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Disproportionation of [1-*C] propene and [2-*C] propene has shown that the
postulated four-center mechanism is correct over a cobalt~-molybdate-alumina cata-
lyst. At temperatures above 60°C, the isomerization activity of the catalyst becomes
a factor, so that at 160°C, nearly one-half the [1-*C] propene has isomerized to
[3-*C1 propene prior to disproportionation. From experimental values of the rate
constant for disproportionation and the degree of isomerization, rate constants for
isomerization are calculated. The apparent energy of activation of the dispropor-
tionation reaction was found to be 7.7 kcal/mole and for the isomerization reaction

17.3 kcal/mole.

1. INTRODUCTION

Olefin disproportionation, a new catalytic
reaction reported by Banks and Bailey (1)
in 1964, may be depicted for acyelic mono-
olefins as follows:
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where the R is hydrogen or hydrocarbon
group. If both reactant molecules are iden-
tical and symmetrical about the double
bond, no disproportionation will be ob-
served. The intermediate in Eq. (1) signifies
a four-center mechanism. Bradshaw et al.
(2) were the first to publish a four-center
type intermediate to explain the reaction.
They studied the disproportionation of 1-
butene as well as the reaction of ethylene
with cis-2-butene and with 4-methyl-2-
pentene, using a cobalt-molybdate catalyst.
When isomerization of product olefins was

* Adapted from a paper presented at the 155th
National Am, Chem. Soc. Meeting, San Francisco,
April 1968, Physical Chemistry Division, Sym-
posium on Fundamental Aspects of Catalysis.

t Present address: Bell Telephone ILabora-
tories, Wheaton, Illinois.
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taken into account, all results were con-
sistent with a four-center mechanism.
Calderon et al. (8, 4) proposed a similar
mechanism for the disproportionation of
internal olefins in the presence of a homo-
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C,H,;0H, and C,H;AICl,. They found that
the distribution of deuterium in the products
from the interaction of 2-butene with 2-
butene-d; was consistent with the four-
center mechanism. Using a rhenium oxide-
alumina catalyst, Mol et al. (5) studied
the disproportionation of propylene labeled
with *C in each of the three positions. In
experiments with [2-*C] propene, the
ethylene formed showed no radio activity,
while the butene showed a specific radio-
activity twice that of the starting material.
The result supports a four-center mech-
anism and rules out a linear mechanism.
When the reactant was [1-*C] propene,
the radioactivity was found in the ethylene.
According to these authors (5), their results
showed that the methyl groups retained
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their identity throughout the dispropor-
tionation and thus excluded the possibility
of a w-allylic intermediate in which the
end carbons of propene become indistin-
guishable. In the present paper, results of
an investigation of the disproportionation
of propylene over cobalt-molybdate cata-
lyst are reported with emphasis on the
significance of isomerization reactions.

II. ExpERIMENTAL METHODS

The apparatus used for this work is
shown in Fig. 1. Helium from a cylinder
was dried with Mg(ClO,), and passed
through the reference side of a Gow-Mac
model 9285-D hot wire chromatographic
detector. It was then mixed with propylene
(containing a small quantity of *C-labeled
propylene) by means of a Perkin-Elmer
154-0068 gas-sampling valve with the sam-
pling loop replaced by a T-junction having
one end connected to the propylene source.
The mixture was then passed through the
glass reactor and back through the sample
side of the hot wire detector. This detector
was used to monitor the flow of propylene
and to indicate the emergence of products
from the reactor at the beginning of an ex-
periment. The effluent from the reactor was
sampled with a second Perkin-Elmer sam-
pling valve equipped with a 25-ml loop.
The chromatograph was a Perkin-Elmer
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model 154-D with a thermister detector.
A 20-foot hexamethylphosphoramide col-
umn was mounted externally in an insulated
box. The separated olefin products were
passed through a radio-counting cell whose
volume was 30 ml. A spiral design insured
that gases would flow through the cell rap-
idly to prevent overlapping of two closely
spaced peaks in the chromatographic ef-
fluent. The cell i1s placed on a double layer
of aluminized Mylar {1.02 mg/cm? in each
layer) on top of a plastic scintillation erys-
tal. A 2-in. photomultiplier tube is attached
to the associated electronics and strip chart
recorder. Both chromatographic and *C
analyses were made using the measured
ares of the peaks involved.

A typical commercial cobalt~molybdate-
alumina catalyst containing 34 wt %
MoO;, and 85.6 wt % ALO, was used. It
was ground to 20-40 mesh and activated at
550°C for 4 hr under flowing dry air. In
order to keep the quantities of radioactive
propylene handled at a minimum, the cata-
lyst volume used in tests was reduced to
about 1 ml

II1. Resuurs AND DiscussioN

The disproportionation of [1-*#C] pro-
pene at-low temperatures indicates that the
postulated four-center mechanism is correct.
At 60°C essentially all of the activity in
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Fia. 1. Disproportionation apparatus.
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the products is found in the ethylene and
none in the butene. This is interpreted to
mean that the carbon atoms originally in
the 1-position end up in the ethylene while
those in the 2- and 3-positions are trans-
ferred to the butene products. Since the
catalyst is known to be an isomerization
catalyst, it is not surprising that evidences
of isomerization are observed. For example,
small amounts of 1-butene are present in
the product even though 2-butene is pre-
dicted by the mechanism. The amount of
1-butene increases with temperature, but
remains below the thermodynamic equi-
librium.

Similarly, as the temperature is increased
above 60°C, isomerization of [1-1*C] pro-
pene to [3-*C] propene yields dispropor-
tionation produects with an increasing
amount of activity in the butene, until at
160°C, nearly as much **C is present in the
butene as in the ethylene. Thus measure-
ments made at temperatures between 60
and 160°C yield data on the isomerization
of -propylene in competition with dispro-
portionation, i.e., isomerization of [1-*C]
propene must occur prior to disproportion-
ation to be recorded. Table 1 shows the

TABLE 1
DEGREE oF ISOMERIZATION OF PROPYLENE
AT VARioUs TEMPERATURES

Degree of
Temp. Contact time*  isomerization,
(°C) t (sec) D X 102
60 2.68 0
80 1.27 10.7
100 1.20 24.7
120 0.57 43.2
140 0.30 60.0
160 0.30 83.2

¢ Based on 0.5 void space in catalyst bed.

average degree of isomerization of [1-14C]
propene as a function of temperature. The
degree of isomerization, D, is referred to a
state of one-half the product activity in the
ethylene and one-half in the butene as
100% isomerization (equilibrium), and is
defined as
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where C,* and C,* represent the concen-
trations of radioactive ethylene and butene,
respectively; D is a slowly varying func-
tion of contact time t [see Eq. (4)]. A very
small amount of the ethylene was fre-
quently used up in side reactions so that
there was slightly more butenes in the re-
actor efluent. This was corrected by multi-
plying C,* by the ratio C,/C, where C,
and C, represent total quantities, radio-
active and nonradioactive ethylene and
butene. The value of D is independent of
the proportion of radioactive isotope used.
Radioactivity levels employed were ex-
tremely low.

Knowing the degree of isomerization, D,
and the forward disproportionation rate
constant, k,, the rate constant for propyl-
ene isomerization, k, can be estimated. The
following model is set up, assuming that
there are no isotope effects, and that the
disproportionation reaction takes place
under conditions where the back-reaction
can be neglected.

D:

kd
Ca-l—“C b d Cz*H4 + C4H3

ik ha 3
Ca—S-MC - CzH4 + 04*H3

.The disproportionation reaction is pseudo-

first order in the region investigated. Con-
version, C = (1 — ¢™), was shown to be
independent of propylene concentration in
the temperature range 60-120°C. At higher
temperatures, the kinetics become more
complex, and the back-reaction could not be
neglected at convenient contact times, In
the conversion range <15%, forward rate
constants calculated with and without the
back-reaction included did not differ by
more than 5% from one another. An Ar-
rhenius plot is shown in Fig. 2. The ap-
parent activation energy is 7.7 keal/mole.

The equation for determining k, the rate
constant for propylene isomerization may
be written

(1 = DY(1 — eba)
T2k + kq

and is derived as follows

(1= o), (4)
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Let the concentrations of C,He-1-14C,
C:;H;-3-+#C, and untagged propylene at
time ¢ be represented by N,, N;, and N,
respectively. It can be shown for the case
N;+ N; £ N, that

iii——l = —kN1+kN3_ deI)
%.1%3 = —kN;3; + kEN; — kaNs,
(%]d\% = —kyNoNo = (No)re e,
dN:+ N; + Ny)
dt
dN

= 717 = —de,N = NIe_kdty (5)

where (N,): and Ny are the initial concen-
trations of untagged and total propylene,
respectively. Substituting

N3=N—'N1_'N0
= Nietat — Ny — (No)re*at, (6)

in the above expresion for dN,/dt, the
equation

Ny @k + RN, + kN — (Ve

dt
(M

is obtained. Using the boundary condition,
t =0, N, = N1 — (Ny), the solution is

M=&%gﬁmm+ﬂw($

Now the fraetion of propylene dispropor-
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tionating as C,H,-1-C is (1 — D/2), and
the amount of total radioactive propylene
reacting in time £ is [Nr— (No):](1 —
e*4t) Therefore, the amount of C,He-1-C
disproportionating in time ¢ is

t
/ deldt = (1 - 12)
0 2

X [N1— (N1 — e (9)

which leads directly to Eq. (4), after sub-
stituting for N, from Eq. (8). Table 2 gives
the experimental values of k4, D, and ¢t and
the values of k calculated from them using
Eq. (4). From values of k at 80, 100, and
120°C, an’ apparent activation energy of
17.3 keal/mole is calculated.

To determine the effect on D, and thus
on k, as a result of neglecting the dispro-
portionation back-reaction, consider the re-
action scheme in Eq. (3). Since the prod-
ucts shown are symmetrical, reactions with
themselves result in no change. This is also
true for CZ*H4 + CgH4 and C4*Hg + C4H8.
Other reactions between the products give
C:H,, CHg-1-C, and C;H,-3-1C. These
species will not affect D unless they under-
go further disproportionation. Another com-
plication could result from the isomeriza-
tion of 2-butene to 1-butene which then
eould react with propylene, 1-butene, and
2-butene to give C; and C; olefins. These
were present in the product in concentra-
tions below 1%, so they are not expected
to affect D. Equation (4) is believed to be
reasonably valid. If the reaction is strongly

-0.4
g APPARENT ACTIVATION ENERGY=7.7 k cal /mole
-05 | — -—
-08 -
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= opof -
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2.4 2.5 2.6 2.1 28 2.9 3.0 34 32

YT x 103 (%)

Fia. 2. Energy of activation determination for C;H, disproportionation.
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TABLE 2
CarcuraTiON oF IsomEeRizATION RaTE CoNnsTANT, &
Degree of Contact Rate constants (secs™)
Temp. isomerization time ¢
°C) D X 102 (sec) Disproportionation, k4 Isomerization, k
60 ~0 2 68 0.057 0
80 10.7 1.27 0.090 0.093
100 24.7 1.20 0.17 0.260
120 43.2 0.57 0.33 1.16

diffusion-limited, difficulties in the inter-
pretation of D would be encountered. In
the kinetic studies, there were no indica-
tions that diffusion was limiting,.

In further support of the four-center
mechanism, experiments were repeated
using C;H,-2-2C. In this case, the reaction
is

C=C*—C c—C*—C ¢ *C—-C

+ —*[l l, ]**(LJI‘FH . (10

C=C—C c—C—C *C—C
As expected, essentially all of the activity
in the products was concentrated in the
butene over the temperature range 60-
160°C.

It is interesting to speculate briefly on a
more detailed picture of isomerization and
disproportionation. At temperatures below
60°C, where isomerization does not oceur,
the methyl groups of propylene retain their
identity throughout the disproportionation
reaction. Thus, the possibility of a w-allyl
intermediate in which the two end earbons
of a propylene molecule become struc-
turally identical appears to be excluded. At
higher temperatures, the =-allyl mechanism
cannot be so easily dismissed. One could

visualize two adjacently adsorbed, radio-
active, w-allyl complexes having an equal
chance of disproportionating to give radio-
activity in the ethylene or in the butylene.
As the reaction temperature is increased
above 60°C, an increasing fraction of the
reacting olefin may isomerize and dispro-
portionate by such a combined mechanism.,
The slow step in this mechanism may be
the dissociative adsorption of hydrogen
atoms from methyl groups which results in
the formation of w-alilyl complexes. In this
way, the higher activation energy of isom-
erization may be explained. Further experi-
ments are planned to test these ideas.
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