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Rates of oxidation of various deuterated propylenes over bismuth molybdate
show that the rate-determining step is hydrogen abstraction from the methyl group,
with a kinetic isotope effect of kp/km=0.55 at 450°C. Percentage retentions of
deuterium in the acrolein and acrylonitrile products from 1-propene-1d over both
bismuth molybdate and cuprous oxide, after reasonable correctiong for propylene
isomerization and deuterium exchanges, are in agreement with a model in which
allylic hydrogen abstraction occurs to form an allylic intermediate followed by
hydrogen abstractions from either end. The isotope effect calculated from these
retentions agrees with that of the kinetic isotope effect. The results indicate that the
allylic intermediate is attacked at a hydrogen atom rather than at a carbon atom.
Oxidation of a deuterated butylene to butadiene over bismuth molybdate is in
qualitative agreement with the above model.

INTRODUCTION

The vapor phase oxidation of propylene
to form acrolein over transition metal oxide
catalysts is well known (7, 2). The kinet-
ics over cuprous oxide (3) have been found
to be first order in oxygen and independent
of propylene, while the kinetics over bis-
muth molybdate type catalysts are first
order in propylene and independent of
oxygen (4). The kinetics of the ammoxida-
tion of propylene with oxygen and am-
monia over catalysts of undisclosed com-
position are reported also to be first order
in propylene and independent of the oxygen
or ammonia (6). Similar kinetics have been
found for the ammoxidation of propylene
over a bismuth molybdate catalyst (6). In
a previous paper on the mechanism of
these reactions, we reported results ob-
tained in the oxidation of a deuterated
propylene (1-propene-3d) with molecular
oxygen over two catalysts, cuprous oxide
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and bismuth molybdate, to acrolein, and in
the presence of ammonia, to acrylonitrile
(7). The results suggested that the mecha-
nism of propylene oxidation was the same
over both catalysts, and a model consistent
with the data was proposed in which the
initial hydrogen or deuterium is abstracted
from the methyl group to give an allyl
intermediate, followed by further abstrac-
tion from either end of this intermediate,
which is completely symmetrical except for
the deuterium marker. The constancy of
the isotope discrimination effect, 2, as-
sumed the same for all abstractions, calcu-
lated from the data for the formation of
acrolein and of acrylonitrile indicated that
the same mechanism is inherent in forma-
tion of both products. Here and throughout
this paper, the isotopic diserimination ef-
fect z is the probability of breaking a
carbon—deuterium bond relative to that of
breaking a carbon-hydrogen bond under
the same conditions. Further evidence for
the above mechanism of the oxidation of
propylene to acrolein over a similar
cuprous oxide catalyst has been reported
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using propylene containing a marked car-
bon atom (8). The formation of such a
symmetric intermediate has also been con-
firmed for this oxidation reaction over
bismuth molybdate type catalysts using
carbon-marked propylenes (9, 10). On the
other hand, Margolis and co-workers (11)
concluded that propylene is adsorbed with
the methyl group onto a molecular oxygen
ion without breaking the double bond to
give a hydroperoxide, which decomposes to
acrolein and water. These conclusions,
however, were based only on adsorption
measurements and analogy with homo-
geneous oxidation mechanisms with molec-
ular oxygen.

In continuation of the earlier study, this
report is concerned with:

1. The kinetic isotope effect in the oxida-
tion of propylene over bismuth molybdate.

2. The deuterium distribution in acrolein
and acrylonitrile formed from 1-propene-1d
over bismuth molybdate and cuprous oxide.

3. A detailed study of the side effects of
exchange and isomerization occurring in
these reactions.

4. Mechanistic considerations of the in-
troduction of oxygen and nitrogen into the
intermediates involved.

5. Some semiquantitative data on the
oxidation of 1-butene-3d over bismuth
molybdate.

Experimental techniques will be described
where appropriate in the discussion of the
various results.

Resvvrs AND Discussion

Kinetic Isotope Effects

No olefin primary kinetic isotope effect
would be expected in the oxidation of pro-
pylene over cuprous oxide since the reac-
tion kinetics are zero order in propylene
and first order in oxygen over this catalyst
(8). Over bismuth molybdate, however,
the oxidation of propylene is first order in
propylene, zero order in oxygen and am-
monia (4, 6), and should show a kinetic
isotope effect. Another study on the oxida-
tion of other olefins over bismuth molyb-
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date has indicated that the kinetic slow
step is the abstraction of an allylic hydro-
gen atom from the olefin (72). This step
would be expected to show a primary
kinetie isotope effect similar, if not identi-
cal with, the discrimination isotope effect
found earlier (7). The rates of oxidation of
several deuterated propylenes were there-
fore examined at constant flow, constant
temperature, and low conversions (14—
24%) over bismuth molybdate in an ap-
paratus similar to that described previously
(7). The results are shown in Table 1 in
terms of first order rate constants relative
to ordinary propylene. The values given
are for pure isomers, appropriate correc-
tions having been made for the impurities
in the real feeds.

TABLE 1
FirsT ORDER RATE CONSTANTS FOR THE OXIDATION
oF DeuTERATED PROPYLENES OVER BIsMUTH
MoLYBDATE AT 450°C

Rate constant

Compound Observede Calculated
C;H, 1.00 (1.00)
CH,:CHCH,D 0.85 £+ 0.02 0.83
CHD:CH CH; 0.98 £ 0.02 1.00
CsDs 0.55 0.50

e Krrors listed are average errors.

The calculated values listed in Table 1
are those obtained by assuming the slow
step to be abstraction of an allylic hydro-
gen with an isotope effect equal to the dis-
crimination effect obtained earlier by con-
sideration of the retention of deuterium in
the products from 1-propene-3d (7).
1-Propene-1d showed no kinetic isotope
effect, while the rate of oxidation of
1-propene-3d agreed well with that ex-
pected for initial attack at the methyl
group. The observed kinetic isotope effects
give independent evidence that the initial
and rate-controlling step is attack at the
allylic position. The good agreement with
the calculated values gives excellent
confirmation for the mechanistic scheme
proposed.
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Location of Deutertum tn Product Acrolein

The isotopic distribution in the products
obtained on oxidation of 1-propene-3d over
both bismuth molybdate and cuprous oxide
was reported previously (7). Through the
courtesy of J. Jungnickel and J. Forbes,
the hydrogen nuclear magnetic resonance
spectra were obtained for the acrolein and
acrylonitrile from the oxidation of 1-
propene-3d over bismuth molybdate at
450°C. Unfortunately, the spectrum of the
vinyl group is quite complicated and as-
signment of locations within it cannot be
made at present. However, for the acrolein
(dyp = 36.8 == 0.4%; d, =61.3 =04%; d.
=1.8+02% by MS. analysis) the
amount of hydrogen in the vinyl group was
77.8 +0.3% of the total hydrogen in the
product. From this, 62 = 3% of the total
deuterium is in the vinyl group. If we cor-
rect by making the assumption that the
dideuteroacrolein contains one deuterium
each in the aldehyde group and the vinyl
group, then the ratio of deuterium in the
aldehyde group to that in the vinyl group
in the monodeuterated acrolein is 0.6 == 0.1.
The proposed mechanismm for oxidation
would require a value of 0.50 for this ratio,
which is in essential agreement.

Oxidation of 1-Propene-1d

This isomer was oxidized to both acro-
lein and acrylonitrile over cuprous oxide
and bismuth molybdate. The reaction sys-
tem, reaction conditions, and catalysts were
the same as those described previously (7).
The 1-propene-1d was kindly prepared by
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W. L. Petty of this laboratory by decom-
posing the corresponding Grignard com-
pound with deuteroacetic acid. The Grig-
nard was formed from a mixture of cis-
and trans-1-bromopropenes containing only
0.1% 2-bromopropene. Infrared analysis
indicated that deuterated propylene was
mainly as the cis isomer, with less than
1% 1-propene-3d present.

As in the previous study, the exit gases
from the reactor were continuously sam-
pled for analysis through a capillary leak
to a mass spectrometer. These gases were
also sampled through a 40-ce loop of a gas
chromatograph and the separated products
trapped from the exit stream of the chro-
matograph in a liquid-nitrogen-cooled U-
tube. Spectra at various low lonization
voltages were obtained on these trapped
fractions and the results plotted to insure
that no fragmentation was occurring. The
spectra were corrected for natural isotopes,
and ionization efficiencies for the various
deuterated isomers of the same compound
were assumed equal.

A condensation of the results obtained
with bismuth molybdate is given in Table
2. Before being examined in detail, these
data must be corrected for two side effects,
impurity in the feed and the presence of
dideuterated product. The kinetic data of
Table 1 indicate ordinary propylene and
1-propene-1d react at the same rate, so
the products can readily be corrected for
12.4% d, coming from the ordinary pro-
pene in the propylene feed. The second
effect is more difficult to correct and we
have not yet devised a completely satisfac-

TABLE 2
Devrterium CoNTENT OF Propucts OBTAINED WITH Bismurd MOLYBDATE aNp 1-PropeNm-1d

D uterium content

Propylene %o}
Temp conversion
Compound °C) (%) do d1 da
Propylene feede — — 12.4 £ 0.1 87.6 £ 0.1 0.0 £0.1
Acrolein 450 63 30.1 £ 0.4 68.4 + 0.4 1.6 +£0.1
Acrolein 450 77 30.9 £ 0.5 67.2 +0.5 1.9+£0.1
Acrylonitrile 455 39 51.2 £ 0.1 48.4 + 0.1 0.4 +£0.1
Acrylonitrile 460 75 50.5 + 0.2 49.0 £ 0.2 0.5+0.1

@ Infrared analysis indicated less than 1%, 1-propene-3d.
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tory treatment. A detailed consideration of
the data obtained in this and the previous
work indicated that dideuterated product
results more from exchange of the inter-
mediates or product than from exchange of
the propene feed. For simplicity, we shall
assume exchange of the final product only.
All of the acrolein made from the mono-
deuterated propenes contained approxi-
mately 2% d, from both catalysts with
propylene conversions varying from 4% to
81%. Although this constancy is suspicious,
careful examination suggests the d. values
are real. Possible sources of error, such as
abnormal carbon or oxygen isotopic abun-
dances, proton transfer reactions within the
mass spectrometer, formation and nonsep-
aration of propionaldehyde or other chemi-
cal impurities, or exchange in the separation
and trapping facilities, have been care-
fully examined and rejected. If exchange
of product molecules occurs with the sur-
face or some other source of deuterium,
then, as argued previously (7), do— d,,
d,— d,, and d; — d, gives a net effect of
d, — d,. If the product molecules exchange
between themselves, however, the net effect
will be d, — V5 d. 4 15 d,. Using these two
exchange models to correct the data for
formation of dideuterated produet, d., the
two sets of corrected data were then used
to calculate the amount of isomerization of
the two monodeuterated propylenes over
bismuth molybdate assuming 2z = 0.55.
The amount of isomerization should be
about the same for both propylenes under
similar conditions, but the calculated
amount of isomerization for 1-propene-3d
was higher than that of 1-propene-1d using
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the experimental data corrected for d,
according to one exchange model, while the
calculated degree of isomerization was re-
versed when the data were corrected for d.
by the other exchange model. In order to
obtain about the same calculated isom-
erization for the two propylenes it was
necessary to assume about equal contribu-
tion of the two modes of exchange to form
d,. In the absence of any other criteria, we
have corrected all of the experimental data
from this and the previous work (7) for d,
formation by exchange according to the
compromise: 2 d, — 3 d, 4 1% d,. Fortu-
nately, exchange is not large and accounts
for an uncertainty in kp/ky values calcu-
lated from acrolein of less than 10%. Di-
deuteration is not significant for acryloni-
trile. The data of Table 2, corrected for ex-
change and feed impurity as discussed
above, are given in Table 3.

The mechanism proposed, as previously,
involves an initial hydrogen abstraction
from the methyl group to form an allylic
species on the catalyst surface. This is fol-
lowed by a second abstraction from either
end of this symmetrical intermediate to
give a species which readily picks up oxy-
gen to yield acrolein. When ammonia is
present, attack continues at the same end
carbon atom from which the second hydro-
gen was abstracted, the lone remaining
hydrogen is lost and an adsorbed species
is formed which readily gives acrylonitrile.
Assuming a constant isotope effect, z, in
both the first and second abstractions, and
since no isotope effect is possible in the
third abstraction step, the scheme for
1-propene-1d may be written as follows:

TABLE 3
DrureEriuM ConNTENT OF PrRODUCTS OBTAINED WITH BisMuTH MOLYBDATE AND 1-PROPENE-1d%
Propylena
Temp conversion do dy
Compound °C) (%) (%) (%) 2
Acrolein 450 63 19.6 £ 0.4 80.4 + 0.4 0.73 £ 0.02
Acrolein 450 77 20.4 £ 0.5 79.6 £ 0.5 0.77 £ 0.03
Acrylonitrile 455 39 44.2 +£0.1 55.8 £ 0.1 0.58 £ 0.01
Acrylonitrile 460 75 43.3 £ 0.2 56.7 + 0.2 0.53 £ 0.01

@ Corrected for impurities and exchange.
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o
HC=C=CD

2 1
C—C=CD HC=C—CD
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1st H Abstraction

2nd H Abstraction

|
HC=C—C -~——— -»— Acrolein

3rd H Abstraction

i i
C—(‘J:CI?D HC=C—-C —————== Acrylonitrile
For acrolein: do = 2/(3 + 2), pected if some of the propylene isomerizes
d=3/(3 +2), before reaction. The data further suggest
z = (3/d,) — 3 such isomerization in that divergence in-

and for acrylonitrile: do = (1 4+ 2)/(3 + 2),

dy = 2/(3 + 2),
z=(2/d) — 3
The z values of Table 3 have been calcu-
lated in this way. The data obtained pre-
viously (7) for oxidation of 1-propene-3d
over bismuth molybdate are given in their
corrected form in Table 4.

TABLE 4
DevuteriuM CoNTENT oF PropucTs OBTAINED
wiTH BismurH MOLYBDATE AND
1-PROPENE-3d®

Propylene
conversion do It
Compound (%) (%) (%) 2
Acrolein 39 32.3 67.7 0.52
Acrolein 81 29.4 70.6 0.46
Acrylonitrile 38 54.1 45.9 0.49
Acrylonitrile 60 54.1 45.9 0.49

@ Corrected for impurities and exchange, 450°C.

The values for z shown in Tables 3 and
4 calculated from the acrolein data for
1-propene-1d are high and those for 1-
propene-3d are low relative to the expected
kinetic value of z = 0.55, which is as ex-

creases with propylene conversion or con-
tact time. The extent of isomerization of
the reacted propylene that had isomerized
before reaction was calculated from the
analysis of the acrolein products and as-
suming z = 0.55. These calculated values,
assuming K.qui1. = 1d/3d = 24, are shown
in Fig. 1. Also shown is an infrared anal-
ysis of unreacted propylene from one of

100
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Fic. 1. Calculated amount of isomerization of
reacted propylene over bismuth molyhdate.
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the isomers fed. These values appear
reasonable.

The z values calculated from the acrylo-
nitrile data, shown in Tables 3 and 4, agree
quite well for the two propylenes over a
considerable conversion variation, and so
suggest no isomerization occurs in the pres-
ence of ammonia. It has been independ-
ently shown in these laboratories that ole-
fins do isomerize somewhat over bismuth
molybdate during oxidation, and that am-
monia inhibits this isomerization.

A summary of the results obtained on
the oxidation of 1-propene-1d over cuprous
oxide is given in Table 5. A large number
of values from 1-propene-1d were obtained
for acrylonitrile and it was found that long
contact times led to increased deuterium
exchange in the product. The value given
in Table 5 was obtained in a short contact
time experiment where this effect was
minimized.

In Table 6 are given data for both mono-
deuterated propylenes after correction for
feed irapurity and dideuteration. The cal-
culated z factors from acrolein agree very
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well for the two isomers (0.55 and 0.57).
These values would be expected to be
somewhat lower than this for the tempera-
ture measured, but this may be due to local
hot spots.

The values obtained for acrylonitrile do
not agree, however. In fact, the calculated
value of z =1.05 in Table 6 from 1-pro-
pene-1d is absurd, but the experimental
data were reproduced many times and the
results are not due to errors in experimental
techniques. Further, the data of Table 5 for
unreacted propylene show that the effect
is not due to exchange of the unreacted
propylene. The following experiment was
then made. Ammonia, oxygen, and 1-
propene-1d were passed over the copper
catalyst, and the effluent gases, together
with added oxygen and ammonia, passed
over bismuth molybdate.

The yield of product acrylonitrile from
the copper catalyst was negligible com-
pared to that from the bismuth molyb-
date catalyst, so the acrylonitrile produced
from the second reactor represents the re-
action over bismuth molybdate of the un-

TABLE 5
DevrerioM CoNTENT oF Propucrs OBTAINED wItH CupRous OXIDE AND I1-PRoPENE-1d

Deuterium content

Propylene o
Temp  conversion
Compound °C) (%) do dy ds ds
Propylene feed® — — 12.4 £0.1 8.6+0.1 0.0 +£0.1 —
Unreacted propylene® 405 8 13.0+£0.3 8.8+£0.3 0.2+0.2 —
Acrolein 360 9 27.2+0.4 69.6 £ 0.4 2.1+0.3 1.1 +0.2
Acrolein® 420 22 20.0 £0.7 67.4+0.7 2.7+0.7 0.9+0.1
Acrylonitrile 410 4 56.9 £0.2 425 +£0.2 0.6 £0.1 —
¢ Infrared analysis indicated less than 1% 1-propene-3d.
b Ammonia present.
TABLE 6
DreuteriuM CONTENT oF Prooucrts OBraiNeb witH Cuprovs OXIDE®
Propylene
Propylene Temp conv. o di
fed Compound “C) (%} (%) (%) 3
1-Propene-1d Acrolein 360 9 15.6 £ 0.4 84.4+0.4 0.55 +0.02
1-Propene-1d Acrylonitrile 410 4 50.6 £ 0.2 49.4 +£0.2 1.05 +£0.02
1-Propene-3d Acrolein 350 12 34.6 £ 0.6 65.4 £ 0.8 0.57 £0.02
1-Propene-3d Acrylonitrile 405 7 55.9 £ 0.3 44.1 £0.3 0.55 £0.01

a Corrected for impurities and exchange (ds).
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reacted propylene from the copper catalyst.
It is clearly apparent from the data listed
in Table 7 that the propylene leaving the
copper catalyst was not the same as the
original 1-propene-1d. The acrylonitrile
formed in the staged reactors had lost con-
siderably more deuterium than that formed
over bismuth molybdate. Table 5 showed
that little exchange had occurred, so it
would appear that the propylene had isom-
erized. The calculated amounts of isom-
erization required to fit the observed data
were 22% and 41% of the unreacted pro-
pylene converted to 1-propene-3d at 4%
and 7% chemical conversion, respectively,
over the copper catalyst. The acrolein data
of Table 5 obtained in the presence of am-
monia also indicate isomerization. Isom-
erization accounts for about half the
discrepancy between the observed and ex-
pected isotopic composition of the acrylo-
nitrile from 1-propene-1d over cuprous
oxide, the d, content still being 3-4%
higher than expected. Isomerization should
also occur with 1-propene-3d. Assuming
the same amount of isomerization occurs
with 1-propene-3d as was calculated for
1-propene-1d, the d, value for acrylonitrile
from 1-propene-3d in Table 6 is also 3-4%
higher than expected, as were the results
from 1-propene-1d. The perdeuteropro-
pylene work, described below, showed that
ammonia can serve as a source of protons
for exchange with acrylonitrile, and so the
3-4% increase in d, value above that
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expected for the two acrylonitriles is prob-
ably due to exchange with hydrogen from
ammonia.

There is an apparent contradiction here
in postulating isomerization over bismuth
molybdate only in the absence of ammonia,
but over cuprous oxide only in the presence
of ammonia. However, ammonia very se-
verely inhibits the oxidation of propylene
over copper while it does not inhibit over
bismuth molybdate under these conditions
(6). Thus more severe conditions are
required to make propylene react over
cuprous oxide on addition of ammonia, as
shown by the data of Table 6, where the
total gas hourly space velocity was about
300 at 410°C in the presence of ammonia
and 1200 at 350-360°C when ammonia was
not present, as well as a large difference in
temperature. Over bismuth molybdate,
ammonia may well neutralize acid sites
that are active for isomerization but not
for oxidation.

Ozidation of Perdeuteropropene

These experiments were performed using
the pulse microreactor technique in which
a few milliliters of reaction gas mixture
was passed as a pulse at 450°C over a
bismuth molybdate catalyst placed in the
carrier gas line ahead of a GLC column.
Contact times are uncertain due to possible
retention of material by the catalyst, so
the results can be considered as qualitative
only. Propylene conversion was very high

TABLE 7
FORMATION OF ACRYLONITRILE IN STAGED REACTORS®

Acrylonitrile composition
(%)

First stage Second stage o

conversion conversion
(%) (%) do di da
4 45 53.0 £ 0.3 46.7 £ 0.3 0.2+0.1
7 87 55.0 + 0.4 44.3 £ 0.4 0.7+0.1
4b — 56.9 + 0.2 42.5 + 0.2 0.6 +£0.1
— 39¢ 51.2 £ 0.1 48.4 £ 0.1 0.4+0.1
— 75¢ 50.5 £ 0.2 49.0 £ 0.2 0.51+0.1

@ Cuprous oxide at about 405°C in first stage, bismuth molybdate at about 450°C in second stage. 1-Pro-
pene-1d feed. Yield of acrolein and acrylonitrile from first stage less than 29 of acrylonitrile yield from second

stage. Data not corrected for feed impurity.
® Second stage omitted, ex Table 5.
¢ First stage omitted, ex Table 2.



556

(80-100%). When only perdeuteropropene
and oxygen were fed, no significant loss of
deuterium in the products occurred, indi-
cating that the reservoir of exchangeable
hydrogens on the catalyst is small. When
ammonia was also fed, up to 25% of the
propylene, acrolein, and acrylonitrile mole-
cules picked up a hydrogen atom. When
water was fed, some hydrogen pickup oc-
curred, but the amount was much smaller
than with ammonia. Although only quali-
tative, these results indicate that ammonia
may serve as a source of exchangeable
hydrogen atoms.

Ozxidation of 1-Butene-3d

Only small quantities of this butene were
available from a preparation kindly made
by C. D. Wagner of these laboratories, and
so the pulse technique was used here also.
The products from the bismuth molybdate
catalyst were then passed through a GLC
column and the separated fractions trapped
for mass speetral analysis. The results are
shown in Table 8. The conversion level was
varied by using different amounts of cata-
lyst, for varying the helium flow rate over
the catalyst by a factor of two had little
effect on the butene conversion,

Interpretation of analyses was compli-
cated by impurities in the feed. The data
of Table 8 are corrected for the butadiene
(99.7% d,) content of the feed, but the
presence of 2-butene was neglected since
1-butene reacts faster.

A model for the dehydrogenation of 1-
butene in which the initial extraction of an
allylic hydrogen to give a methyl allyl
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radical, with the second extraction oeceur-
ring at the methyl group, requires an iso-
tope effect of z = 0.7 to fit the data. This
compares with the value of 0.55 for the
isotope effect in the oxidation of propene at
this temperature. However, so many uneer-
tainties were present in the oxidation of
butene (butadiene impurity and location of
deuterium in the feed, effect of secondary
reactions in the pulse technique, ete.) that
these results can be considered only quali-
tative but in agreement with the model.

CONCLUSIONS

These results give substantiation to the
mechanism presented earlier for the oxida-
tion of propylene over bismuth molybdate
and cuprous oxide (7). They also give
insight to some of the side effects some-
times occurring in these systems. The oxi-
dation of propylene over bismuth molyb-
date in the presence of ammonia is quite
uncomplicated and gives an isotope dis-
crimination effect of 0.49-0.58 in quite
good agreement with a Kkinetic isotope
effect of 0.55. Oxidation over bismuth
molybdate in the absence of ammonia is
complicated by some propylene isomeriza-
tion, but when reasonable corrections are
made the isotope results are in agreement
with the other results. Oxidation over
cuprous oxide in the absence of ammonia
is also uncomplicated, giving a discrimina-
tion effect of 0.55-0.57. Oxidation over
cuprous oxide in the presence of ammonia
is quite complicated by propylene isom-
erization and apparently by exchange with
some form of hydrogen whose source is

TABLE 8
Deurerium CoxTENT OF FEED AND PrODUCT®

Product butadiene

1-Butene At 119, At 439, Unreacted 1-butene frac,
Content fraction of feed conv. Cy conv. Cq at 9% conv. Cq
9, Nondeuterated 20.3 55.6 46.8 21.4
9% Monodeuterated 79.7 43.2 46.8 78.3
9% Dideuterated 0.3 1.2 5.7 0.4
% Trideuterated — — 0.7 —
% Tetradeuterated — —_ 0.05 —

¢ Feed composition (by GLC):

1-butene, 88%; 2-butene, 8.5%; butadiene, 3.35%; temperature: 450°C.
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ammonia. When these various side reac-
tions are aceounted for, the results pre-
sented in this study agree quite well with
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the model invol VIg auy: nyarogen aosirac-
tion followed by attack at either end of the
allylic intermediate. The data also give
further information on the mechanism of
attack on the allylic intermediate. Consider
the adsorbed species

il Qlasuivtll O

H H H
DC=—=C=CsH

which is an intermediate for both mono-
deuterated propylenes. The model proposed
previously assumed implicitly that further
attack occurs through the hydrogen (or

deuterium) atoms in that the Yﬂ‘nhﬂ]’\l‘lfv
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of attack was considered propomonal to
the reactivity of these atoms. For the re-
activities found, attack at C, is then about
three-fourths as likely as at Cs. It is not
inherently obvious that this should be so.
In particular, if the reaction of this species
occurs by bond formation directly to the
carbon atom, essentially equal reactivity
would be expected for C, and C;. If equal
attack on these carbon atoms is assumed
with an isotope effect in removal of H or D
from C,, the following relationships may
bn Jnrnynrl far tha pwnr]un{-a fram tha +wan
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pure monodeuterated propylenes:

Acrolein: z = 2d,/(1 — 2dy)

Acrylonitrile: No isotope effect, do = 50%
1-Propene-3d:

Acrolein: z = 1/d; — 1

1/(11 -2

Applying these relationships to the low
conversion data of Tables 3 and 4 for
bismuth molybdate gives z — 0.64 calcu-
lated from the observed d, of acrolein from
lpropene-1d, and predicted d, = 50% for
the acrylonitrile from 1-propene-1d,
whereas d, = 44% was observed. For the

navralain o 1T _rnenana +ha ~haanorad
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d, gives z = (.48, while the observed d, of
acrylonitrile gives z = 0.18, Similar results
were obtained with cuprous oxide.

Acrylonitrile: z =

YTIC OXIDATION

N OF PROPYLENE 557

The results with acrolein are not very
sensitive to the mechanism of the second
abstraction, but the results with acryloni-

+rila are aunite sensitive and in comblete
viiiv i v \iu‘» L) WULLOLIVL Y U CRLEA ALl WASALR AN

disagreement with the model of attack
directly on the carbon atom. Thus these
data indicate quite conclusively that sub-
sequent attack on the allyl intermediate
does not occur on a carbon atom, but
rather at a hydrogen atom, and suggests
that the introduction of the hetero atom
{oxygen or nitrogen) occurs after the
hydrogen abstraction from the allyl
intermediate.

The fact that ammonia inhibits the isom-
erization of propylene over bismuth
molybdate while not inhibiting the oxida-
tion reaction, where the rate-limiting step
is abstraction to form the allylic inter-
mediate, indicates that this intermediate
has no carbonium ion character. Carbanion
character has already been eliminated (12),
so that the initial abstraction must involve
the homolytic scission of the C-H bond.

A recent publication by Sixma, Duyn-
stee, and Hennekens (13) on the oxidation
of propene-1-C** to aerolein on a copper
catalyst has also indicated the presence of
a symmetrical intermediate. Sixma et al.
have criticized our published model (7) for
having no isotope effect in the abstraction
of the last hydrogen for forming acrylo-
nitrile. However, in the absence of hydro-
gen lability within the whole molecule
{and the evidence is quite strong on this
point), there can be no isotope discrimina-
tion effect in this last abstraction step since
the carbon atom going to the nitrile group
has only one hydrogen (or deuterium)
ﬂff‘\(‘hﬂd whieh must be removed, No

kinetic 1sotope effect is present since all
intermediates formed are converted to
product. Therefore, the mechanism pre-
sented (7) requires no isotope effect in the
last abstraction for forming acrylonitrile.
An alternative model presented by Sixma
et al., involving no isotope effect and the

Lrrann o PR N Asn Aanuwlad MIT
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CH. intermediate is refuted by the differ-
ences in deuterium content of products
from 1-propene-1d and 1-propene-3d, the
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absence of deuterium on the center carbon
atom in the produets, and the kinetic iso-
tope effect found for oxidation over bis-
muth molybdate.
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