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Double-bond migration of ethyl 2-propenyl ether, phenyl2-propenyl ether, isopropyl 2-propenyl 
ether, 2,5-dihydrofurane, and 3-methoxycyclohexene was carried out over several kinds of metal 
oxide catalysts to develop novel heterogeneous catalysts for the reactions and to elucidate the 
reaction mechanisms. Among the catalysts examined, CaO exhibited the highest activity, and 
LarO,, SrO, and MgO also showed high activities. Thorium oxide, Zr02, and YrOr were slightly 
active, but ZnO, AIrOr, and SiOr-Al203 were completely inactive. In the double-bond migration of 
ethyl 2-propenyl ether and of phenyl 2-propenyl ether over CaO, the cis forms of ethyl I-propenyl 
ether and phenyl I-propenyl ether, respectively, were exclusively produced in the initial stage of 
the reaction. CNDOR calculations were done for the total energies of different conformers of ethyl 
2-propenyl ether, and of cis and tram forms of the allylic anions. Based on the experimental results 
and CND0/2 calculation, the reaction mechanisms are discussed. It is suggested that the reaction 
was initiated by an abstraction of an H’ from ally1 ethers by the basic site on catalyst to form cis- 
allylic anion as an intermediate. 

INTRODUCTION 

Base-catalyzed double-bond migration of 
alkenes and related compounds has been 
extensively studied in homogeneous sys- 
tems (1, 2). With heterogeneous catalysts, 
however, studies has been done mostly on 
the reactions of alkenes, and only a few pa- 
pers have reported double-bond migration 
of unsaturated compounds containing het- 
ero atoms such as N and 0. 

Although t-BuOK (3-5), MeONa (3), 
NaNH2 (5), NaH (5), ally1 lithium (6), and 
PdClZ(PhCN)2 (7), were reported as a ho- 
mogeneous catalyst for double-bond migra- 
tion of 2-propenyl ethers, only KNHZ/A1203 
(8), and Na/AlzOJ promoted by iron oxide 
(9) have been presented as heterogeneous 
catalysts. Thus, development of novel het- 
erogeneous catalysts other than the cata- 
lysts mentioned above would be of impor- 
tance. 

In our previous paper (IO), double-bond 
migration of 2-propenylamines was studied, 
and it was found that certain solid base cat- 
alysts such as MgO, CaO, and Laz03 exhib- 

ited high catalytic activities. Similarity of 
the catalyst system for double-bond migra- 
tion of 2-propenylamines to that for 2-pro- 
penyl ethers in homogeneous system sug- 
gests that those heterogeneous catalysts 
which showed high activities for double- 
bond migration of 2-propenylamines might 
be active for double-bond migration of 2- 
propenyl ethers. In this study, the catalytic 
activities of several solid base catalysts in- 
cluding MgO, CaO, and Laz03 were exam- 
ined for double-bond migration of 2-pro- 
penyl ethers, and the reaction mechanisms 
are discussed on the basis of selectivity and 
CND0/2 calculation for the intermediates. 

EXPERIMENTAL METHODS 

Reagent. Ethyl 2-propenyl ether was ob- 
tained from Eastman Organic Chemicals. 3- 
Methoxycyclohexene was obtained from 
Chemical Procurement Laboratories. 2,5- 
Dihydrofuran and phenyl 2-propenyl ether 
were purchased from Tokyo Kasei Kogyo 
Company Ltd. Isopropyl 2-propenyl ether 
was prepared from 2-propenyl chloride, 
isopropylalcohol, and sodium metal by the 
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Williamson synthesis. All reagents were 
purified by repeated freeze and thaw tech- 
nique followed by passage through 3A mo- 
lecular sieves. 

Cutalyst. The MgO, CaO, SrO, and BaO 
catalysts were prepared from Mg(OH)2 
(Kant0 Chemical Co.), Ca(OH)2 (Kant0 
Chemical Co.), SrC03 (E, Merck Darm- 
stadt), and BaO (E. Merck Darmstadt) by 
thermal decomposition in a vacuum at 
proper temperatures. The LasOj catalyst 
was obtained by thermal decomposition of 
La(OH)3 at 700°C in a vacuum. Lanthanum 
hydroxide was prepared by hydrolysis of an 
aqueous solution of La(NO& (Nakarai 
Chemicals Co.) with aqueous ammonia fol- 
lowed by washing with deionized water. 
The Zr02 catalyst was prepared from an 
aqueous solution of ZrOC& by precipitation 
with aqueous ammonia followed by wash- 
ing with deionized water, calcining at 500°C 
in air and outgassing at 500°C. The Th02 
catalyst was prepared by thermal decompo- 
sition of Th(NO& (Wako Pure Chemicals 
Industry Co.) at 500°C in air followed by 
outgassing at 500°C. The ZnO catalyst was 
prepared from an aqueous solution of ZnClz 
by precipitation with aqueous ammonia fol- 
lowed by washing, calcining at 500°C in air, 
and outgassing at 500°C. The Y203 catalyst 
was prepared from an aqueous solution of 
Y(NO& by precipitation with aqueous am- 
monia followed by washing, drying at 
12O”C, and outgassing at 700°C. The silica- 
alumina catalyst (Nikki Chemical Co. Type 
SA-N) and the alumina catalyst (Nishio In- 
dustry, Type AE-11) were commercially 
available. 

Reaction procedures. An all-glass static 
reactor was employed for carrying out the 
reaction. Catalysts were placed in a quartz 
or Pyrex glass reactor, whose volume was 
ca. 20 ml, and were outgassed at proper 
temperatures for 3 h. Reactants were intro- 
duced through a breakable seal by distilla- 
tion into the reactor thermostated at liquid 
nitrogen temperature. The reaction was 
started by rapid melting of the reactant at 
reaction temperature. Products were ana- 

lyzed by gas chromatography. A 3-m 
column packed with VZ-7 was operated at 
45°C for analysis of the products of the re- 
action of ethyl 2-propenyl ether. For sepa- 
ration of cis- and truns-l-propenyl ethyl 
ether, a 5-m column packed with benzyl- 
cyanide and AgN03 mounted on Uniport C 
was used at 40°C. For analysis of the prod- 
ucts of the reactions of 2,5-dihydrofuran 
and 3-methoxycyclohexene, a 10-m column 
packed with PEG 1500 on Uniport B was 
used at 80°C. For analysis of the products 
of the reaction of phenyl 2-propenyl ether, 
a 3-m column packed with DEGS mounted 
on Uniport B was operated at 100°C. All 
columns were of Cu-tubing, 4 mm o.d. and 
all column packings were purchased from 
Gasukuro Kogyo Company Ltd. Reaction 
products were also subjected to ‘H NMR 
and LGC-mass spectrometric analyses for 
identification. 

CNDOI2 calculation. CND0/2 calcula- 
tions with original parameterization were 
done for the total energies of s-tram and s- 
cis forms of ethyl 2-propenyl ether, and of 
tram- and cis-ally1 ethyl ether anions. In 
calculation, minimization of the total en- 
ergy was done by varying the C-H bond 
lengths on C(l), Cc*), and Cc3), the C-C 
bond lengths of (%-C(*), and C(2)-C(3) 
the bond length of Cc3)-0, and the angle 0; 
0-C2HS around the C(3)-0 axis. In the 
case of the allylic anions, calculation was 
done both for a free anion and for the ion- 
pair in which the Mg2+ ion was placed 2.2 A 
below the ally1 plane and was moved paral- 
lel to the plane. The electron densities of 
carbon atoms 1, 2, and 3 were also calcu- 
lated for the trans- and cis-allylic anions. 

All calculations were done by use of the 
HITAC M-200H of Hokkaido University. 

RESULTS 

The reactions proceeded cleanly; no re- 
actions other than double-bond migration 
were appreciable over the catalysts exam- 
ined in this study. The results of the reac- 
tions of the various ethers are summarized 
in Table 1. The MgO, CaO, SrO, and La203 
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FIG. 1. Variation of the conversion of ethyl 2-pro- 
penyl ether over CaO as a function of the outgassing 
temperature of the catalyst. Reaction temperature, 
0°C; reaction time, 1 min; catalyst weight, 16 mg; reac- 
tant. 0.1 ml. 

catalysts exhibited activities for double- 
bond migrations of ethyl 2-propenyl ether, 
phenyl 2-propenyl ether, isopropyl 2-pro- 
penyl ether, and 2$dihydrofuran. Of these 
catalysts, CaO exhibited the highest activ- 
ity. 3-Methoxycyclohexene did not un- 
dergo isomerization even at 150°C. The 
ZrOz, ZnO, BaO, and Y203 catalysts gave 
isomerized products, but these activities 
were very low as compared with those of 
the MgO, CaO, SrO, and La203 catalysts. 
The silica-alumina and the A1203 catalysts, 
which are active for double-bond migration 
of alkenes, showed no activity. 

The reactivity of each ether toward dou- 
ble-bond isomerization was in the following 
order, though there were some exceptions 
depending on the catalyst: 

Ethyl 2-propenyl ether > phenyl 2-pro- 
penyl ether > isopropyl 2-propenyl ether > 
2,5-dihydrofuran + 3-methoxycyclohex- 
ene. 

The variation of the conversion in 1 min 
for the double-bond migration of ethyl 2- 
propenyl ether over the CaO catalyst as a 
function of the outgassing temperature of 
the catalyst is shown in Fig. 1. The catalyst 
became active when outgassed above 200°C 
and gave more than 90% conversion when 

outgassed in the temperature range 500- 
900°C. 

The percentages of the cis isomers in the 
products are plotted against conversion in 
Fig. 2 for the reactions of ethyl 2-propenyl 
ether and of phenyl 2-propenyl ether over 
the CaO outgassed at 600°C. For both reac- 
tions, extrapolation to zero conversion 
gave 100% cis isomer. As the reactions pro- 
ceeded, the value gradually approached to 
the equilibrium values, which were re- 
ported to be 57% cis for ethyl 1-propenyl 
ether (11) and about 65% cis for phenyl l- 
propenyl ether (4). 

The reaction of ethyl 2-propenyl ether 
was carried out in the presence of 50 Torr of 
D2 or 50 Tot-r of perdeuterio benzene. In 
both cases, D atoms were not incorporated 
either into the reactant or into the product, 
though the reaction rate was retarded in the 
presence of perdeuterio benzene. 

The CND0/2 calculation for the total en- 
ergy of ethyl 2-propenyl ether indicates that 
the most stable s-cis form and s-tram form 
are those shown in Fig. 3, where the molec- 
ular structures are drawn in perspective. In 
both forms, two H atoms on C(r), C(l), H 
atom on Co), C2), C3’, 0, and one of the 
lone pair orbitals on 0 atom (not shown) 
are positioned on the same plane (X-Y 
plane). The s-cis form (I) is more stable 

I 
0 20 40 60 80 100 

Conversion/% 

FIG. 2. Variations of the compositions of ck isomers 
in the products for double-bond migration of ethyl 2- 
propenyl ether (O), and of phenyl2-propenyl ether (0) 
at 0°C. 
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than the s-tram form (II) by 2.43 kcal/mol. 
For a free anion, the most stable cis-allylic 
anion and trans-allylic anions are shown in 
Fig. 4. In both forms, two H atoms on C(l), 
C(l), the H atom on Cc2), Cc2), C3), the H 
atom on Cc3), 0 and one of the lone pair 
orbitals on the 0 atom are on the same 
plane (X-Y plane). The trans-allylic anion 
(IV) is more stable than the cis-allylic anion 
(III) by 0.74 kcal/mol. When the Mg2+ ion is 
placed 2.2 A below the ally1 plane and 
moved parallel to the ally1 plane (X-Y 
plane), the total energy of the allylic anions 
becomes a function of the position of the 
Mg2+ ion. The region in which the Mg2+ ion 
was moved is shown in the shaded area in 
Fig. 5. The variations of the total energies of 
cis- and trans-ally1 ethyl ether anions as a 
function of the position of the Mg2+ ion are 
shown in Figs. 6 and 7, respectively. For 
both anions, the total energies became mini- 
mized when the Mg2+ ion was placed at (x, 
y, z) = (0.65,0.25, -2.2). In the most stable 
state, the cis-allylic anion was more stable 
than the trans-allylic anion by 2.57 kcall 
mol. 

The electron densities of the carbon at- 
oms of cis- and trans-allylic anions were 
also calculated. Those of carbon atoms 1,2, 
and 3 were 4.1803, 3.9144, and 4.3331, re- 
spectively, for the cis-allylic anion, and 
were 4.1872, 3.9111, and 4.3386, respec- 
tively, for the truns-allylic anion. For both 
cis- and truns-allylic anions, the electron 
density was the highest on the terminal car- 
bon atoms. 

DISCUSSION 

The catalysts which showed activities for 
double-bond migration of 2-propenyl ethers 
were MgO, CaO, S-0, and La203, and it 
was observed that all these catalysts pos- 
sessed basic sites on the surfaces. A high 
cisltruns ratio in the product, which is usu- 
ally observed for the homogeneous base- 
catalyzed reaction, was also observed for 
the heterogeneous reaction in this study. 
Therefore, it is concluded that double-bond 
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(I) s-cis-I-propenyl ethyl ether 

(II) s-trans-2-propenyl ethyl ether 

FIG. 3. The structures of the most stable s-cis and s-tram forms of ethyl 2-propenyl ether. 

migration over the MgO, CaO, SrO, and 
Laz03 catalysts is a base-catalyzed reaction 
and that the active sites on these catalysts 
are basic sites. 

No activities were observed for the SiOT 
A&O3 catalyst, probably because the acidic 
sites on the surface strongly adsorb the 
reactant by the lone pair on the 0 atom. 

Although it has been suggested that double- 
bond migration of alkenes over A&O3 is a 
base-catalyzed reaction (12), ethyl 2-pro- 
penyl ether did not undergo any reaction 
over A1203. Since it is supposed that the 
basic sites on the alumina surface are adja- 
cent to exposed AP+ ions which act as 
strong Lewis acid, the A13+-02- pair sites 

(no C i s-ally1 anion 

WI 1 rans- ally1 anion 

FIG. 4. The structures of the most stable cis and tram forms of the allylic anions. 
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,O (trans) 

0 0.9 1.8 
0 

Distance/ A 

FIG. 5. Region where the Mg2+ ion was moved paral- 
lel to the ally1 plane of cis and tram forms of allylic 
anions for CNDO/Z calculation. 

FIG. 6. Variation of total energy of the fruns-allylic 
anion as a function of the position of the Mg*+ ion. 
Minimum energy (X, Y) = (0.65, 0.25). 

FIG. 7. Variation of total energy of the cis-allylic 
anion as a function of the position of the Mgz+ ion. 
Minimum energy (X, r) = (0.65, 0.25). 

might adsorb the reactant by the 0 atom 
rather than abstract an H+ from the reac- 
tant. 

The low activities of the Zr02, ZnO, and 
Y203 catalysts were similar to low activities 
of these catalysts for butene isomerization 
as compared with the MgO, CaO, SrO, and 
La203 catalysts. Probably the basic sites of 
the former catalysts are not as strong as 
those of the latter catalysts. 

To draw a reaction scheme, it appears 
important to take into account the confor- 
mation of the reactant. In some cases, the 
conformation of the reactant is reflected in 
the geometry of the product (12, 14). The 
CND0/2 calculation of ethyl 2-propenyl 
ether suggests that the s-cis form is more 
stable than the s-fruns form. The energy 
difference, 2.43 kcal/mol, corresponds to 
the composition of 98.9% s-cis form and 
1.1% s-truns form at 0°C. 

The s-cis form and s-tram form of ethyl 
2-propenyl ether will yield a cis-allylic an- 
ion and a truns-allylic anion, respectively. 
If the interconversion between the cis-al- 
lylic anion and the truns-allylic anion is 
slow, the produced ethyl I-propenyl ether 
would consist of 98.9% cis isomer and 1.1% 
rruns isomer. On the other hand, if the in- 
terconversion is very fast, the cis- and 
truns-allylic anions would reach equilib- 
rium on the surface, and the composition of 
ethyl I-propenyl ether would reflect the 
equilibrated composition of the anions on 
the surface. Provided that the energy differ- 
ence between the cis-allylic anion and the 
truns-allylic anion on the surface is 2.54 
kcal/mol as calculated by the CND0/2 
method, the equilibrated composition at 
0°C is 99.1% cis-allylic anion and 0.9% 
truns-allylic anion. 

In both the reactant and the allylic anion, 
cis forms are thermodynamically more sta- 
ble. The observed composition was close to 
100% cis-1-propenyl ethyl ether and cis-l- 
propenyl phenyl ether. It is, however, un- 
certain as to whether the interconversion 
between cis- and tram-allylic anion is fast 
or slow. 
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SCHEME I. Reaction scheme for double-bond migration of ethyl 2-propenyl ether. 

The double-bond migration of ethyl 2- 
propenyl ether can probably be illustrated 
by Scheme I. 

In the allylic anion, the electron density 
is the highest on the terminal carbon (Cc3)). 
Therefore, the attack of H+ at the carbon 
atom 1 would be easier than that of carbon 
atom 3, and the reverse step of step I 
should be slower than steps III and III’. 

No D atoms were incorporated into the 
reactant or product when the reaction was 
carried out in the presence of Dz or per- 
deuterated benzene. This suggests that the 
reaction involves intramolecular H transfer 
during isomerization. 

The reaction schemes for the double- 
bond migration of phenyl 2-propenyl ether 
and of isopropyl 2-propenyl ether appear to 
be similar to that of ethyl 2-propenyl ether. 
For the double-bond migration of 2,5-dihy- 
drofuran, as the geometrical structure is 
rigid, the reaction proceeds via the cis-al- 
lylic intermediate as illustrated by Scheme 
II. 

Failure of 3-methoxycyclohexene to un- 
dergo double-bond migration was also ob- 
served in the reaction with homogeneous 

SCHEME II. Reaction scheme for double-bond mi- 
gration of 2,5-dihydrofurane. 

catalysts. In the homogeneous reactions, 
this has been explained as being due to the 
fact that the molecule contains only a frans- 
ally1 ether group and is incapable of forming 
a cis-allylic anion (2). An alternative expla- 
nation would be as follows. Since the reac- 
tion is to be initiated by an abstraction of an 
allylic H, 3-methoxycyclohexene should be 
adsorbed on the surface in such a direction 
that the allylic H is toward the surface. 
Consequently, the 0 atom should be off the 
surface as illustrated below (I). 

(1) (II) 

The interaction between the 0 atom and the 
surface is considered to be strong. The ad- 
sorbed state (II) may be more stable and 
most of the adsorbed species may be in a 
form (II), which is unable to undergo dou- 
ble-bond migration. 

Finally, importance of the roles of metal 
cations in base-catalyzed reactions should 
be noted. As calculated by the CND0/2 
method, the anionic intermediates are sta- 
bilized to a great extent and the degrees of 
the stabilization vary with the position of 
metal cations to the anionic intermediates. 
Same situation has been reported for bu- 
tene isomerization, where the presence of 
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alkali metal cation lower the total energy of 
the allylic carbanion intermediate (25). 
Therefore, it is suggested that in consider- 
ing the nature and structure of the active 
sites for base-catalyzed reactions, relative 
positions of basic site (02-) and metal cat- 
ion should be taken into account. 
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