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The initial deuterium distributions of the reaction products obtained by isomer-~
ization of but-l-enes, cis- and frans-butenes in the presence of perdeuteropropene
on iron films at —37°C are examined in this paper, together with the product dis-
tributions obtained by co-isomerization of cis-de- and ds-butenes.

While but-l-ene yields poorly exchanged cis and trans isomers, best interpreted
by assuming an intramolecular hydrogen shift, highly deuterated but-l-enes with
a maximum in ds are obtained from cis- and trans-butenes. This result can only
be explained if two different types of site for double bond migration are present
on the surface and if o- and B-olefins are adsorbed on each type of site with very
different strengths.

Cvs—trans isomerization, on the other hand, oceurs mostly by a Horiuti-Polanyi
mechanism restricted to a single interconversion between mono- and diadsorbed
species (formation of the d; isomer), but also by a direct process which does not
involve the breaking or the formation of any C-H bond and leads to dy-butenes.

The results obtained in the co-isomerization experiment confirm these views and
suggest moreover that the replacement of the hydrogen atoms of an olefin during
the exchange reaction is fast when compared with the mobility of the adsorbed

hydrogen or deuterium atoms.

INTRODUCTION

In this paper, we discuss the deuterium
distribution of the exchanged and isomer-
ized olefins obtained from cis-butene,
trans-butene and but-1-ene on iron films
in the presence of perdeuteropropene. The
co-isomerization of light and heavy cis-
butenes are also considered.

EXPERIMENTAL METHODS

The experimental procedures and the
analytical methods used in the study of
the isomerization and exchange of butenes
in the presence of perdeuteropropene have
been described in the preceding paper (7).
This experimental part is restricted to the
methods and techniques used for the co-
isomerization of d, and ds cis-butene.
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Preparation of cis-C,D; (2). Three
grams of alumina prepared from aluminum
isopropoxide were activated for 24 hr in
nitrogen, 24 hr in oxygen at 640°C, and
then outgassed at the same temperature
until a vacuum of 10-° Torr was obtained.
A mixture of 2.6 mmole of but-1-ene and
9.4 mmole of deuterium (99.9% of isotopic
purity) was admitted to this catalyst in a
circulating flow system and reacted for 30
min at 200°C. The materials noncon-
densable in liquid nitrogen (H,-HD--D,)
were then removed and a new dose of
deuterium admitted. After 10 similar oper-
ations, a mixture of butenes with an iso-
topic purity of 99.7% (96.8 and 3.2% of
ds- and d;-butenes, respectively) was ob-
tained, contaminated by 6% of perdeutero-
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TABLE 1

NCE oF C3Dg on Iron Fitm ar —37°C

N
4

IsoMERIZATION OF BUTENES IN THE PRESE

Reacting
hydrocarbons:

trans-Butene

cis-Butene

But-1-ene

14

14

14

14

15.4

C3[)5/C4H8 ratio:

cis B-1 trans cis

trans
0.563 99.4 0.07

-1

cis
99

B-1 {rans

cis

trans
1.8 0.95 97.3

B-1

B-1  trans cis
0.7

98.3

cis
0.8

trans

B-1
98.2

Isomers:

0.9 98.9 0.2

0.4

0.6

L/

1.9 99.7 13.1

8.3
77.8

100

26.4 100
7.6 65.6

1
15.8

2.2 25.6 99.9

38.2
41.6 38.8
15.8 15.9

33

33.6

52.6

53.4

dy

0.3 81.7

1.7
3.3

3.2

0.1

3.3 59.2

7

33.9 319 56.1

42.7

i

1.3
1.1

1.8
2.3
2.2
2.2
2.6
0.6

3.3

1.9
1.3

9.2 8.5
2.7

3.05
2.25
0.05

de

5.4
5.7
3.9

0.7
11

4.9
4.7

11.6

4.1

4.5

5.3
2.1

1.15
0.1

2.8
0.9

0.3

dy

OLEFINS.

1.05
1.05
0.85
0.75
1.1

7.9
3.8
1.7
5.8

44.8

(@23

2.7

1.05
0.30
0.25

dy

0.7

3.7
0.6
9.3
70.3

<

1.5
0.5

1.1
1.9

0.9
1.7

24

(2]

0.01

ds

0.7

0.3

0.7

0.01
0.15
0.40

ds

0.1

0.4
0.1

0.05
0.50

d;

I

0.3

66.4

2.2

53.7

ds
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296 TOUROUDE
butanes; this equilibrium mixture of but-
l-ene, cis- and trans-butenes was sepa-
rated on a dimethylsulfolane column at
0°C. This cis-butene thus prepared con-
tained less than 1.5% of trans-butene and
0.1% of but-1-ene.

Experimental procedure. A mixture of
2.9 Torr of cis-C,Ds and 3.2 Torr of cis-
C.,H; was introduced to a reaction vessel
of 400 ml on the freshly prepared iron film
at —37°C and allowed to react during 5
min at this temperature.

The reaction products were then re-
moved from the reaction vessel, separated
by gas chromatography on a DMS column
and each product was analyzed for its iso-
topic content. The purity of each isomer
after separation was better than 99% and
corrections were made on each mass spec-
trum to eliminate the contribution of the
various impurities.

Mass spectrometric analysis. The analy-
ses were performed with 25 eV electrons
using an MS2 mass spectrometer. After the
usual corrections for the naturally occur-
ring isotopes, the fragmentation calcula-
tions were effected on a statistical basis by
using the three first fragments of the light
and heavy molecules (C,Hs and C,Dy).

REesuLTs

I. Reactions of Butenes in the Presence
of C3Ds

The deuterium distributions of the ex-
changed and isomerized products obtained
from but-1-ene, cis- and trans-butenes are
reported in Table 1; each experiment was
repeated twice.

But-1-ene

Together with the very fast quasi-simple
exchange of the molecule, already dis-
cussed, a slow isomerization yields cis-
and trans-butenes in approximately equal
amounts. The deuterium distributions of
each isomer are very similar; they include
mainly d, and d, (about 85% of the total
products) with decreasing amounts of the
more highly deuterated molecules.
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cts-Butene

The isomerization of cis-butene is about
as fast as the isomerization of but-l-ene
while its exchange is negligible. The deu-
terium pattern of the two reaction prod-
ucts, but-1-ene and trans-butene, are very
different. The but-1-enes distribution may
be considered as the sum of two different
distributions. The major one, B, charac-
teristic of a multiple exchange, contains
mainly d; and ds. The other one, D, in-
cludes all the isomers from d, to d; with
a maximum at d,. The trans-butenes dis-
tribution, on the other hand, consists
mainly of d, and d;; only small amounts
of the most highly deuterated molecules
are present.

trans-Butene

The behavior of this molecule on an
iron film in the presence of C,Ds is very
much the same as the behavior of cis-
butene: the exchange of the frans-butene
is negligible. The highly deuterated but-1-
enes represent more than 75% of the total
a-olefins. Distribution D is also present
with a slight maximum at d; or d,. dy-cis-
Butene and, to a smaller extent, d,, are
the major products obtained by cis—trans
isomerization.

11. Co-isomerization of cis-Butenes
do and ds

The deuterium distributions of the vari-
ous isomers are reported in Table 2. While

TABLE 2
Co-ISOMERIZATION OF c¢ts-BUTENES dy AND ds
oN Iron FiLm At —37°C

Isomers: B-1 trans cis
b/ 0.6 3.7 95.7
dy 28.7 47 51.9
d; 26.2 14.9 —
ds 10.8 0.75 —
ds 4.0 0.20 —
dy 3.0 0.10 —_
ds 5.3 0.45 —
de 8.4 1.30 —
dz 9 18 1.5
ds 4.6 17.3 46.5
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cis-butene consists only of the reacting
species, the trams-butenes include mainly
do and d,, d; and d; with the approximate
ratios dy,/d, = 3 and d;/ds = 1. The but-
1-ene distributions are obviously divided
into two parts: one includes the light mole-
cules dy, di, ds, and in the other, less im-

portant, the highly deuterated isomers
from ds to ds are present.

Discussion
Three reactions take place simulta-

neously when butenes and C;Ds are con-
tacted with an iron film: exchange of the
reacting olefins, double bond shift and cis-
trans isomerization.

Exchange has already been discussed
(7). It is much faster for an a-olefin than
for a B-olefin (the rates differ at least
by two orders of magnitude) ; the exchange
of olefins is a “simple” one and involves
only the breaking of vinylic ecarbon—
hydrogen bonds (1).

The present discussion is mainly devoted
to the two other reactions occurring,
namely, double bond shift and cis-trans
isomerization.

Double Bond Migration

For this reaction, as for exchange, the
but-1-ene and the but-2-enes react in en-
tirely different ways. While the cis- and
trans-butenes obtained from but-1-ene are
very poorly exchanged, cis- and trans-
butenes yield mostly the perdeutero but-
1-ene (ds).

The very large amounts of dy,-but-2-enes
obtained in the isomerization of but-1-ene
strongly suggests that the reaction pro-
ceeds mostly by a simple intramolecular
hydrogen shift (Reaction A). Since the ex-
change of the but-1-ene is very fast in
comparison with 1its isomerization, the
readsorption of the adsorbed molecules has
to be considered and part of the d,- and
dy-but-2-enes can also be explained by the
same process (Appendix 1).

In the isomertzation of cis- and trans-
butenes, on the other hand, the dy,-but-1-
ene which is expected by the reverse of
Reaction A is formed only in minor
amount. Double bond shift in this case
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is accompanied by an almost complete
exchange of all the hydrogen atoms so
that d,- and ds-but-1-enes represent more
than 80% of the reaction produets (Reac-
tion B).

The existence of two different isomeriza-
tion reactions, A and B for the - and
B-olefins, which seems to violate the prin-
ciple of microscopie reversibility, can only
be explained if one assumes that two types
of sites A and B are present on the cata-
lyst surface and that the strengths of ad-
sorption for «- and B-olefins are very dif-
ferent on each type of site.

Qx OLEFiN)UdS %. (@ owri.u)qu
ﬂm < 311«3

o OLEFIN ¢ OLEFIN

ScHEME A

On sites A, the but-1-ene would be much
more strongly adsorbed than the but-2-
enes and therefore the direct intramolecu-
lar shift associated with these sites would
be restricted to the a-olefins (Scheme A).
Hilaire and Gault (4) proposed that
w-olefinic species were the precursor for
this reaction and Smith and Swoap (6)
suggested as a possible transition state an
intermediate involving a bridged hydrogen
atom between two carbon atoms in the
a—y position (6).

MULTIPLE EXCHANGE
3l
(0( OLEFiN)adS a2 @ oLEFiN)qdS
3] 2 11"‘1
o OLEFIN g OLEFIN
ScHEME B

On sites B, B-olefins are much more
strongly adsorbed than e-olefins. As a first
consequence of this, when the reacting
molecule 1s the cis- or the trans-but-2-
ene, repeated exchange and isomerization
to but-1-ene takes place much faster than
desorption of the adsorbed pg-olefin, so
that perdeuterobut-1-ene is the major re-
action produet (Seheme B). Conversely,
the residence time for an adsorbed a-olefin
on the surface is expected to be very
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small, so that the only possible reaction
is a simple exchange of the molecule. This
latter reaction does indeed exist on iron
films, and was shown to take place with
the dissociation of vinylic C-H bonds ().

It is therefore tempting to correlate the
B-type sites with a dissociative adsorption
of the olefins at a vinylic carbon atom.
When the adsorbed molecule is weakly
held to the surface (a-olefin), only a fast
simple exchange takes place. When the
adsorbed molecule is strongly bonded to
the surface (B-olefin), extensive exchange
and double bond shift occur. It is inter-
esting to note that extensive exchange of
but-1-enes which proceeds to a very small,
but significant, extent can be explained
similarly by assuming two consecutive
isomerizations before desorption (succes-
sions of steps 3, 2, 4, —2, —3 in Scheme B).

In conclusion, the double bond migra-
tion occurs mostly by two processes A and
B, ie., direct intramolecular hydrogen
shift and isomerization assisted by the
formation of a vinylic carbon-metal bond.
Further confirmation and developments of
this theory will be developed in a later
paper.

It should be pointed out, however, that
processes A and B do not represent all
the possible isomerization paths. In the
isomerization of but-1-ene, 20-30% of the
but-2-enes, containing 1 to 5 deuterium
atoms, cannot be accounted for by an
intramolecular double bond shift and simi-
larly part of the but-1-ene distribution in
the isomerization of cis- or trans-butenes
include molecules with a small number of
deuterium atoms (1 to 5) and a maximum
in d;. We shall not try to discuss for the
moment the isomerization mechanism D
associated with these distributions.

Cis—trans Isomerization

Co-isomerization of d,- and dg-cis-Butenes
ene yields mainly the d, and d, isomers.

The formation of d, is very easily ex-
plained by a simple Horiuti-Polanyi mech-
anism, namely, adsorption of the olefin,
addition of a deuterium atom to form the
half-hydrogenated state, free rotation
around the C,-C; bond, dehydrogenation
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and desorption of the olefin (Seheme C).
The same mechanism accounts also for the
fact that neither cis- nor trans-butene is
exchanged during the reaction. When cis-
butene, for example, is formed from cis-
butene, after the succession of steps de-
scribed in Scheme C, the same deuterium
atom which has been added to the adsorbed
olefin is taken off in the dehydrogenation
step. The large break in the product dis-

GH, D
R cH,
MM
CH,. .CH, CHy TRANS d,
H—7“\ e R
H ‘ o
MM M -
: cH,, CcH,
cis d,
H=T
MM
cis <,
Scueme C
tribution after d, suggests that the

Horiuti-Polanyi process takes place only
once for each reacting adsorbed molecule;
in other words, the desorption of an ad-
sorbed olefin is much faster than its rehy-
drogenation to the half-hydrogenated in-
termediate. It is worthwhile to point out
also at this stage that the Horiuti-Polanyi
mechanism seems to be restricted to the
cts-trans isomerization. The amounts of
d,-but-1-ene and more generally of light
but-1-enes are very small in the isomeriza-
tion of cis- or trans-butene. This result
implies: (i) that the picture of several
contiguous metal atoms allowing the
propagation of exchange to more than two
carbon atoms in a chain cannot be con-
sidered in the case of an iron catalyst, and
(ii) that the free rotation along the o
carbon-metal bond is very slow in com-
parison with the free rotation around the
carbon-carbon bond in the hali-hydrogen-
ated state.

The most interesting feature in the cis—
trans isomerization of butenes is the for-
mation of very large amounts of d, isomer.
This d,-butene could be obtained either on
account of a very high isotopic dilution
on the surface or as the result of an inde-
pendent process, i.e., a direct cis-trans
1somertzation, which would not involve any
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break or formation of a carbon hydrogen
bond.

Since the dissociative adsorption of an
a-olefin (C,D4) is much easier than the
dissociative adsorption of a B-olefin (cis-
or trans-butene), as exemplified by the
exchange experiments, the D/H ratio in
the hydrogen deuterium pool on the sur-
face is certainly much higher than the one
in the gas phase (equal to 9.4 according
to the relative pressures of C;Dg and light
butene). One may therefore consider that
most of the d, isomer formed is due to a
direct cis—trans isomerization process.

Also in favor of this hypothesis is the
fact that d, is more important among the
trans-butenes formed from cis-butene than
among the cis-butenes formed from trans-
butene. A very simple explanation may be
given for this fact. Let us suppose two
processes for cis—trans isomerization: one,
C, involving adsorbed olefins and a
Horiuti-Polanyl mechanism; the other, E,
similar to the cits—trans isomerization oc-
curring in the gas phase via a triplet tran-
sition state and therefore involving mole-
cules which are very slightly adsorbed or
even in the gas phase

ke

(€18 )ads = (trans)ags, (93]
k_c

kE
cis = frans. (E)
kg
The energy levels of cis- and trans-butenes
are very different and kg/kg>1 (3 at
25°C). On the other hand it is known that
olefin adsorption stabilizes the cis config-
uration so that ko/k.¢ is expected to be
smaller or equal to 1. If (do/d;)cis and
(do/dy) trans are the ratios between the
light and monodeutero isomers obtained
from trans- and cis-butenes, respectively,
the expression,

o= (@)../ (@)...
-(2)/ () - (E)/ ()

should be much smaller than unity, which
1s effectively observed.
Both mechanisms C and E, the Horiuti-
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Polanyi mechanism and direct cis-trans
isomerization, explain most of the reaction
products. The d, and d, molecules indeed
represent 85 to 95% of the total isomers.
Besides d, and d,, however, the deuterium
distributions of the cis—trans isomerization
products include, in very small amounts,
molecules with a small number of deu-
terium atoms (maximum at d, or d;) and
perdeuteromolecules. These parts of the
distribution correspond closely to the
molecules formed in double bond shift by
mechanisms D and B,* respectively. It
seems likely that these mechanisms take
place also, but to a very small extent, in
the cis—frans isomerization process.

Co-isomerization of d,- and ds-cis-Butenes

The study of this reaction confirms the
previous deductions and gives useful addi-
tional indications concerning the reaction
mechanisms.

Double Bond Shift

The distributions of the deutero but-1-
enes obtained in this reaction afford infor-
mation concerning the mobility of the ad-
sorbed hydrogen and deuterium atoms on
the surface. If the adsorbed hydrogens
were entirely mobile on the catalyst, one
would expect that the surface hydrogen
and deuterium concentrations would re-
main constant throughout the reaction.
These concentrations would depend upon
the relative adsorption and reaction rates
of the light and heavy cis-butenes. Since
most of the but-l-ene obtained from the
cts-butene is entirely exchanged, one would
expect then both do,- and ds-cis-butene
yielding the same statistical distribution
as corresponds to the surface hydrogen-—
deuterium pool.

The results are entirely different. The
observed but-1-ene distribution may be
considered as the combination of two
statistical distributions including, respec-
tively, the lighter and the heavier deutero-
but-1-enes. The values of d,%/dod. (2.21)
and of d:*/dsds (2.10) are in fair agree-

* The participation of sites B in cis—trans isom-
erization will be further discussed in a later paper.
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ment indeed with the expected statistical
value.

Gy (G2
C¥Cq2 CofCe®

A reasonable interpretation of the but-
1-ene deuterium distributions could there-
fore be as follows: the ¢is-C,Hg would ex-
change all their hydrogen atoms with a
hydrogen—deuterium pool considerably en-
riched in the light isotope (H/H + D =
0.89), while the c¢is-C,Ds would exchange
all their deuterium atoms with a “heavy”
mixture of adsorbed hydrogen and deute-
rium atoms (H/H + D = 0.205). That
would mean:

1. That the average hydrogen-deuterium
pool on the surface is highly perturbed by
the adsorption and exchange of an olefin.

2. That the mobility of an adsorbed
hydrogen is slow when compared with the
replacement of the hydrogen atoms of an
olefin during the exchange reaction.

The question then arises as to why this
“local” isotopic dilution (depending upon
the nature, light or heavy, of the molecule
adsorbed) is observed in the co-isomeriza-
tion of d,- and dg-cis-butenes and not in
the isomerization of cis-butene-d, in the
presence of C;D,, where the perdeutero-
but-1-ene is always the major product. To
answer this question, one should keep in
mind the very large difference between the
exchange rates of a- and B-olefins: this dif-
ference expresses the large difference be-
tween the rates of desorption for the
dissociatively adsorbed «- and B-olefins. In
the isomerization experiments, C;Dg; re-
places very quickly, by repeated adsorp-
tion and desorption, the hydrogen atoms
present on the surface by deuterium atoms,
and an extensive exchange may take place.
In the co-isomerization experiments, the
desorption of a dissociatively adsorbed cis-
butene is very slow, so that a molecule of
cis-butene-d,, for example, can only re-
place its hydrogen atoms by its own hy-
drogens and the hydrogens (or deuteriums)
of the molecules adsorbed in the immediate
vieinity, when there are any. The result
of this process, of course, is a local sur-
face hydrogen-deuterium pool very rich in

2.28.
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hydrogen in the proximity of an adsorbed

do molecule and very rich in deuterium in

the proximity of an adsorbed ds-butene.
If this interpretation is correet, the ratio

4
Sa/
i= i

is a good measure of the isotopic effect for
the isomerization of cis-butene to but-1-
ene. This ratio, 3.0, very high for a secon-
dary isotopic effect, but much lower than
the maximum regular primary isotopic
effect, as calculated by using statistical
mechanic considerations (5), strongly sug-
gests that the rate determining step in the
double bond migration involves a transi-
tion state where the C—H bond is strongly
weakened, but not completely broken.

That is indeed what is expected if an
intramolecular hydrogen shift is the rate
determ'ning step in isomerization.

We believe then that on iron catalysts
the double bond migration occurs on sites
B as on site A by an intramolecular hydro-
gen shift. While the distributions of the
deuterobut-2-enes obtained from the but-
l-enes allowed us to detect this type of
rearrangement, such a mechanism could
not be detected from the but-1-enes distri-
butions obtained in the isomerization of
but-2-enes, on account of the very fast
extensive exchange of the adsorbed olefins.

8
d,
5

Cis—trans Isomerization

It is shown in this section that the deu-
terium distribution of the ¢rans-butene
obtained by co-isomerization of cis-d, and
ds-butenes cannot be explained by a sim-
ple Horiuti~Polanyi mechanism and that
an additional process, namely, direct cis—
trans isomerization, must be assumed to
interpret the results.

The Horiuti-Polanyi mechanism in-
volves two steps, viz., hydrogenation of
an adsorbed olefin to form a half-hydro-
genated state (step a), and dehydrogena-
tion of the alkyl radical to restore the
adsorbed olefin (step b).

One may first suppose that step a 1s
rate determining. Let us assume:

1. That the probability of rupturing a
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C-H or a C-D bond in the alkyl radical
is the same and does not depend upon
the hydrogen and deuterium content of
this radical.

2. That the surface concentrations of the
hydrogen and deuterium, (H) and (D),
reacting with the olefins in step a are the
same for a light and for a heavy molecule.

The first assumption may be easily justi-
fied: since step a and not step b is rate
determining, neither a primary nor a sec-
ondary isotopic effect should be observed
for step b. The second assumption implies
that the Horiuti-Polanyi mechanism takes
place on special sites C and that the asso-
ciative adsorption of butenes-d, or -ds on
these sites do not influence at all the rela-
tive rates of dissociative adsorption of
light and heavy molecules, which is quite
reasonable.

Let us now call k and ke the rate con-
stants for step a in the half hydrogena-
tion of cis-butene-d, and -dg, respectively,
and use (cis-dy) and (cis-ds) to describe
the surface concentrations of these mole-
cules. The initial distribution of do-, di-,
d.- and ds-trans-butenes, Dy, D,, D; and
Dy will be

Dy = 15k(H) (cis-dy),

D; = L4ka(D) (cis-dy),

Dy = 1sk(H) (cis-dy),

Ds = 5ka(D) (cis-ds).
Therefore

D, _D; _1(H)

D™ Ds a(D)

According to a second hypothesis, step
b could be rate determining. Call A, A, p, p/
the overall rates of dehydrogenation of the
alkyl radicals I, II, Iy, IIp, respectively
(Scheme C’) and « the ratio between the
probabilities of rupturing a C-D and a
C-H bond. If any secondary isotopic effect
is neglected, the following relationships are
verified:

N l—i—a"
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i« d,

]

TRANS

X
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v
3

is dy

L

ki ‘
/D %N D\‘ TRANS
e o %
=. L
cis dy 'H\‘
-0, TRANS.
/HO%\ ,LE/' / “
Io (&~
/=\cis d
Scueme C’

and the initial distribution D,, D,, Dy, Dg
may be expressed as follows:

’
42

A
Do =35 D D: = M Tra (Ip),
D= N () Ds= W (ITp)
! 1+ & i 2 )

One may assume that the ratio between
do-alkyl and d,-alkyl radieals, (I)/(1I),
equals the ratio between d:-alkyl and ds-
alkyl radicals, (Ip)/(Ilp). If it is assumed
that no isotopic effect takes place in step
a (formation of alkyl radicals), this as-
sumption is identical to the one previously
made, where do-and dg-cis-butenes were
supposed to reaet with the same hydrogen-
deuterium pool on the surface. As a con-
sequence of this:

(In)/(Ilp) = (I)/(11) = (H)/(D),
whence

Dy _ Dy _ (H)

D, Dy (D)
It is noticeable that the observed ratio
Dy/D, is three times larger than the ratio
D:/Dy, while according to either hypothe-
sis, one should observe the equality of
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D,/D,; and D;/Ds. This result can only be
explained if a direct cis—trans wsomerization
takes place.

GENERAL DiIscussioN

The main results of this study are:

1. The existence of two different types
of sites A and B for the adsorption of
butenes on iron.

2. The existence of direct double bond
shift and cis—trans isomerization processes.

While the but-2-enes are generally found
to be more strongly held than but-1-ene
on catalysts and it is the case indeed on
sites B, the results show definitely the
existence on iron of another type of sites
A associated with a direet double bond
shift where but-l1-ene and not but-2-enes
are sufficiently held to undergo a reaction.

The possibility of a double bond migra-
tion by hydrogen intramolecular shift, first
envisaged by Smith and Swoap (6) for
the reactions of cyclohexene on palladium,
received a good support with the study of
the reaction of dimethyleyclopentenes on
palladium films in the presence of deu-
terium (4) or perdeuteropropene (3). The
interesting feature with but-1-ene on iron,
unlike palladium, is that the intramolecu-
lar double bond shift does not take place
on the same sites as the exchange, so that
direct evidence can be provided for this
reaction.

The existence of a direct process for the
cis—trans isomerization of butenes is also
a new concept, at least in metal catalysis.
Good evidence for a direct cis—trans isom-
erization of butenes has been provided in-
dependently on a magnesium oxide cata-
lyst (7?) and on caleium films (8). The
proof for this mechanism relied upon the
almost complete absence of deuterium in
the isomers obtained either by co-isomer-
ization of cis-butene-d, and -ds (7, 8) or
by isomerization of cis-butene in the pres-
ence of C;Ds.

On transition metals, on the other hand,
the direct process does not seem to be the
only, or even the major, route for cis—trans
isomerization. It is therefore difficult to
demonstrate the existence of this reaction
unambiguously. However, Yasuda

and

AND GAULT

Hirota (9), recaleulating the data obtained
by Flanagan and Rabinovitch in the isom-
erization of C,H,D. on nickel, concluded
that a direct cis-trans isomerization proe-
ess should be included in the reaction
mechanism. In the present study we be-
lieve that the presence of very Ilarge
amounts of d, isomers obtained among the
reaction products represent a very good
proof for a direct cis—frans isomerization
process on iron: indeed, this metal seems
to be a good catalyst among the transition
metals for this particular reaction.

APPENDIX

The amounts of d;-but-2-enes obtained
by an intramolecular hydrogen shift
(mechanism A) may be easily calculated
if one assumes that the exchange of but-1-
ene is simple and that both exchange and
isomerization follow first order kinetics
(k and k' being the rate constants). As
a first approximation, only one hydrogen
atom is exchanged in but-1-ene. Let us call
A the deuterium content of this molecule

do

at time ¢,
=1 )\}
dl J— )\ ° (1)

The variation of A may be obtained from
the following equation,

d(dy)
el (2)

where u represents the constant surface
concentration of deuterium. From Eqgs. (1)
and (2) one may deduce Egs. (3) and (4).

k[—ﬂ-do + (1 - M)dl];

B = k=), 3)
whence
A= u(l —e*). 4)

Let us consider now the direct isomeriza-
tion process: the conversion being small,
the reverse reactions may be neglected and

b= [/ K1 — w1 — et

5 = A Rl — e-ktydt,

3, and 8, represent the amounts of cis (or
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trans)-butenes with zero or one deuterium
atom, respectively,

dy _ 1 —p(l —e*y
dy - p(d—e*y )

and

o _ Kt[(1 — p)/u)+ 1 — e
E1 B kt — (1 — e (6)

w may be estimated from the relative
amounts of perdeuteropropene and -butene,
by assuming that the adsorption equilib-
rium constant for the dissociative adsorp-
tion is the same for both molecules and by
neglecting any isotopic effect. It is there-
fore possible to deduce kt from Eq. (5)
and to calculate §,/8,. The values for
80/81, 0.34 and 0.59 in Expts. 1 and 2, show
that 58.5 and 57.7% of the total d,-cis-
butenes, and 52.4 and 46.5% of the total
d, t7ans butenes are obtained by a direct
intramolecular shift.

If one assumes an isotopic effect of 3
for the dissociative adsorption of light and

heavy olefins, these values will be only
slightly raised to 59.5 and 60.5% in the
cis-butene, and 53.5 and 49.0 in the trans-
butene.
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