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After some preliminary experiments the influence of the choice of double-bond isomers on 
skeletal reactions on y-alumina was investigated. Double-bond isomerization is not always fast 
compared Gth skeletal isomerization. Skeletal isomerization of hexenes was investigated using 
one double-bond isomer of each skeletal isomer as a feed. A complete reaction scheme was 
developed and discussed with respect to different reaction mechanisms. Together with results from 
2,2,34rimethylbutene isomerization it could be concluded that a nonclassical cyclopentyl mecha- 
nism alone may explain all the reactions. 

1. INTRODUCTION 

In some former papers (1-4) we dis- 
cussed the reactivity of reforming catalysts 
(Pt/A1203) and of the carrier alone, more or 
less with respect to the catalyst. It could be 
shown that on alumina at least three types 
of reactive centers exist, which are con- 
nected to Lewis acid centers. The differ- 
ence may be caused by different acidities as 
observed by Pines and Haag (5). These au- 
thors also claim to have observed a methyl 
shift mechanism for the isomerization reac- 
tions. Besides isomerization reactions 
cracking and cyclizations (4) are observed 
under the given conditions. The rates of 
these reactions are slow compared with 
those of isomerization. In this article we 
wish to discuss experimental results, which 
may be evaluated with respect to isomeri- 
zation mechanisms. Besides the 1,2-methyl 
shift mechanism a number of other mecha- 
nisms shall be discussed: the 1,3-methyl 
shift, the ethyl shift, a dimerization-crack- 
ing mechanism (6), and a mechanism with 
cyclopropyl ions as intermediates (7). 

2. EXPERIMENTAL 

Reactions were investigated using a glass 
microreactor filled with 0.16 g of alumina 
(Y-A1203 from Merck, Darmstadt, activated 
by extraction with hot HN03). The oxide 

was pretreated for 2 h at 530°C in hydrogen 
or helium (60 ml/min). The gas stream was 
purified from O2 with BTS-catalyst (Cu on 
silicagel) and dried with Siccapent (P20s on 
silicagel) first and then in an adsorption 
cold trap (filled with a molecular sieve of 3 
A) at - 196°C. One part of the gas stream 
was saturated with alkene (4 mg/min). The 
reaction took place at 370°C with a hydro- 
carbon partial pressure of 10 Torr (1 Torr = 
133.32 Pa) in helium. The reaction products 
were gently hydrogenated normally (at 
200°C with Pt on alumina) to reduce the 
time necessary for analysis to 4 min (25 m 
squalene/fused silica) compared to at least 
10 min for a complete separation of all al- 
kenes (on 50 m 5% Carbowax 20 M/fused 
silica). The hexenes used were: 

hexene-I 99.8% (Henkel) 
cis-4-methyl-pentene-2 99.9% (Fluka) 
3-methyl-pentene- 1 99.9% (Fluka) 
2,3-dimethyl-butene-1 99.9% (Fluka) 
3,3-dimethyl-butene-1 98.1% (Fluka) 
2,3,3-trimethyl-butene-1 99.6% (Aldrich) 

The alkenes were dried over dry molecu- 
lar sieve (3 A) prior to use. 

3. RESULTS AND DISCUSSION 

3.1. Preliminary Experiments 

According to the ideas of Pines and Haag 
(5) 1,2-methyl shift reactions of the alkenes 
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should lead to isomerization. As a conse- 
quence isomerization of hexene should lead 
to 2-methyl-pentene in a primary reaction 
and 3-methyl-pentene should be formed in a 
secondary reaction. In contrast to these 
ideas 3-methyl-pentenes were observed- 
even after extrapolation to reaction time 
zero-in the product. If 3-methyl-pentene 
were really a secondary product, the sec- 
ond reaction should be extremely fast com- 
pared to the first one. To test this, hexene-I 
and cis-4-methyl-pentene-2 were used as a 
feed with 50 mg y-AlzOs (chlorine free, pre- 
treated at 530°C) at 370°C in helium (50 ml/ 
min saturated with alkene at O’C). The 
reaction of hexene-1 led to 2.01% 
2-methyl-pentenes and 2.06% 3-methyl- 
pentenes; that of cis-4-methyl-pentene-2 
led to 5.2% of 3-methyl-pentenes and 0.45% 
of hexenes. It must be concluded that 3- 
methyl-pentenes really are a primary prod- 
uct of hexene-1 because both steps of the 
hypothetical reaction sequence are of the 
same order of velocity. Though both 2- and 
3-methyl-pentenes are formed as primary 
products, the following experiments show 
that they are not formed completely on the 
same centers of the catalyst (4). 

(a) The ratio of both products depends on 
the pretreatment temperature. 

(b) The ratio depends on the operation 
time of the catalyst. 

In order to see whether the reactivities 
are different with different double-bond iso- 
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FIG. 1. Formation of 2- and 3-methyl-pentane from 
different n-hexenes as a function of time of use of the 
catalyst (y-AlzOz + 0.36% Cl). 

mers of hexene, hexene-1, cis-hexene-2, 
and trans-hexene-3 were used as feed. Fig- 
ure 1 gives the conversion to the single- 
branched isomers as a function of time of 
use of the catalyst. No difference can be 
seen, but the deviation from the curve is 
remarkable. So another system was investi- 
gated more thoroughly (Table 1). For the 
two double-bond isomers cis-Cmethyl-pen- 
tene-2 and 2-methyl-pentene-1 conversions 
under the same conditions as for the first 
example were studied. This system was 
chosen because the double-bond isomers 
could be separated without hydrogenating 
the product on the column described. From 
Table 1 it follows that double-bond isomeri- 
zation is not yet in thermodynamic equilib- 
rium. Evidently the reactions of the first 
three isomers and those of the last two are 
both nearly in equilibrium, but the intercon- 
version of alkenes of each group seems to 
be comparatively slow. Figure 2 shows the 
equilibrium concentrations of the different 
hexenes according to Kilpatrik et al. (8). 
The ratios between the values for the prod- 
ucts found from 2-methyl-pentene-1 are in 
fairly good agreement with those calculated 
from Fig. 2, while from cis-4-methyl-pen- 
tene-2 the first group of products is in about 
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FIG. 2. Equilibrium concentrations of hexenes at dif- 
ferent concentrations: (a) 2,3-dimethyl-butene-2, (b) 
3,3-dimethyl-butene-1, (c) 2,3-dimethyl-butene-1, (d) 
2-ethyl-butene-1, (e) rrans-4-methyl-pentene-2, (f) cis- 
4-methyl-pentene-2, (g) rruns-3-methyl-pentene-2, (h) 
cis-3-methyl-pentene-2, (i) 2-methyl-pentene-2, (j) 4- 
methyl-pentene-1, (k) 3-methyl-pentene-1, (1) 2- 
methyl-pentene-1, (m) trans-hexene-3, (n) cis-hexene- 
3, (0) trans-hexene-2, (p) cis-hexene-2, (q) hexene-1. 
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TABLE 1 

Composition of the Isomeric Alkene Mixture Starting from Two Methyl-Pentenes Reacting under the 
Influence of 50 mg of Catalyst 

Composition of the isomeric mixture of 
cis-tram and double-bonded compounds 

starting from 

Conversion to skeletal isomers (in wt%) 
starting from 

Educts: 
Products 

4-Methyl- 

cis-CMethyl- 2-Methyl- 
pentene-2 pentene-1 

Educts: cis-4-Methyl- 2-Methyl- 
Products pentene-2 pentene-I 

pentene-1 
cis-4-Methyl- 

8.68 2.40 

pentene-2 
trans-4-Methyl- 

14.99 4.14 

pentene-2 
2-Methyl- 

34.02 6.43 

3,3-Dimethyl- 
butene-I 

2,3-Dimethyl- 
butenes 

3-Methyl- 
pentene 

0.52 0.16 

8.83 2.89 

10.33 9.88 

pentene-1 
2-Methyl- 

13.35 29.10 Hexene 1.64 1.94 

pentene-2 28.96 57.93 

tenfold excess compared with equilibrium 
concentration. As could be expected the 
skeletal isomerization is affected under 
these conditions by the choice of the reac- 
tant . 

3.2. Complete Reaction Scheme 

One of each skeletal isomer hexene was 
used as a feed to investigate the complete 
scheme of skeletal isomerization of hex- 
enes. In order to enable fast separation by 
GC, the products were hydrogenated 
gently before entering the chromatographic 
column. The experiments were executed in 
the standard way, with a partial pressure of 
10 Torr of alkene, after a time on stream of 
2 min each. Figures 3-7 give the mole per- 
cents of different isomers in the reacted 
product (without feed product) as a func- 
tion of degree of conversion. The degree of 
conversion was influenced by changing the 
amount of catalyst because of the possible 
influence of gas velocity on deactivation 
(9). Deactivation was fastest with hexene 
and slowest with doubly branched com- 
pounds. Control measurements with hex- 
ene showed that, within the limits of error, 
deactivation in the first 2 min could be ne- 
glected for the isomerization reactions. 

In the figures primary products show a 
finite intercept with the ordinate. Second- 
ary products-if not formed in a reaction 
extremely fast compared with the primary 
reaction-should give curves without inter- 
cept. One curve increasing with another de- 
creasing may indicate the formation of the 
substance causing the first curve from that 
causing the other. 

Figure 3 again shows 2- and 3-methyl- 
pentenes to be primary products, with 
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conversion Imole %) 

A 3,3-Dimethyl-butene-1 
. 2‘3 -Dimethyl- butenes 
. 2-Methylkpentenes 
0 3-Methyl-pentenes 
. n-HexWle 
0 Methylcyclopentane 

FIG. 3. Reaction of hexene-1: composition of reac- 
tion product at different conversions. 
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FIG. 4. Reaction of cis-4-methyl-pentene-2: compo- FIG. 6. Reaction of 2,3-dimethyl-butene-1: composi- 
sition of reaction product at different conversions tion of reaction product at different conversions (sym- 
(symbols as in Fig. 3). bols as in Fig. 3). 

about the same velocity of formation for 
both; methylcyclopentane is a primary 
product too, formed in smaller amount. The 
double-branched isomers are secondary 
products, and 2,3-dimethyl-butanes per- 
haps tertiary products. Figure 4 gives the 
reactions of cis-4-methyl-pentene-2. All 
products are formed directly, but the de- 
crease of the curve for 3-methyl-pentenes 
and the increase of that for 2,3-dimethyl- 
butenes show that the latter is formed from 
the former too. As Figure 5 shows, 2- 
methyl-pentenes and hexenes are formed 
from 3-methyl-pentene directly, with 2,3- 
dimethyl-butene as a secondary and 2,2-di- 
methyl-butenes probably as tertiary prod- 
ucts. 2,3-Dimethyl-butene-1 reacts forming 
primarily 2,2-dimethyl-butenes and 2- 
methyl-pentenes with a further interconver- 
sion of the former to the latter (Fig. 6). All 
others seem to be tertiary products. Fi- 
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FIG. 5. Reaction of 3-methyl-pentene-1: composi- 
tion of reaction product at different conversions (sym- 
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bols as in Fig. 3). 

FIG. 7. Reaction of 3,3-dimethyl-butene-1.: composi- 
tion of reaction product at different conversions (sym- 
bols as in Fig. 3). 

nally, 3,3-dimethyl-butene- 1, as Fig. 7 
shows, forms but one primary product, the 
2,3-dimethyl-butenes, which in further re- 
actions give 2-methyl-pentenes. 

Taking into account the conversion rates 
of the reactants one may calculate a reac- 
tion scheme for the velocity constants (Fig. 
8). 

Because of the results about double-bond 
isomerization, described in the last chapter, 
which were obtained later than those about 
skeletal isomerization described here, the 
scheme shall be written as follows: the spe- 
cial isomer used as a feed is written on top 
and the alkane (skeletal isomer) found as a 
product after hydrogenation is written be- 
low. 

Though there may be some doubt about 
the exact values of the velocity constants in 
the scheme, the scheme should be correct 
in general. 
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FIG. 8. Isomerization path and velocity constants (mole/liter-hr) for hexenes on alumina (reactant 
alkene on top, product after hydrogenation below). 

3.3. Isomerization Mechanism 

As mentioned in the introduction, a num- 
ber of different mechanisms shall be dis- 
cussed for the isomerization reactions. 

(1) 1,2-methyl shift, 
(2) 1,3-methyl shift, 
(3) 1,2-ethyl shift, 
(4) dimer-cracking mechanism, 
(5) cyclopropyl mechanism. 

The first may easily be ruled out as the only 
mechanism, because 3-methyl-pentenes 
should be secondary products of hexene, 
but they were observed to be primary prod- 
ucts, as described earlier. A 1,3-methyl 

shift should be possible only in a few reac- 
tions and could explain the reaction scheme 
only in combination with a 1,2-methyl shift. 
But in contrast to observations the reaction 
3-methyl-pentene forming 2,3-dimethyl-bu- 
tene should be possible too. So this mecha- 
nism doesn’t seem to be of greater impor- 
tance. If the 1,2-ethyl shift were important, 
the reaction 2-methyl-pentenes to 2,2-di- 
methyl-butenes should be faster than it was 
observed to be (comparable to 3-methyl- 
pentene + hexene). 

The fourth mechanism described by Bol- 
ton and Lanewala (6) should proceed via 
dimers as 

d d 

c\ / LC \ c *-mefhy,. 
I 1 pentenes 

‘\/ [AC 

Under these conditions there are other pos- 
sibilities for cracking the six-membered 
ring, which should lead to pentenes and 

heptenes. Heptenes were not formed on 
alumina in detectable amounts. The cyclo- 
propyl mechanism finally may really ex- 
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plain all the existing reactions. 

/ 

CH,-r/- CH, 
a k 

, CH,- CH, , CH,- CH, 

4 
Ckl-?H, 

“%? 
d 

k 

CH, C - CH, 
H , CH,- CH, 

,Y 

In Fig. 9 all cyclopropyl ions with six C 
atoms are compiled together with the al- 
kenes into which each may be cracked (al- 
kenes which may be reacted via a primary 
ion only are written in brackets). From 
these theoretical reflections one may con- 
struct a scheme of interconversion possibil- 
ities, which is given (with reaction via pri- 
mary ions dotted) in the lower part of Fig. 
9. Both schemes are identical with the ex- 
ception of the possibility of a direct conver- 

sion of 2,2-dimethyl-butenes via an ion 2 to 
2-methyl-pentenes, which was not ob- 
served in the experiments in contrast to the 
reverse reaction. 

For a final test of the importance of this 
cyclic mechanism 2,2,3-trimethyl-butene-2 
was chosen, which, according to analogous 
ideas, should only react directly to 2,4-di- 
methyl-pentenes, a reaction that could not 
be explained using one of the other mecha- 
nisms: 

+-(=== 8 4% --/LA 

The composition of reaction products as a 
function of conversion for this experiment 
is given in Fig. 10. 2,4-Dimethyl-pentenes 
are really found as the only primary prod- 
ucts of importance, with a very small 
amount (0.69%) of 2,2-dimethyl-pentenes, 
which may be formed according to this 
mechanism via a primary ion too. From 
temperature dependence the activation en- 
ergies could be estimated to be 46 kJ/mole 
for the formation of 2,4-dimethyl-pentenes 
and 75 kJ/mole for 2,2-dimethyl-pentenes, 
where the latter reaction might even be a 
1 ,Zmethyl shift. A similar transformation 
of 2,2,3-trimethyl-pentane in concentrated 
H2S04 was discussed by Stevenson et al. 
(10). Even reactions with a cyclobutyl cat- 
ion as an intermediate were discussed (10, 
II). This mechanism could not explain the 

hexene reactions at all, because hexene 
should not react to 2-methyl-pentenes but 
only to 3-methyl-pentenes and 2,3-di- 
methyl-butenes, and 2,2,3-trimethyl-butene 
might not from 2,4-dimethyl-pentenes but 
should react to 2-methyl-hexene and 2,3- 
and 3,3-dimethyl-pentenes. A cyclopentyl 
mechanism would not allow a reaction of 
2,2,3-trimethyl-butene at all. 

The results described demonstrate that 
only the 1,Zmethyl shift might be of some 
importance besides the cyclic mechanism. 
From the hexene reactions it is difficult to 
decide whether this shift mechanism is im- 
portant or not, because some reactions are 
possible by the cyclic but not by the shift 
mechanism (as described), but not the re- 
verse. More informative again is the exam- 
ple of 2,2,3-trimethyl-butene, which should 
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FIG. 9. (a) Possible types of substituted cyclopentyl 
ions as intermediates between the alkenes cites below 
(in brackets if reached via primary ionic state only). (b) 
Reaction scheme via cyclopentyl ions: small circles- 
cyclopentyl ions (number as in a); large circles-al- 
kenes. H: hexenes, 2-MP: 2-methyl-pentenes, 3-MP: 
3-methyl-pentenes, 2,2-MP: 2,2-dimethyl-butenes, 
2,3-MP: 2,3-dimethyl-butenes. 

react to 2,2- and 2,3-dimethyl-pentenes fol- 
lowing the shift mechanism only. As men- 
tioned already 0.67% of the primary prod- 
ucts are 2,2-dimethyl-pentenes, but no 2,3- 

hexane 
2-me-pentane 

OJ5 

0,05 

0 

20 30 
conversion Imole %I 

l 2,L-Dimethyl-pentenes 

l 2,2-Dimethyl-pentenes 

A 1 2- and 3-Methyl-hexenes 
o 2,3-Dimethyl-pentenes 

FIG. 10. Reaction of 2,2,3-trimethyl-butene-2: com- 
position of reaction product at different conversions. 

compound was found. Even the small 
amount may have formed via a primary ion 
along the cyclic way. One may conclude 
that the shift mechanism has little or no im- 
portance for isomerization on alumina. 

Generally one should expect to find con- 
stant ratios of reaction rates for products 
which are formed via a common intermedi- 
ate ion provided there is no competing reac- 
tion path. It is not possible to test this from 
Figs. 3 to 7 because of the changing conver- 
sion allowing secondary reactions. One ex- 
ample of this type is the formation of 2- 
methyl-pentenes and 2,3-dimethyl-butenes 

FIG. 11. Product ratio of hexane to 2-methyl-pentane as a function of conversion of 3-methyl- 
pentene-I. 
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from 3,3-dimethyl-butene via ion 2. Here a 
decision is impossible because practically 
no 2-methyl-pentene is formed. The other 
reaction of this type is formation of hexenes 
and 2-methyl-pentenes from 3-methyl-pen- 
tenes. 

Figure 11 shows values of this ratio ob- 
tained with samples pretreated at different 
temperatures (450-900°C). In spite of the 
different activities of the catalyst, this ratio 
is only a function of conversion. Extrapola- 
tion to conversion zero gives-within the 
limits of error (ca. 10%)-a common inter- 
cept of 0.122 for all samples, showing that 
indeed the above-mentioned constancy of 
product ratio for substances formed from 
one common cyclopropyl ion is really ob- 
served. 

The change of the ratio 2- to 3-methyl- 
pentenes during the reaction of hexene may 
partially be caused by a second pathway 
from hexene to 2-methyl-pentenes via ion 9 
(Fig. 9) with the intermediate formation of a 
primary ion. This reaction should be fa- 
vored on more reactive centers. Indeed the 
ratio is increasing with pretreatment tem- 
perature where centers of greater activity 
are formed, and decreases with time on- 
stream, where the most active centers are 
poisoned first. The same, of course, would 

apply to a more energetic parallel reaction 
with another mechanism. 

ACKNOWLEDGMENTS 

We are grateful to Mrs. U. Kohler for assistance 
during the experimental work, and to Verband der 
Chemischen Industrie and to Firma Henkel KGaA for 
financial support. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 
12. 

REFERENCES 

Baumgarten, E., and Hoffkes, H., Z. Phys. Chem. 
N.F. 121, 95 (1980). 
Baumgarten, E., and Hoftkes, H., Z. Phys. Chem. 
N.F. 121, 107 (1980). 
Baumgarten, E., and Hollenberg, D., Z. Phys. 
Chem. N.F., in press. 
Hiiffkes, H., Baumgarten, E., and Hollenberg, D., 
J. Catal. 77, 257 (1982). 
Pines, H., and Haag, W. O., J. Amer. Chem. Sot. 
82, 2471 (1960). 
Bolton, A. P., and Lanewala, M. A., J. Catal. 18, 
l(1970). 
Brouver, D. M., and Hogreveen, H., Prog. Phys. 
Org. Chem. 9, 179 (1972). 
Kilpatrik, J. E., Prosen, E. J., Pitzer, K. S., and 
Sossini, F. D., J. Res. Natl. But-. Stand. 36, 559 
(1946). 
Ballivet, D., Barthomeuf, D., and Trambouze, Y., 
J. Catal. 26, 34 (1972). 
Stevenson, D. P., Wagner, C. D., Beeck, O., and 
Atvos, J. W., J. Amer. Chem. Sot. 74, 3269 
(1952). 
Condon, F. E., Catalysis 6, 3 (1958). 
Mosher, W. A., and Cox, J. C., Jr., J. Amer. 
Chem. Sot. 72, 3701 (1950). 


