally as Lewis acids, has been well 

Further investigation (2) showed that the 
relative values of le, and lc’, are nearly in- 
dependent of temperature and solvent. 
Consequently, other methods of controlling 
the products from olefin oxidation were 
sought. Oxidation of an olefin in a (pre- 
sumably) physisorbed state offered an in- 
teresting possibility. The strong electro- 
static field which binds the olefin to the 
adsorbent should influence the allylic bond 
dissociation energy and render the double 
bond more resistant to electrophilic attack. 
Because of their large capacity, about 10 
wt % at 1 atm for l-butene, “molecular 
sieves” were chosen as adsorbents. Our 
approach was empirical and left unan- 
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explored and a recent review (3) lists 183 
references on the subject. However, no 
mention is made of their use in oxidation of 
organic compounds ; and another review 
(Q) by Turkevich lists only one reference 
(5) to the use of zeolites as oxidation cata- 
lysts. We initially expected zeolites, with 
their large olefin adsorption capacity, to 
offer a different reaction than the classic 
transition metal oxide (6’) oxidation cata- 
lysts. Our limited findings do, in fact, indi- 
cate that aeolites give products correspond- 
ing to substantial attack at the double bond 
rather than at the allylic position as is the 
case with metallic oxides or in homogeneous 
free radical oxidations. 

EXPERIMENTAL METHODS 

a. Materials 

Sieves. The sieves, either type 5A or 13X, 
were the commercial products of Linde 
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Division, Union Carbide. For most of the 
experiments the l/is-in. pellet form contain- 
ing 20% “inert clay binder” was used. For 
a few experiments the 100% zeolite powder 
was used. Little difference was found in the 
catalytic effect of the two materials. 
Cobalt-exchanged sieves were made by suc- 
cessive treatments of the sieves (100 g) 
with aqueous cobaltous nitrate solutions 
(10 g of Co (NO,) 2 .6H,,O in 300 ml of 
HzO) at 100” until no more cobalt was ex- 
changed, as determined visually from the 
color of the solutions (7). 

Olefins. Both I-butene and trans-%- 
butene were Phillips research grade. Cyclo- 
pentene was from Aldrich, distilled before 
use. All olefins were distilled from neutral 
A1,03 in the vacuum line immediately be- 
fore use. 

b. Procedure 

The sieves were dried in an air oven at 
+150”, then loaded into a glass bulb with 
a neck that could be connected to an oxy- 
gen supply through a Swagelok connection. 
The bulb was then evacuated to ho.1 Torr 
and heated with an oil bath to 210°C. After 
2 hr of baking, the butene (-10% of the 
wt of the sieves) was adsorbed at room 
temperature up to a final equilibrium vapor 
pressure of ~400 Torr. The bulb was de- 
tached from the vacuum line, filled with air 
to a total of 1 atm, weighed accurately, 
then attached to the oxygen reservoir. The 
bulb was either thermostated or kept at 
room temperature at an oxygen pressure of 
up to 250 psig. In some cases a short 
period of accelerating rate was obtained 
before the maximum rate was observed. In 
others, the initial rate was the maximum 
and the rates then decreased with conver- 
sion. At conversions of 5 to 10% the 
reactions were stopped by closing all valves 
of the apparatus and cooling the reaction 
bulb to -78”. The consumption of oxygen 
was determined from both the pressure 
drops at the oxygen reservoir and the 
weight gain of the bulb at the end of the 
experiment. Agreement was usually within 
5-10s. 

Pumping on the sieves to ~0.1 Torr at 
room temperature desorbed some of the 

unreacted butenes, which are partly 
isomerized (8) but, apparently, none of the 
oxidation products. Heating the bulb 
seemed only to decompose these products. 
The most satisfactory recovery of products 
was obtained by placing an aliquot of the 
sieves in a Soxhlet thimble and extracting, 
first with dry ether (60 ml), then with 
5-10 ml of water added to the reflux pot. 
The extract, usually a single phase, was 
found to be free of hydroperoxide and was 
analyzed directly by glpc. Distillation 
showed the amounts of nonvolatile prod- 
ucts present for the butene oxidations. If 
excess water was used in the extraction, 
nonvolatile material seemed to concentrate 
in the aqueous phase. Oxidations of 2- 
butene seemed to produce larger propor- 
tions of water soluble products than l- 
butene. In Expt. 7,80-20 dioxane-water by 
weight was used for extraction. The extract 
was treated with Drierite before glpc 
analysis. 

RESULTS AND DISCUSSION 

The results of the oxidation experiments 
are summarized in Table 1. The first ex- 
periment serves as a rate control. It shows 
that a given quantity of butene in benzene 
reacts slower at 70” than the same quantity 
adsorbed on a sieve ; cf. Expt. 1 to Expts. 
2 and 3. On cobalt-exchanged sieves, Expt. 
4, oxidations are faster at 25” than on 
sodium sieves at 90”, Expt. 3. 

a. Sieve Type 

Comparison of Expts. 2 and 3 indicates 
that type 5A sieve promotes the oxidation 
of 1-butene more than type 13X. However, 
product removal from 5A sieves is very 
difficult. For nearly identical loadings, it 
was necessary to use a 20” higher reaction 
temperature to obtain the same rate with 
the 13X sieve. 

The products from the oxidation of l- 
butene on 13X sieve were determined by 
the wet ether extraction process. Distilla- 
tion showed a substantial amount of non- 
volatile material in the extract. The 
principal volatile product is methyl ethyl 
ketone, presumed to arise from acid-cata- 
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lyzed rearrangement of the epoxide (9). 
Less important volatile products are the 
butenols and crontonaldehyde. The remain- 
ing third of the volatile products is made 
up of six to eight unidentified components. 

A considerable amount of products ap- 
parently remains on the sieves. Combustion 
analyses on some of the extracted sieves 
show the number of milligram atoms of 
bound carbon. If the nonextractable mate- 
rial is also classified as nonvolatile, then 
the sieve oxidation of l-butene produces 
more residue and less volatile product than 
the homogeneous oxidation. The acidic 
character of the sieves may be responsible 
for the increase in high molecular weight 
material; polymerization of the olefin reac- 
tants has been demonstrated (8) at higher 
temperatures. 

When 13X sieves with the sodium ions 
exchanged for cobalt are used, the oxida- 
tion becomes much faster. At 25”, the rate 
of oxygen uptake is five times that for the 
unexchanged sieve at 90; assuming a tcm- 
perature coefficient of 2/10”, rate enhance- 
ment is about 600-fold (cf. runs 3 and 4). 
An induction period of 220 min was ob- 
served. There seems to be much less non- 
volatile and sieve-bound product than with 
the sodium 13X sieve oxidation, but the 
composition of the volatile products is more 
complex. The methyl ethyl ketone and 
butenols make up only 4770 of the volatile 
product, and the remainder is divided 
among 14 other compounds. 

b. Effect of Ammonia Presorbed 

In an effort to reduce the number of 
products by neutralizing (10) some of the 
acid sites of the zeolite, small amounts of 
gaseous ammonia were adsorbed on the 
catalysts before the hydrocarbon was ad- 
sorbed. Experiment 5 with 1-butene shows 
that the maximum oxidation rate obtain- 
able with this system is one eighth that 
without ammonia. The product selectivity, 
however, seems to have been increased: 
methyl ethyl ketone and the butenols now 
make up 77% of the volatile product. 
Yields of nonextractable products appear 
to be the same. Comparison of Expts. 7 and 
8 with 2-butene suggests that as the am- 

monia loading is increased the rate of 
oxidation drops but the product selectivity 
increases, with a substantial drop in sieve- 
bound material. 

c. Effect of Double Bond Position 

The l- and 2-butenes were oxidized under 
approximately the same conditions, Expts. 
5 and 8, and the cyclopentene oxidation, 
Expt. 9, can be compared with the 1-butene 
oxidation, Expt. 4. Qualitatively, the olefin 
reactivity on sieves parallels the homo- 
geneous composite rate constants (I), 
k,/(2kt) *j2, but the reactivity difference 
between the butenes is more pronounced on 
sieves. 

Relative rate, 
sieves 

Hydrocarbon 
(k, + k’,ll coz+, 

(2k,)‘12 N& c02+ 

1-Butene 0.066 1 1 
2-Butene 0.106 46 
Cyclopentene 0.61 9 

The major products of the butene oxida- 
tions seem to be the same except that the 
unidentified material which elutes close to 
2-butene-l-01 on the glpc is formed in 
larger amounts from 2-butene oxidation. 
Also, the other unidentified products are 
different, as judged by glpc retention times. 
The high yields of sieve-bound products 
from 2-butene and cyclopentene, experi- 
ments 8 and 9, suggest that the products 
of the 1,2-substituted olefins are more 
readily polymerized (8) by the sieves than 
the 1-olefins. 

d. Extraction Techniques 

Only Expt. 7 used dioxane-water as 
extraction solvent. Possibly because of the 
higher ammonia loading, the portion of 
oxidation products left on the sieves has 
been decreased. The higher boiling solvent 
obscures some of the possible products in 
the glpc trace, and removing all the water 
with drying agents is difficult. 

About half the sieves of Expt. 7, which 
had been standing in a capped bottle for 
210 weeks, were extracted by the wet 
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ether procedure. Most of the product was 
water-solubIe, nonvolatile material, 843 mg 
based on the measured 7.3 mmole of oxygen 
consumed. The ether extract was princi- 
pally two volatile materials. Total yield 
of the volatile products was 554 mg. Ap- 
parently further oxidation and/or polym- 
erization took place on standing. 

An attempt was made to remove the 
large quantity of oxidation and polymeriza- 
tion product from the extracted sieves of 
Expt. 9. The procedure (11) of treating 
with 2 N HCl, which exchanges hydrogen 
ions for cobalt and increases the zeolite 
pore size, allowed recovery of 450 mg of 
nonvolatile chloroform-soluble oil, corre- 
sponding to 5.3 mmole (mol wt = 84) of 
product. The material was not investigated. 

e. Sieve Reuse 

The extracted sieves of Expt. 5 were sub- 
jected to the usual baking-out procedure 
and fresh 1-butene was adsorbed for Expt. 
6. When the sieves were pressured with 
oxygen at room temperature, slow con- 
sumption of oxygen seemed to occur for 
+45 min, but then halted. When the bulb 
temperature was then raised to 70”, very 
rapid consumption of oxygen occurred. Al- 
though the sieves are deactivated somewhat 
by the nonextractable products, they still 
can be used to accelerate further oxidations. 

CONCLUSIONS 

Large increases in rates of hydrocarbons 
can be obtained by the use of transition 
metal-exchanged sieves. Thus, 2-butene, 
which oxidizes with difficulty at 70” in the 
homogeneous system, is converted initially 
at the rate of 30% per hour at room tem- 
perature by cobalt-exchanged sieves. This 
rate would presumably be even faster 
without the ammonia. Over a period of 
time, the catalyst converts 2-butene to 
water-soluble material. It certainly seems 
reasonable that a profitable technological 
application of this rate enhancement can 
be found. 

The relatively nonselective product for- 
mation and the substantial quantities of 
nonvolatile and sieve-bound products do 
not make this an attractive reaction for a 

chemical process at this time. However, 
there are many parameters that can be 
varied in this system: starting zeolite (dif- 
ferent SiOz, Al,O, ratios), metal exchanged, 
acid site deactivator, temperature, contact 
time (use of a flow system instead of a 
batch process), and hydrocarbon type. 
From the paucity of open literature data on 
the use of zeolites as oxidative catalysts, we 
suspect that effort along these lines must be 
in progress in industrial laboratories. An 
optimized system should be of considerable 
value. 

Because of the large amounts of unchar- 
acterized products in these oxidations and 
possible further transformations of the 
primary products, it is not possible to 
decide the extent to which the addition- 
abstraction ratio of the olefins has been 
changed by zeolite oxidation. The indica- 
tion is that on sieves, attack at the double 
bond (to give epoxide which is isomerized 
to methyl ethyl ketone) predominates over 
attack at the allylic position. We have no 
indication at this time that the oxidation 
mechanism involves a free radical chain, 
but the qualitative resemblance of products 
from l- and 2-butene oxidations suggests a 
common intermediate. Isomerization (8) of 
1-butene to 2-butene by the sieves may also 
account for the product similarity. 
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