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Hydroisomerization experiments were performed with an unlabeled and a W-labeled 
mixture of 50% methyl oleate (Age) and 50% methyl elaidate (A,r) at 100 and 13O”C, using a 
nickel/silica catalyst. The results were compared with data obtained from the hydrogenation 
of pure Age and pure A,L with the same catalyst. 

It was found that the Ay1 double bond migrates considerably faster than the A,’ double 
bond, even in the SO/SO mixture, in contrast with the hydrogenation rate which is indepen- 
dent of the configuration of the double bond. The initial A,‘/A,c and A1~/Al,r ratios appeared 
to be strongly dependent on the configuration of the double bond in the starting material; 
higher ratios were obtained from As’. 

The results were explained on the basis of a half-hydrogenated intermediate or u-complex 
for hydrogenations and for direct cis-tram rearrangements as well as on the basis of a n- 
ally1 mechanism operating simultaneously for double-bond migration. 

INTRODUCTION competitive hydroisomerization experi- 

In a previous paper (I), some hydroiso- 
merization experiments have been de- 
scribed concerning methyl oleate (Age) and 
its geometrical isomer methyl elaidate 
(At). It was found that, at several tempera- 
tures, the initial migration rate of the A9 
double bond exceeds considerably the mi- 
gration rate of the A,” double bond. It also 
appeared that the initial tram/& ratios of 
the As and A,, positional isomers formed 
were lower when Ast was used as starting 
material. The migration rate of the Ast 
double bond was also found to decrease 
strongly after a certain hydrogenation de- 
gree had been reached. The presence of 
positional cis isomers formed could be a 
possible reason for this phenomenon, be- 
cause these isomers may suppress the reac- 
tivity of the tram isomers due to a prefer- 
ential adsorption of cis molecules on the 
catalyst surface. To investigate this hy- 
pothesis, some experiments were per- 
formed with a mixture containing about 
50% Asf and 50% Asc. The results of these 

ments are discussed in the light of current 
theories. 

In this paper a positional isomer with 
the double bond in the (9 t i)th position is 
denoted as As&i. 

METHODS 

Forty grams of a mixture of about 50% 
A,’ and 50% As” (for composition see 
Table 1) was hydrogenated with a 
nickel/silica catalyst using 0.07% of nickel 
based on the weight of methyl esters. The 
catalyst, containing 47.2% nickel (I) was 
reduced in situ at 450°C for 30 min. After 
reduction, the catalyst was poured into the 
mixture of esters previously heated to 
reaction temperature ( 100 or 130°C) under 
atmospheric hydrogen pressure and a stir- 
ring speed corresponding with a dispersed 
energy of about 70 W/kg ester. Samples 
were taken without interrupting the hy- 
drogenation process. The percentage of 
methyl stearate in the reaction mixture 
was determined by glc. The total tram 
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TABLE 1 
COMPOSITION OF THE MONOENE FRACTIONS 

OBTAINED AT 130°C (FIG. 1) 

Composition (%) 
Double 

bond start I 2 3 4 5 6 

trms-4 0.1 0.1 0.2 0.2 0.4 
G-4 0.04 0.08 0.1 0.2 
fronsd 0.2 0.4 0.6 1.0 1.3 1.7 
cis-5 0.1 0.1 0.2 0.3 0.5 

rmnsd 0.3 0.6 I.2 1.5 I.8 2.6 
cis-6 0.1 0.3 0.4 0.5 0.7 1.0 
trans-7 0.05 0.7 I.9 3.7 4.6 5.4 6.8 
cis-7 0.3 0.7 1.0 I.3 I.5 1.9 
rronr-8 0.05 4.2 9.4 12.1 12.9 14.2 14.9 

h-8 0.05 0.9 2.5 3.3 4.1 4.3 3.8 
trans-9 49.2 41.0 34.8 32.2 28.4 24.4 22.3 
cis-9 48.6 42.6 29.6 19.2 14.0 10.5 6.3 

truns-IO 0.2 4.0 10.3 12.1 13.5 13.6 14.9 
cis-IO 0.1 0.9 2.1 3.1 3.5 4.2 3.3 
tmns-I I 0.4 2.3 3.4 4.5 6.1 7.0 9.0 
cis-I I 1.2 I.0 1.0 I.2 1.3 I.8 I.5 
trans-I2 0.1 1.5 I.3 I.9 2.7 3.2 4.4 
cis-I2 0.1 0.1 0.2 0.4 0.4 0.7 0.6 
Iruns- I.1 I.5 1.8 2.8 2.6 
cis-I3 0.4 0.2 0.3 0.5 
rrans-I4 0.2 0.7 1.3 1.5 I.1 

cis-I4 0.2 0.2 0.1 0.2 

content was calculated from ir measure- 
ments at 10.36 pm (2). About 50 mg of the 
reaction mixture was separated into a satu- 
rated, a cis and a tram fraction by tic on 
silica impregnated with silver nitrate (3). 
The fractions were extracted with 
peroxide-free diethyl ether. After removal 
of the ether, the cis and tram fractions 
were separately ozonized in carbon disul- 
fide at -80°C. The ozonides were reduced 
at 40°C using a large excess of triphenyl- 
phosphine. Finally, the mixture of alde- 
hydes and aldehydic esters was analyzed 
by glc (4). 

Two hydrogenation experiments were 
performed with the same mixture to which 
about 100 mg A9” were added with l*C 
incorporated in the carbonyl group. As the 
radioactive experiments had to be per- 
formed in other equipment with a far less 
stirring efficiency, the absolute values of 
the reaction rates obtained in both types of 
reactors cannot be compared. The radioac- 
tive Cx, C, and C1, aldehydic esters were 
isolated from the ozonized mixture by 
means of preparative glc. The amounts of 

these isolated aldehydic esters were deter- 
mined by glc using methyl palmitate as an 
internal standard. From the radioactivities 
determined by liquid scintillation counting, 
the specific radioactivities (a,,), expressed 
in dpm/mmol, were calculated. The asp of 
the saturated and of the overall cis and 
tram methyl ester fractions, obtained via 
tic, were determined in the same way. 

RESULTS 

Figure 1 shows the overall methyl ester 
composition obtained at 130°C as a func- 
tion of time using the labeled mixture. The 
corresponding detailed composition of the 
monoene fractions has been listed in Table 
1. Similar data were obtained from the 
other experiments using the same 50% 
A,‘/50% Asc mixture (labeled and unla- 
beled). As described before (I ,5), several 
types of initial rates can be derived from 
these data. In Table 2 some of these rates 
are given together with some results re- 
ported earlier (2,5). From these data it can 
be concluded that the hydrogenation rate 
is independent of the configuration of the 
double bond. It also appears that the hy- 
drogenation rate is constant and indepen- 

I/ , I I I I I 
0 L 8 12 

Time (mln) 

FIG. 1. Composition of samples obtained from the 
mixture of 50% AZ and 50% labeled AS’ by partial 
hydrogenation at 13O”C, vs time; (A) tram; (0) cis; 
(Cl) saturated. 
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TABLE 2 
INITIAL REACT-ION RATES” FOR LABELED AND UNLABELED EXPERIMENTS 

Starting material Temp (“C) (dm’ldr),, (dmkfr),, (d A&f)+,, (d Ay(‘/dt)t--t,, (d A,‘/&),, (d sat/&),, 

&Cl, 100 Y 21 -17 -27 8 7.8 
Ay”, 100 30 67 -52 11 -62 7.7 
A,VA; (= 1) 100 34 83 -61 -21 -34 8.2 
A,t/A; (= 1)” 100 8 15 -12 -5 -7 3.3 
A8c’1 129 27 69 -52 -72 18 11.3 
A,( ‘I 130 I16 245 -145 23 -168 12.0 
Al/A; (= l)c 130 11 24 -16 -6 -11 6.0 

a (dm ‘ldf )(+ rate of double-bond migration in the direction of the ester group m ( ’ = i As-i i); (dml~r),, 

total rate of double-bond migration (I)) = f: A,+,/il). The migration rates are given as the number of double- 
i=-7 

bond migrations per 100 molecules monoene/min. The other rates are expressed in mol%/min. 
hRef. (I). 
’ Labeled. 

dent of the composition of the reaction 
mixture (Fig. 1). The same conclusion is 
also supported by the results of the com- 
petitive experiments with labeled A,“. Fig- 
ure 2 shows that the initial contribution of 
AYt to the formation of methyl stearate 
equals that of A,” because the value of (Y,~ 
(stearate) is about 0.5 times the initial 
value of asp of the labeled Age. 

In contrast with the hydrogenation rates, 
Table 2 shows that the initial migration 
rate of the Agt double bond exceeds con- 
siderably that of the A,” double bond. This 
phenomenon was also observed at 75, 129 
and 150°C (I). The large difference ap- 
pears to be an initial isomerization effect. 
It was suggested that the cis double bonds 

+$pxlO -5 

(dpmlmmol) 

t 

0’. 
60 ‘@T 

formed during isomerization would, to 
some extent, impede the migration of lrans 
double bonds due to a possible preferred 
adsorption of cis double bonds. However, 
this assumption does not agree with the 
results of the experiment with the unla- 
beled 50% A,L/50% Ai mixture (Table 2) 
in which the initial migration rate of the Agt 
double bond only dropped by about half 
the value obtained for pure Ai. This 
suggests that double-bond migration can 
be described by a dilution effect in a first- 
order rate process. However, the migra- 
tion rate of the A,” double bond decreases 
far less in the presence of 50% A,‘. In 
spite of this it appears that the AYt double 
bond still migrates faster than the As” 

200 LOO 600 800 200 400 600 BOO 

Time (5) 

FIG. 2. Specific radioactivities of the methyl ester fractions vs reaction time at 100 and 130°C; (A) tram; 

(0) cis; (Cl) saturated. 
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FIG. 3. Percentages A9 isomers in the monoene fraction vs degree of hydrogenation; (0) cis; (A) trans. 

double bond at the beginning of the reac- 
tion. Similar results were obtained from 
experiments with the mixture containing 
labeled Age (Fig. 3). Initially, the A,t per- 
centage strongly decreases due to the mi- 
gration process. However, this decrease is 
compensated by a direct cis-trans 
rearrangement of AgC resulting in the for- 
mation of Ast. This reaction can even lead 
to a maximum in the Ai percentage (see 
Fig. 3). 

We tried to determine the (Y,,, values of 
the As and Alo isomers directly from the 
isolated C,- and C,,-aldehydic esters. 
However, at low conversions, the amounts 
of these esters obtained were too small for 
an accurate determination of the (Y,~ val- 
ues. For this reason, we calculated the val- 
ues indirectly via a mass and radioactivity 
balance. 

Figure 4 shows that, initially, both the 

<t,px10-5 
(dpmlmmol 1 

80 

I 

Trans 

cis and trans isomers of A, and Alo are 
mainly formed from Ast, which agrees with 
the data in Table 2 and Fig. 3. The same 
holds for a temperature of 100°C. 

Calculation of CY,, of As and A,, 
Isomers (example) 

The first sample obtained at 130°C con- 
tained 5 1.0% tram isomers with a qP = 
9.8 X lo5 dpm/mmol. Thus, the contribu- 
tion to the total activity of a 100 mmol 
sample due to the presence of 5 1 .O% trans 
isomers is 51.0 X 9.8 X lo5 = 500 X lo5 
dpm. On the basis of the detailed monoene 
composition and the percentage methyl 
stearate in the sample we derive that this 
sample contains 38.7% Agt with a (Y,* = 
6.5 X 1 O5 dpm/mmol (measured via Cy alde- 
hydic ester). This implies that 38.7 X 6.5 X 
lo5 = 252 x lo5 dpm in a 100 mmol sample 
must be attributed to Ar,’ and (500 - 252) x 

TO\- Cis 

I/- , I I I , 
0 200 400 600 800 200 400 600 600 

Time (5) 

FIG. 4. Specific radioactivities of some isomeric methyl octadecenoates obtained at 130°C; (0) As; (0) A,. 
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1 O5 = 248 X lo5 dpm must be ascribed to 
the positional tram isomers formed by 
double-bond migration. The sample con- 
tains 51.0 - 38.7 = 12.3% of these tram 
isomers. As a matter of fact, not all of 
these isomers originate from A,’ or A,’ 
because some were already present (Table 
1) in the original mixture and others might 
have been arisen from the original cis 
isomers (other then A,‘) due to cis-trams 
rearrangement. 

From the composition of the starting 
mixture we estimate that about 11.3% 
positional truns isomers present in the ana- 
lyzed sample have been formed from A,’ 
and A9’. We now assume that all these 
isomers have the same (Y,*. From this it 
follows that Q, of ALtr’ and A,,,’ is 
248 x lo”/1 1.3 = 22 x lo5 dpm/mmol. 

DISCUSSION 

Numerous papers deal with double-bond 
migration catalyzed in heterogeneous or 
homogeneous media by basic, acidic or 
neutral metallic catalysts [for reviews see 
Refs. (6-8). It is still a subject of debate 
whether double-bond migration proceeds 
via the Horiuti-Polanyi (addition-abstrac- 
tion) mechanism with a cT-alkyl complex as 
a half-hydrogenated intermediate or via an 
abstraction-addition mechanism with a 7~- 
ally1 complex as intermediate. Many inves- 
tigators have provided a vast corpus of 
evidence in support of the existence of this 
intermediate. Hightower and Hall (9-12) 
who studied the isomerization of n-butene 
over alumina and alumina-silica using 
tracer techniques with 14C and deuterium, 
concluded that the cis-truns re- 
arrangement and double-bond migration, 
at least on silica-alumina, proceeds via a 
half-hydrogenated intermediate in the form 
of a carbocation. Probably, more than one 
mechanism operates on alumina (9,12). 
Another group of authors (13) claims that, 
in contrast with this polyfunctional cata- 
lysis by alumina, only the half- 
hydrogenated intermediate is responsible 

for the geometrical as well as positional 
isomerization on this type of catalyst. 
However, the same authors (14) report 
that no direct cis-tram rearrangement of 
the double bond in 3,4-dimethyl-3-hexenes 
could be detected, neither on alumina nor 
on palladium-alumina. This may be at- 
tributed to a steric effect preventing a 
direct stereomutation, although it has been 
established that this reaction occurs in a 
homogeneous medium with phosphoric 
acid in dioxan at 50°C (1.5). 

Bond and Wells (16) assume that the 
half-hydrogenated o-alkyl complex is the 
relevant intermediate in the reaction path 
for the process of double-bond migration 
on transition metal catalysts. It is 
suggested (17) that on alumina-supported 
ruthenium at 0-70°C and on osmium, at 
60- 140°C the rate-determining steps are: 
(a) abstraction of hydrogen from the half- 
hydrogenated intermediate for the stereo- 
mutation process and (b) addition of 
adsorbed hydrogen to adsorbed 1 -butene, 
resulting in the formation of the half- 
hydrogenated intermediate for the process 
of double-bond migration. Bond and Win- 
terbottom (18) explain their results ob- 
tained for alumina-supported palladium on 
the basis of an associative mechanism 
although other rate-determining steps are 
assumed. These ideas were supplemented 
by Mellor and Wells (19,20) who could not 
provide any evidence for a dissociative rr- 
ally1 mechanism for butene isomerization 
over iridium-alumina. Moreover, Wells 
and Wilson (21) found a considerable 
activity for double-bond migration on 
alumina-supported metal catalysts in the 
absence of hydrogen at 100°C whereas 
little or no activity was found when the 
same catalysts were used without support. 
They assumed that the hydrogen neces- 
sary for the formation of the half- 
hydrogenated intermediate originated from 
the support by migration of adsorbed hy- 
drogen atoms from this support to the 
metals. Also Holbrook and Wise (22) ex- 
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plained their results obtained for butene 
isomerization over supported and unsup- 
ported palladium catalysts on the basis of 
the half-hydrogenated intermediate. 

Although a common intermediate for 
several reaction paths facilitates the math- 
ematical treatment of results, it is impos- 
sible to generalize the addition-abstraction 
mechanism because a vast amount of 
experimental facts cannot be explained by 
this universal mechanism. With regard to 
our hydroisomerization experiments with 
methyl 9-octadecenoates (I), it is hard to 
understand on the basis of an associative 
mechanism (involving mono-adsorbed cr- 
alkyl intermediates) why AS’ gives initially 
lower translcis ratios between the geomet- 
rical isomers of A8 and A,, than does Asc. 
Assuming a m-ally1 mechanism for double- 
bond migration, it is not difficult to give a 
qualitative explanation for this phenome- 
non. The stability of the allylic intermedi- 
ates arising from a cis (I and II) or a trans 
(III and IV) double bond will not be equal 
(Fig. 5). If, on the basis of steric effects, 
we assume that the stability can be written 
in the following order: 

SI” > SII, = SII > SI, 

tion energy for double-bond migration with 
the stability of the complexes (lower ac- 
tivation energy for relatively stabler inter- 
mediates) so assuming that hydrogen ab- 
straction is the rate-determining step in the 
migration process, we can, starting from 
A,t, expect that the reaction path via inter- 
mediate IV is preferred to that of interme- 
diate III. The first gives a tram isomer on 
double-bond migration while the second 
results in a cis isomer, implying that initial 
trunslcis ratios > 1.0 are obtained. The 
same argument can be used for A,“. In this 
case, the main reaction route is via inter- 
mediate II, which also leads to trandcis 
ratios > 1.0. However, the formation of 
intermediate I will be strongly obstructed 
by steric effects. This means that the for- 
mation of cis positional isomers from cis 
isomers via I is very difficult, whereas 
these isomers can easily arise from truns 
n-alkenes via III. In agreement with 
theory, we initially obtained higher per- 
centages of A,” from Ai than from Asc 
(Fig. 6), resulting in lower ratios between 
At and Axe when the former reactant was 
used. 

A similar reasoning can be used for the 
rates of double-bond migration. On the 
basis of the steric hindrances in the config- 
urations given in Fig. 5 we arrive at the 
conclusion that the main reaction route for 

we can forecast the relative magnitude of 
the initial translcis ratios between the geo- 
metrical isomers. Correlating the activa- 

I! 
H+R 

R H 

III(b) 
H H R 

transoid 

FIG. 5. Configurations of P-ally1 complexes formed from cis (a) and trons (b) monoenes. 
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, I 1 I I I I 

0 20 40 60 

Degree of hydrogenation(%) 
FIG. 6. Percentage A,” obtained from I!,‘, A!,’ or 

from a mixture of these isomers at 100°C; (a) A!,‘: 
(a) A!,“; (0) SO%/SO% mixture (unlabeled). 

double-bond migration from a cis position 
runs via intermediate II. However, a trans 
double bond has not only an equivalent 
reaction route via intermediate I II, but 
also a still better one via intermediate IV 
because this intermediate is sterically the 
most favored. The same arguments are 
used by Cerceau et al. (23) for the in- 
terpretation of their results obtained from 
an isomerization study of alkenes. They 
found that cis-2-heptene gave considerably 
higher [runs-3-heptenelcis-3-heptene ratios 
than trans-2-heptene on double-bond mi- 
gration under the influence of strong basic 
catalysts such as potassium tert-butoxide 
in a homogeneous medium. 

Guisnet et al. (24) assume that at 250°C 
on palladium-alumina, isomerization of al- 
kenes proceeds via an associative and a 
dissociative mechanism operating simulta- 

% 

c 

A 

6 

neously. We arrived at a similar conclusion 
because a pure n-ally1 mechanism only 
allows a geometrical isomerization via po- 
sitional isomers. This would for example 
result in a minimum at the 9-position in the 
initial double-bond distribution in the tram 
fraction, when A!,” is used as starting prod- 
uct. We did not find such a minimum ex- 
cept at rather high temperatures or at a 
low hydrogen supply (Fig. 7). 

We have already shown that double- 
bond migration proceeds via a stepwise 
mechanism (I ). This implies that the ad- 
sorption and desorption of unsaturated 
molecules is very fast under the reaction 
conditions applied. It has also been found 
that the hydrogenation rate is independent 
of the configuration of the double bond. 
From these data it can be concluded that 
the addition of hydrogen to a half- 
hydrogenated intermediate is the rate-de- 
termining step for the hydrogenation reac- 
tion. 

Further evidence for the two reaction 
mechanisms operating simultaneously 
during the hydrogenation of methyl 9-oc- 
tadecenoates was obtained by Heertje et 
~1. (25). Using tritiated hydrogen, they 
concluded that direct stereomutation pro- 
ceeds via the half-hydrogenated intermedi- 
ate and double-bond migration via a r-ally1 
complex. 

We observed a strong increase with tem- 
perature in the ratio between the initial 
rate of double-bond migration and that of 
the cis-tram rearrangement (Table 2). 

B 

Fbsttmn double bond 

FIG. 7. Percentages of positional Z~U~S isomers in the monoene fraction using A9’ as starting product; (A) at 
3% conversion after hydrogenation at 100°C; (B) at 4.5% conversion after hydrogenation at 175°C. 
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This suggests that, under identical reaction 
conditions, the cis-tram rearrangement 
will dominate at low temperatures, 
whereas at high temperatures, the double- 
bond migration is the favored reaction 
process. Probably, this must partly be at- 
tributed to the concentration of adsorbed 
hydrogen, which will be lower at high tem- 
peratures. It is very plausible that low hy- 
drogen concentrations induce the dissocia- 
tive m-ally1 mechanism. 

To sum up, the experimental facts 
suggest that: (a) the direct cis-tram 
rearrangement proceeds via a a-alkyl com- 
plex as half-hydrogenated intermediate; (b) 
the hydrogenation of As” and At can be 
described by the Horiuti-Polanyi mecha- 
nism, the rate-determining step being the 
H-addition to the half-hydrogenated inter- 
mediate; (c) a n-ally1 mechanism operates 
for double-bond migration with formation 
of the m-ally1 complex as the rate-deter- 
mining step. 
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