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The stereochemistry of the oxidative dehydrogenation of (Z)-ally1 alcohol-3-d, to acrolein over a 
silver catalyst has been studied using microwave spectroscopy for analyses. With oxygen present 
randomization was less than 16% over the temperature range 160-290°C. In the absence of oxygen 
acrolein was still produced by dehydrogenation but randomization rose to 60-80% and some 
propionaldehyde-d, was observed. Under both conditions repassage of stereolabeled acrolein along 
with unlabeled ally1 alcohol led to similar amounts of randomization to the above. The data indicate 
that the reaction of ally1 alcohol occurs with retention of alkene stereochemistry while a repeated 
readsorption process leads to randomization in the acrolein. It would appear likely that the primary 
interaction of acrolein and ally1 alcohol with the reduced silver is via the oxygen atom of each. Thus 
the chemistry does not involve the formation of n-ally1 intermediates as observed with oxide 
catalysts. 

INTRODUCTION 

The heterogeneous oxidation of ally1 al- 
cohol to acrolein in the presence of air is 
not a process in wide use although there are 
numerous references to the reaction (I). 
Various catalysts produce acrolein includ- 
ing Ag (2, 3), Cu (d-7), Pt (a-10), Pd 
(7, 8, II), as well as metal oxides (12-15). 
We were motivated to investigate the mech- 
anism of this oxidation over silver in order 
to prepare stereolabeled acrolein-d, which 
was needed for other experiments. There 
are no literature reports on this material and 
standard routes to acrolein including the 
widely used catalytic oxidation of propyl- 
ene are not suitable for its preparation (16). 
We report herein the results from oxidation 
of (Z&ally1 alcohol-3-d, over Ag powder in 
the presence and absence of feed oxygen. 
Several interesting contrasts have been 
found including high retention of stereo- 
chemistry in the presence of O2 but high 
randomization in its absence. 

EXPERIMENTAL 

All catalytic experiments were carried 
out in a single pass flow reactor with tem- 
perature controlled to about 1°C. Two 
grams of silver sponge was held in a tubular 
(10.5mm-i.d.) Pyrex reactor. The silver 
sponge was used previously in studies of 
ethylene and propylene epoxidation and its 
preparation and characterization are de- 
scribed in those reports (I 7-19). The cata- 
lyst was reduced with hydrogen at 320°C 
for several hours prior to each run. It was 
stabilized by oxidation of ally1 alcohol for 
2-4 hr at the desired temperature followed 
by passage of deuterated ally1 alcohol or 
acrolein for 5 to 10 min. 

The carrier gas was nitrogen (prepurified, 
99.95%) in all experiments and the total 
flow rate was maintained at 60 cm3 min-l. 
Normal and labeled ally1 alcohol were 
added to the feed by passing the nitrogen 
over several milliliters of the alcohol in a U 
trap at room temperature. Its concentration 
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in the feed was 1% on the average. When 
necessary, oxygen (extra dry, 99.6%) was 
added at a concentration of 1.5%. For re- 
passage experiments under reaction condi- 
tions, a small amount of stereolabeled acro- 
lein was held in a trap at - 23°C and the flow 
was diverted over it. This resulted in a con- 
centration of about 0.3% in the total feed. 

Unlabeled ally1 alcohol was obtained 
from Mallinckrodt Co. with a purity deter- 
mined as -99%. Stereolabeled (Z)-ally1 al- 
cohol-3-d, (hereafter, cis-ALA-3-d,) was 
prepared by the reduction of propargyl al- 
cohol with LiAlH4 in ether followed by the 
addition of D,O at low temperature (20). 
Solvent was removed by distillation while 
unreacted propargyl alcohol and byprod- 
ucts were removed by GC separation using 
a Carbowax 1000 column at 90°C. This re- 
sulted in 76% cis-ALA-3-d, and 24% nor- 
mal ALA. No other deuterated species 
could be detected by microwave spectros- 
copy. This gave a limit of 0.03 for the trans- 
3-d,/cis-3-d, ratio in the starting material. 
The microwave assignment of the normal 
ALA is known (21) and the assignment for 
ALA-3-d, will be reported elsewhere (16). 

The products were sampled for GC anal- 
ysis or collected at - 160°C for spectro- 
scopic analysis. The latter samples were 
distilled through -45 and -96°C traps in 
order to separate and concentrate the acro- 
lein and ally1 alcohol. 

The cis-3-d,/trans-3-d, ratio in the acro- 
lein was determined by measurement of the 
relative intensities of the same microwave 
transition for the two species. This analyti- 
cal technique has been discussed previ- 
ously (18, 22) and the MW assignment for 
these isotopic species was also available 
(23, 24). Three pairs of rotational transi- 
tions were used to obtain the intensity ra- 
tio. They were the 4,,-3,3, 414-313, and 4,,- 
31, transitions. The factor R needed to 
convert the microwave intensity ratio into a 
molar ratio was 1.025, 1.020, and 1.034, 
respectively. The average deviation of the 
percentage (Z)-acrolein-3-d, (hereafter, cis- 
ACR-3-d,) for the three transitions was less 

than +-0.5%. The absolute accuracy how- 
ever is estimated to be +-2%. This is ob- 
tained by considering the experimental pre- 
cision as well as possible systematic errors 
from uncertainties in the dipole moments or 
the assumption that the ratio of vibrational 
partition functions is 1. These sources of 
error have also been discussed previously 
(18, 22). 

In some experiments cis-ACR-3-d, was 
added to the feed in order to determine if it 
led to propionaldehyde-d,. The isotopic en- 
richment in the recovered propionaldehyde 
was determined by MW spectroscopy (25). 
This necessitated assignment of the rota- 
tional transitions of CH2DCH2CH0 which 
will be reported separately (16). Authentic 
samples of CH,DCH,CHO were employed. 
They were obtained by the catalytic isomer- 
ization of CHD=CHCH20H over y-A1203 
at 325°C (13). (On this catalyst, selectivity 
to propionaldehyde was above 90% and no 
acrolein was formed.) 

A Varian-920 gas chromatograph was em- 
ployed to analyze the reactant and product 
gases using three columns: 10% Carbowax 
1000 on Chromosorb WHP at 60°C for anal- 
ysis of acrolein, propionaldehyde, and ally1 
alcohol, Porapack Q at 75°C for COZ, and 
molecular sieve 5A for O2 and Nz. Attempts 
were made to detect by GC if Hz, glycidol, 
or propanol were present in the effluent. 
Any H2 or glycidol in the mixture was be- 
low detection limits of 0.2% and O.OOl%, 
respectively. Propanol was present in about 
0.5%, an amount similar to that in the ally1 
alcohol starting material. 

In several experiments, stereolabeled cis- 
ACR-3-d, was passed over the catalyst to 
evaluate the possibility of an adsorption- 
randomization process. This was done un- 
der reaction conditions by adding the acro- 
lein to a feed containing unlabeled ALA. 
The labeled acrolein was 92.6% cis-3-d, and 
7.4% tram-3-d,. It was prepared by the oxi- 
dation of cis-ALA-3-d, over Ag (with 0,) at 
290°C and analyzed by microwave spec- 
troscopy. It was also found that stereola- 
beled acrolein randomized slowly when 
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stored for several days at room tempera- 
ture. This necessitated storage of labeled 
acrolein in liquid Nz until it could be ana- 
lyzed by MW spectroscopy or used in a re- 
passage experiment. 

RESULTS 

Selectivity (SAC& total conversion (XT), 
and randomization at different tempera- 
tures are summarized in Tables 1 and 2 for 
reactions in the presence and absence of 
02, respectively. Unlike other oxidation re- 
actions studied over this catalyst (Z7-19), 
the results were not closely reproducible 
from run to run. This probably results from 
the reaction being sensitive to the precondi- 
tioning procedure or to small differences in 
the feed concentrations. However, it did 
not seem worthwhile to pursue this matter 
in further detail since overall reactivity pat- 
terns were clear enough. 

For reactions in the presence of 02, high 
conversions and selectivities to ACR were 
found at temperatures ~210°C. CO, and 
HZ0 were also produced but no other par- 
tial oxidation products were detected. In 
the absence of 02, the conversion dropped 
markedly although it was still appreciable 
at 250-300°C. The selectivity to acrolein at 

these temperatures was nevertheless quite 
high. Propionaldehyde, which is an isomer 
of ALA, was also observed but COZ or Hz0 
was absent. Mass balance required some 
hydrogen production but the quantities 
likely to be produced were below GC detec- 
tion limits. 

The amount of stereorandomization in 
the product ACR-3-d1 was clearly low in 
the presence of O2 (percentage randomiza- 
tion 5 16%) while high in the absence of O2 
(60% I % rand 5.83%). There was no clear 
trend in the percentage randomization with 
temperature although there were some 
hints that lower temperatures decreased the 
amount of randomization in Table 1 but in- 
creased it in Table 2. More extensive data 
are needed to unambiguously establish 
such patterns. There does appear to be a 
correlation in Table 2 between randomiza- 
tion and selectivity considering both the ox- 
idation and repassage experiments. The 
lower randomizations (60-70%) are associ- 
ated with high selectivities 293% while 
higher randomization (76-83%) occurred 
with selectivities in the range 74-82%. 

The amount of stereorandomization 
when stereolabeled ACR-3-d, was repassed 
over the catalyst under reaction conditions 

TABLE 1 

Catalytic Dehydrogenation of Ally1 Alcohol to Acrolein in the Presence of Oxygen 

Run Temperature 
(“Cl 

Reaction of 
normal ally1 alcohol 

XT(%) SACd%)” XT(%) 

Reaction of cis- 
ally1 alcohol-3-d, 

SACR(%O) cis-ACR-3-d,(%) Rand.(%) 

1 160 15.9 99.4 
2 210 96.6 98.8 
3 250 90.7 99.5 
4 290 100 96.8 
5 290 100 95.2 

6 200 48.8 99.9 
7 290 100 89.4 

16.0 99.5 
91.5 99.3 
96.1 99.3 

100 96.3 
100 92.1 

Repassage of cis- 
acrolein-3-dIb 
- - 

96.3 7.4 
92.3 15.4 
94.3 11.4 
94.9 10.2 
92.2 15.6 

91.5 2.6c 
86.0 15.5 

a Other products are CO1 and water. 
b 92.6% cis-ACR-3-d, and 7.4% tram-ACR-3-d, added to a feed containing ALA-d,. 
c Based on 100% cis-ACR-3-d, starting material. 
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Run 

TABLE 2 

Catalytic Dehydmgenation of Ally1 Alcohol to Acrolein in the Absence of Oxygen 

Temperature Reaction of Reaction of 
(“C) normal ally1 alcohol cis-ally1 alcohol-3-d, 

XT(%) S,d%)” XT(%) SACFmO) cis-ACR-3-d,(%) Rand.(%) 

1 200 6.2 98.9 
2 200 7.2 80.8 
3 250 26.4 73.9 
4 300 28.6 93.0 

5” 200 6.3 99.5 
6 200 9.1 81.4 
7 200 10.2 75.7 
8 300 48.5 96.3 
9 300 27.5 93.8 

5.4 100 65.6 68.9 
9.1 87.0 59.7 80.6 

19.4 11.8 61.9 76.2 
24.0 96.1 69.8 60.4 

Repassage of cis-acrolein-3-dIb 
- 64.5 66.0d 
- - 58.7 79.1 

- 51.4 82.6 
- 64.8 65.3 

- - 65.0 64.8 

D Other products are propionaldehyde and presumably Hz. 
b See footnote b, Table 1. 
c Run 5 was followed by run 1 so that the stereochemistry could be compared for nearly identical reaction 

conditions. 
d See footnote c in Table 1. 

was generally similar to the amount ob- 
served when ALA-3-d, was oxidized. One 
set of stereoexperiments (Runs 5 and 1, 
Table 2) was carried out seriatim in order to 
match the reaction conditions as closely as 
possible for the oxidation of the labeled 
ALA and the repassage of labeled ACR in 
the presence of unlabeled ALA. The 
amount of randomization in the recovered 
ACR agreed closely for the two cases. 

The MW spectrum indicated that there 
was negligible cisltrans isomerization in 
unreacted ALA-3-d,. There was no evi- 
dence in the MW spectrum for any 
CHFCHCDO in the product gases for any 
runs indicating that it was below 1% com- 
pared to CHD=CHCHO. However, when 
CHD=CHCHO was repassed over the 
catalyst under reaction conditions, an 
appreciable amount of the recovered 
propionaldehyde was singly deuterated 
(CH,DCH,CHO). 

DISCUSSION 

The oxidation of propylene or ally1 alco- 

hol to acrolein over metal oxide catalysts 
such as bismuth molybdate oxides is known 
to proceed through a symmetric intermedi- 
ate such as the r-ally1 species. This leads to 
equilibration of C-l and C-3 in both the 
acrolein product (1.5, 26) and unreacted al- 
lyl alcohol (r5). It is clear that such a mech- 
anism is not operative in the conversion of 
cis-ALA-3-d, over Ag since only cis- and 
rrans-ACR-3-d, were observed and not 
ACR-l-d, or trans-ALA-3-d,. The absence 
of ACR-l-d, also precludes isomerization of 
ALA-3-dr to ALA-l-d,. 

The extent of randomization in the ACR- 
3-d, is very similar for the oxidation reac- 
tion of cis-ALA-3-d, over Ag and the re- 
passage of cis-ACR-3-d,. Therefore, it is 
reasonable to assume that the conversion of 
ALA in both the presence and absence of 
feed O2 occurs with high retention of ste- 
reochemistry about the double bond while 
most of the randomization occurs subse- 
quently during a separate readsorption of 
ACR. This would be consistent with the ox- 
idation occurring via a dehydrogenation 
process which removes two H-atoms from 
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the -CH20H moiety with little perturbation 
of the carbon-carbon double bond. These 
hydrogen atoms are then converted to Hz0 
in the presence of oxygen. However, when 
the oxygen levels are low presumably some 
of this hydrogen is scavenged or appears in 
the propionaldehyde product. The pro- 
pionaldehyde is produced at least in part by 
hydrogenation of acrolein since ACR-d1 
added to the feed leads to propionaldehyde- 
4. 

This description of the conversion of 
ALA to ACR as an oxidative dehydrogena- 
tion is similar to the mechanism inferred 
from isotopic labeling experiments with 
other alcohols by Madix and co-workers 
(27, 28). They examined the conversion of 
ethanol to acetaldehyde and methanol to 
formaldehyde over silver. It was inferred 
that an early step involved dissociative 
chemisorption through the oxygen atom 
producing an adsorbed RO moiety. Evi- 
dence for surface hydrogen was also in- 
ferred from the desorption of H,(g). 

While the mechanism for production of 
the ACR is presumably the same in the 
absence or presence of feed oxygen, there 
is nevertheless a change in the importance 
of the ACR readsorption-randomization 
process. At first inspection, the decreased 
importance of this process at high oxygen 
levels seems puzzling. It is well known 
from studies of the Os-Ag-ethylene system 
that ethylene only adsorbs on an oxygen- 
ated surface (29). Madix et al. also found 
no evidence for adsorption of CH,OH, 
&H,OH, H&O, HCOOH, or HCOOCH3 
on a clean Ag( 110) surface until oxygen was 
added (27, 28, 30). By analogy ACR should 
also adsorb better in the 02-rich mixtures 
but simultaneously result in less random- 
ization about the double bond. This para- 
dox can be rationalized by recognizing that 
some readsorption of ACR may take place 
in the O,-deficient reactions and that read- 
sorption itself, which probably takes place 
through the oxygen atom, is a necessary 
but not sufficient condition for randomiza- 
tion about the carbon-carbon double bond. 

It is difficult to avoid the conclusion that 
readsorption of ACR (or ALA) occurs to 
some extent even in the 02-deficient mix- 
tures. This is probably assisted by catalysts 
which have not been completely purged of 
oxygen. In contrast to the clean catalysts 
prepared by Madix et al. using ultra high 
vacuum techniques, there is evidence that 
Ag catalysts prepared with the reduction 
procedures and reaction conditions used in 
this study will contain residual oxygen (31- 
33). However, the ease or extent of the 
readsorption process for ACR must not be 
the only factor which influences the amount 
of randomization. It is attractive to also 
associate this with the presence and activity 
of the residual surface hydrogen which was 
postulated above for the reaction in the ab- 
sence of feed-o,. This reactive hydrogen 
would be involved in both proprionalde- 
hyde production as well as the randomiza- 
tion of the ACR as both processes necessi- 
tate a perturbation of the r-system in the 
adsorbed ACR. Experiments by us to more 
definitively test these ideas were incon- 
clusive. They were difficult to perform 
with reproducibility since they involved 
amounts of residual oxygen and hydrogen 
which were difficult to control. 

In summary, the oxidation of ALA to 
ACR occurs by a mechanism with distinctly 
different intermediates compared to oxida- 
tion of propylene or ALA over metal oxide 
catalysts. Also, the randomization of ste- 
reolabeled acrolein-d, passed over a silver 
catalyst is greatest in the absence of feed- 
OZ. This presumably arises from a read- 
sorption of acrolein and opening of the C-C 
double bond under such conditions, per- 
haps catalyzed by residual hydrogen. 
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