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4-Phenyl-1-butene was reacted over pure and alkali-impregnated aluminas, silica- 
alumina, platinum-silica gel, and chromia-alumina catalysts in the presence of hy- 
drogen. The reactions observed were double-bond and skeletal isomerization, cycli- 
zation, hydrogenation, cracking, and hydrogenolpsis. Double-bond isomerization may 
be catalyzed by acids, bases, or metals. Over acidic or basic catalysts, double-bond 
isomerization occurs stepwise. Skeletal isomerization is mostly acid-catalyzed. Over 
the platinum catalyst, hydrogenation of double bonds is very much faster than the 
other reactions. Phenylbutenes and n-butylbenzene, therefore, react very similarly 
over platinum on silira gel. Conversely, over silica-alumina, the rate of cyclization 
of 4-phenyl-1-butene is about 2000 times higher than that of n-butylbenzene. Cycli- 
zation here produces methylindan and methylindenes almost exclusively. This con- 
firms the mechanism proposed earlier for the acid-catalyzed cyclization of alkyl- 
benzenes. The carbonium ion intermediates are produced by protonation of the 
olefinic bonds. Dehydrogenation is the rate-controlling step of alkylbenzene de- 
hydrocyclization ovei silica-alumina. 

Over dual-functioning petroleum rc- 
forming catalysts, dehydrogenation of the 
alkylbenzene to phenylalkenes is the first 
step in cyclization, isomerization, and frag- 
mentation (1). In this paper, we attempt 
to clarify the role of the phenylalkene in- 
termediate. We also plan to further con- 
firm the existence of separate acid- and 
metal-catalyzed mechanisms for these re- 
actions. n-Butylbenzene was the feed used 
in our first study. A dehydrogenation prod- 
uct of n-butylbenzene, 4-phenyl-1-butene, 
was used in the present work. 

EXPERIMENTAL 

The feed was 4-phenyl-1-butene, pur- 
chased from Matheson, Coleman, and Bell 
Company. Its purity by gas chromatog- 
raphy was 98%. Conversion resuks were 
corrected for feed impurities. 

To permit comparisons between the 
n-butylbenzene experiments (1) and the 
present experiments using phenylbutene, 
experimental conditions were very similar 
to those used earlier (1). Reaction temper- 
atures were 315’, 371”, and 427°C. The 
feed flow rate was 3.42 ml/hr ; the HZ flow 

rate was 34.2 ml/min. The LHSV was 6.8, 
and the initial hydrogen-to-hydrocarbon 
molar rat#io was 4:l. This deviated from 
the 3:l ratio used in the n-butylbenzene 
test; however, the overall H:C ratio 
(including the C and H content of the 
hydrocarbon feed) was the same in the two 
tests. The experiments were 30 min long. 
Liquid samples were collected from 5 to 30 
min. Conversion results were based on 
liquid product gas chromatographic anal- 
yses. We used a 300 ft long, O.Ol-inch ID 
capillary column coated with Ucon 550-X 
polypropylene glycol. 

Catalysts 

Platinum (2%) impregnated on desic- 
cant-grade Davison silica gel (800 m*/g 
BET surface area). Catalyst preparation 
was described earlier (1). 

Chromia-alumina, containing 0.1% po- 
tassium. This catalyst was described in one 
of our earlier studies(b). 

Whit,e TCC beads commercial silica- 
alumina cracking catalyst, manufactured 

by Socony Mobil Oil Company. 
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American Cyanamid Aeroextrudate 9999 wall catalysis or thermal reactions at 371” 
alumina. C (Table 1, Experiment No. 1). 

American Cyanamid alumina impreg- 
nated with 0.3% lithium (0.43 mmole of 
lithium per gram catalyst). 

American Cyanamid alumina impreg- 
nated with lo/O sodium (0.43 mmole of 
sodium per gram catalyst). 

American Cyanamid alumina impreg- 
nated with lo/O sodium and 3.4% potas- 
sium. It contained 0.43 mmole sodium and 
0.87 mmole potassium per gram catalyst. 

Thermal reactions and reactions cat.a- 
lyzed by the stainless steel reactor were 
determined in a blank test made using a 
reactor filled with alundum, an inactive 
form of cu-alumina. Conversion in this t,est 
was 1%. 

Double-bond isomerization may be cat- 
alyzed by acids, metals, and alkali metal 
cations. Neutralization of the catalyst 
acidity reduces the rate of double-bond 
isomerization. The rate is decreased more 
by sodium than by lithium. (The same 
amount-O.43 mmole alkali metal per 
gram alumina-is used in each case.) The 
stronger base (sodium) can neutralize cat- 
alyst acidity more effectively than a 
weaker base. However, alkali metals may 
also catalyze double-bond isomerization. 

REsULTS 

Isomerization over the sodium-impreg- 
nated alumina with an additional 3.4% po- 
tassium (0.87 mmole/g) is significantly 
higher (Experiment No. 6, Table 1) than 
over the alumina cont,aining sodium (or 
lithium) alone. 

Double-Bond Isomerization 

Double-bond isomerization produces cis- 
and trans-1-phenyl-1-butenes and l- 
phenyl-2-butenes from 4-phenyl-1-butene. 
The reaction reaches equilibrium distri- 
bution (at 371”C, 9% cis, plus 59.5% truns- 
I-phenyl-1-butenes, and 9.5% cis-, plus 

The equilibrium concentration of l- 
phenyl-1-butenes is about 70% of the 
1-phenylbutenes (2). At low double-bond 
isomerization conversions, the concentra- 
tions of 1-phenyl-1-butenes is far from 
this equilibrium level (Experiments 1, 4, 
and 5, Table 2). This suggests a stepwise 
reaction mechanism: 

0 
c c ‘CA \\ Cp =I - 0 

c c \/\ 
:’ “c= a 

c\ ,c\ 
=I ‘c c 

4 Phenyl- 
1-butene 

cis- and tram - 
1-Phenyl-2-butenes 

cis - and #vans - 
I-Phenyl-1-butenes 

22% trans-1-phenyl-2-butenes; at 427°C 
the distribution is lo%,, 580/o, 11%) and 
21%) (6) over the pure alumina, silica- 
alumina, and over the platinum on silica 
gel catalysts. Since a small amount of feed 
may go through the reactor without any 
contact with the catalyst (“channeling”), 
the equilibrium concentration of 4-phenyl- 
1-butene among the 1-phenylbutenes is 
undeterminable. It is probably below 1% 
(8 * 

A blank experiment shows less than 1% 
double-bond isomerization due to reactor- 

The &/trans ratios correspond to equilib- 
rium ratios determined earlier (2). 

Double-bond isomerization is catalyzed 
by hydrogenation-dehydrogenation cata- 
lysts also, such as chromia-alumina and 
platinum (Experiments No. 9, 10, and 11, 
Table 1). 

Skeletal Isomerization 

Skeletal isomerization involves the re- 
arrangement of the side chain. 2-Methyl- 
phenylpropenes and 2-phenylbutenes are 
produced 
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These may later be hydrogenated to 
isobutylbenzene and set-butylbenzene. 
Acids are good cat.alysts for skeletal isom- 
erization. The reaction is most extensive 
over silica-alumina. Alkali metal addition 
to alumina almost completely stops skele- 
tal isomerization. The conversion drops 
from 11% to 0.04% after the alumina has 
been impregnated with 0.3% lithium 
(Table 2). 

Isomerization proceeds over the neutral 
platinum on silica gel catalyst by different 
mechanisms : set-butylbenzene is formed 
via cyclic intermediates and a non-carbon- 
ium ion-type 1,2-methyl shift forms 
isobutylbenzene. 

1-Phenylbutenes may form five- or six- 
membered rings (i.e., 1-methylindan or 
tetralin) by cyclization. These in turn may 
dehydrogenate, yielding methylindenes or 
naphthalene. Over acidic catalysts l-meth- 
ylindan and -indenes may isomerize to 
2-methylindan or -indene. 

Our work with n-butylbenzene (1) re- 
vealed two cyclization mechanisms, one 
catalyzed by acid sites, the other by the 
platinum metal. Over platinum on silica 
gel, only the platinum-catalyzed reaction 
occurs. Cyclization by this mechanism pro- 
duces nearly equal amounts of five- and 
six-membered ring products (i.e., methyl- 
indan and naphthalene). Cyclization of 
phenylbutenes over the platinum on silica 
gel catalyst almost exactly parallels that 
of n-butylbenzene (Table 3). Since rapid 
hydrogenation of the phenylbutenes results 
in about the same n-butylbenzene/phenyl- 
butene ratio as observed with the n-butyl- 
benzene feed, this is hardly unexpected. 

Over silica-alumina and the alumina 
catalysts cyclization proceeds by an acid- 
catalyzed self-alkylation mechanism. This 
reaction involves an attack by an electron- 
deficient carbon atom of the side chain on 
the aromatic ring. The stability of the in- 
termediate carbonium ion determines 
whether five- or six-membered rings will 
be formed. Formation of six-membered 

Tetralin Naphthalene 



REACTIONS OF PHENYLBUTENES 187 

TABLE 2 
ISOMERIZATI~N OF &PHENYL-l-BUTENE AT 371°C 

cata1yet 

Double-bond isomerization Sketal isomerization 

l- see-Butyl- 

Isomerised &fins Phe;yl- 
Z-Phenylbutenes and and 

Z-methyl-l- isobutyl- 
butenes, phenylpropenes benzene 

% of 
Experi- Total total is%“e’r- Moles per y0 of tot,al Moles per 

merit conversion phenyl- ized 
NO. (mole 70 ) butenes olefins 

1;: g$ phenyl- 
butener 

1;; $l$ 

Alundum 1 0.8 0.8 29 0.0” 0.0’2 
Alumina 3 81.2 95.3 69 11.2 11.6 0.06 
Li (0.3%)O on alumina 4 66.4 67.3 44 0 04 0.04 - 
Na (1%)” on alumina 5 31.1 32.5 58 0.01 0.01 
Xa (1%) + K (3.4%) on alumina 6 89.3 90.3 68 0.0” 0.0% 
Silica-alumina 8 14.8 b 70 3.9 1i.s 4.1 
Pt (2%) on silica gel 10 0.8 h 73 0 0 0.16 

n 0.43 millimole alkali metal/g catalyst. 
b sot determined because figure would be meaningless due to the channeling of feed. 

rings (tetralin or naphthalene) from n- 
butylbenzene or 1-phenylbutenes would in- 
volve a very unstable primary carbonium 
ion. Thus, acid-catalyzed cyclization pro- 
duces almost exclusively methylindan and 
methylindenes from n-butylbenzene or 
phenylbutenes. Hence, the large differ- 
ence between the (methylindans + methyl- 
intlcnee) / (tetralin + naphthalene) ratios 

observed over silica-alumina and plati- 
num-silica gel catalysts (73 versus 2 at 
371°C, Table 4). Tetralin + methylindan 
isomerization is negligible under these 
conditions (8). 

The phenylbutene experiments confirm the 
mechanism reported earlier (I) for acid-cat- 
alyzed cyclization. This mechanism involves 
carbonium ion CGH,CH,CH,C+HCH,. 

TABLE 3 
COiwARISOS OF ~~BGTYLBESZESE AND 4-PHExYLl-BUTESE FEEDS 

OVER PLATISIW-SILICA GEL AND SILICA-ALUMINA CATALYSTS 

cwa1yst: 

;;;$ion temperature (“C): 

Product composition, moles/100 moles of feed 

2% Platinum on silica gel 

427” 427’ 

n-Butylbenzene 4-Phenyl-1-butene 

Silica-alumina 

427’ 371” 
4-Phenyl-l- 

n-Butylbenzene butene 

l-Phenyl-1, and -2-butenes 2. 0 2.26 
l-Jlethylindan + Methylindenes 10.9 9.3 
Saphthalene + tet,ralin 11.9 8.2 
Isobutylbenzene + methylphenylpropene 0.36 0.3” 
see-Butylbenzene + 2-phenylbutenes 0.31 0.33 
C6-C9 aromatics 4.1 2. i 

0 14.5 
0 1.5 51.4 
0 0.7 
0.01 2.7 
0.0.5 a r 3 . 

1.9 ‘2 .5 

MeU~ylindan + methylindenes 

Naphthalene + tetralin 
1-iUet,hylindan/methylindenes 
Tet.ralin/naphthalene 
Distribution of fragmentation products, 

mole y0 of total fragmentation 
Phenyl-ol C-C Bond Broken 

N-P C-C Bond Broken 
8-y C-C Bond Broken 
y-6 C-C Bond Broken 

O.!) 1.” * iii 

2s 2.4 ^/. 13 
- 0 .6006 4 5 

15 15 99 1 67 

%i 2h 0.5 16 
33 1::; 0 2.i 15 
25 24 0.15 '2 
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TABLE 4 
CYCLIZATION OF 4-PHENYL-l-BUTENE OVER DIFFERENT CATALYSTS 

Total cy- 
Tern- cliaation, 
per&- ture ,~~~~(,,s Methylindan + methylindenes I-Methylindan Tetralin 

catalyst (“C) of feed Naphthahe + t&ah I-methylindenes nsphthalene 

Silica-alumina 371” 53.4 73 13 4.5 
Alumina 316’ 0.40 7 4 P 
Alumina 371” 1.58 4 3 10 
Alumina + 0.43 mmole/g Li 371” 0.45 23 13 4 
Alumina + 0.43 mmole/g Na 371” 0.28 34 26 2 
Alumina + 1.3 mmole/g (Na + K) 371” 0.27 33 25 2 
Alumina + 1.3 mmole/g (Na + K) 427” 0.81 28 9 0.2 
Platinum on silica gel 371” 3.84 2 11 0.0016 
Platinum on silica gel 427” 17.80 1.2 2.4 0.0006 

This may be produced by phenylbutene 
protonation, or by hydride abstraction 
from n-butylbenzene. Over silica-alumina, 
dehydrogenation of n-butylbenzene is very 
slow. Phenylbutenes are not present in the 
reaction product (Table 3). Dehydrogena- 
tion to phenylbutenes might be the rate- 
controlling step in n-butylbenzene cycliza- 
tion, unless the carbonium ion intermediate 
is formed by hydride abstraction. Cycliza- 
tion of phenylbutenes at 371°C is more 
than 340 times faster than that of n-butyl- 
benzene at 427°C (Table 3). Thus, cycli- 
zation rates of n-butylbenzene and 4- 
phenyl-1-butene may differ by as much as 
a factor of 2000. Protonation of the double 
bond might be the predominant way of 
carbonium ion formation over silica- 
alumina. With phenylbutene feed, dehydro- 
genation is no longer rate-controlling; 
hence, the large difference in reactivity. 

The rate of cyclization is substantially 
slower over alumina than over silica- 
alumina. Alkali metal addition reduces the 
rate of cyclization. Cyclization to six- 
membered rings is affected more than cycli- 
zation to five-membered rings (Tables 1 
and 4). Sodium has a stronger effect than 
lithium. Addition of 0.9 mmole potassium/g 
to alumina containing 0.4 mmole sodium/g 
does not reduce cyclization rates any fur- 
ther. This slow, residual cyclization may 
not be acid-catalyzed. 

Over the acidic catalysts, and to some 
extent over platinum on silica gel, l- 
methylindan and 1-methylindene may 

isomerize to 2-methylindan and a-methyl- 
indene (Table 1). 

Hydrogenation-Dehydrogenation 

Hydrogenation is very fast over plati- 
num-on-silica gel. The 1-phenylbutenes/ 
n-butylbenzene ratios are about equa1 
whether the feed is n-butylbenzene with 
an H,:feed ratio of 3, or 4-phenyl-1-butene 
with an H,:feed ratio of 4 (0.0285 and 
0.0295 at 427°C). This ratio represents 
equilibrium between the 1-phenylbutenes 
and n-butylbenzene. The rate is substan- 
tially slower over chromia-alumina: Less 
than half of the phenylbutenes are hy- 
drogenated (Experiment 9, Table 1). Hy- 
drogenation is very slow over the alumina 
catalysts. Alkali metal impregnation fur- 
ther decreases hydrogenation. Silica- 
alumina has higher hydrogenation activity 
than alumina. Olefins with a tertiary car- 
bon atom are hydrogenated preferentially 
over silica-alumina; the set-butylbenzenel 
2-phenylbutenes ratio is higher than the 
n-butylbenzenes/l-phenylbutenes ratio (1.9 
versus 1.1). Dehydrogenation produces 
phenylbutadienes (about 0.2%) over all 
the oxide catalysts. 

Hydrogenation and dehydrogenation of 
bicyclic hydrocarbons is very fast over 
platinum on silica gel. Tetralin and naph- 
thalene are at equilibrium with each other 
(Table 4). The same is true for l-methyl- 
indan and the methylindenes. Dehydro- 
genation is very slow over the alumina and 
silica-alumina catalysts. The tetralin/ 
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TABLE 5 
FRAGMENTATION OF 4-PHENYG~-BUTENE OVER ALUMINA AND SILICA-ALUMINA CATALYSTS 

DISTRIBUTION OF PRODUCTS, AS PERCENT OF TOTAL FRAGMENTATION 

Catalyst: 0.3% Li 1% Na 
on on 1% Ns + 3.4y0 I< Silica 

Alumina alumina alumina on alumina Alumina 

Temperature (“C): 
Experiment: 

Position Producta of fragmentation 

Phenyl-ti Benzene + butane, butenes 
4 Toluene + propane, propylene 
8-r Ethylbenzene, styrene + ethane, 

ethylene 
i-6 n-Propylbenzene 

b-methylstyrenes, +methane 

~___ 
316” 371” 371” 371” 

“‘Q” 
427’ 3710 

2 3 4 5 7 8 

5 14 6 9 16 19 67 
13 28 48 48 55 5.5 16 
81 57 44 42 28 25 15 

1 1 2 1 1 1 2 

To&l fragmentat,ion products, mole 70 of feed 0.22 0.50 0.17 0.11 0.18 0.36 2.51 

naphthalene ratio is substantially higher 
than the equilibrium value (Table 4). Tet- 
ralin is the primary six-membered ring 
cyclization product over acid catalysts. 
Naphthalene is produced in a consecutive 
step. 

Fragmentation 

There are two catalytic fragmentation 
procedures : hydrogenolysis and cracking. 
A molecule of hydrogen is added in hy- 
drogenolysis and no new unsaturated bond 
is formed. In cracking one of the fragments 
is formed with an additional unsaturated 
bond. However, in the presence of a hy- 
drogenation catalyst differentiating be- 
tween cracking and hydrogenolysis is not 
always simple. The olefinic cracking prod- 
ucts could become saturated, or the par- 
affinic products of hydrogenolysis may be 
dehydrogenated. 

Fragmentation proceeds exclusively by 
hydrogenolysis over platinum-silica gel. In 
hydrogenolysis, the different side chain 
bonds of an alkylaromatic have about 
equal scission probabilities (1). Since the 
rate of hydrogenation of phenylbutenes is 
very much fast,er than hydrogenolysis, 4- 
phenvl-1-butene and n-butylbenzenr have 
identical fragmentation patterns (Table 3). 

Cracking is the only type of fragmenta- 
t.ion over silica-alumina. With n-butyl- 
benzene, over 99% of the cracking occurs 
between the phenyl ring and the a-carbon 
atom of the side chain (Table 3). The 
cracking pattern of 1-phenylbutenes is dif- 

ferent (Table 5). Phenyl-a! scission is only 
67% of the total fragmentation. Scissions 
to styrene plus ethylene and toluene plus a 
C, hydrocarbon also occur. 

Overall fragmentation over the alkali 
metal-poisoned aluminas is very low. The 
pattern of fragmentation differs from either 
acid-type cracking or metal-catalyzed hy- 
drogenolysis. The abundance of toulene 
among the fragmentation products sug- 
gests a radical mechanism. Over the pure 
alumina, scission to styrene and ethylene 
prevails (Table 5). The poisoning of this 
reaction by alkali metals suggests acid- 
type catalysis. The acidity of alumina is 
not strong enough to promote the scission 
of the phenyl-cu bond. 

CONCLUSIONS 

Over silica-alumina the rate of cycliza- 
tion of 4-phenyl-1-butene is about 2000 
times higher than that of n-butylbenzene. 
Methylindan is the product in both cases. 
This reconfirms the mechanism proposed 
(1) for the acid-catalyzed cyclization of 
alkylbenzenes, a self-alkylation process in- 
volving carbonium ion intermediates. The 
preferred way of carbonium ion formation 
over silica-alumina is protonation of 
olefinic bonds. Hydride abstraction is un- 
important compared to double-bond proton- 
ation. In the absence of a dehydrogenation 
component (such as in the case of pure 
silica-alumina), formation of phenyalkenes 
from alkylbenzenes is very slow. Thus, de. 
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hydrogenation becomes the rate-controlling 
step of the cyclization of alkylbenzenes. 

Alumina has lower cyclization activity 
than silica-alumina. Alkali metal addition 
further decreases this activity. A slow, 
nonacid-type cyclization mechanism may 
also operate over alumina catalysts. 

Over platinum on silica gel the rate of 
hydrogenation of the phenylbutenes is 
very much faster than any of the other re- 
actions. Reaction rates and selectivities of 
4-phenyl-1-butene and n-butylbenzene are 
therefore very similar. For example, cycli- 
zation rates are almost identical, and dis- 
tribution of the products of hydrogenolysis 
are the same. 

Double-bond isomerization may be cata- 
lyzed by acids, bases, or metals. Over 
acidic and basic catalysts the reaction oc- 
curs stepwise. Thermal isomerization at 
our reaction conditions is very slow. Bkele- 
tal isomerization of the side chain is mostly 
acid-catalyzed. 

Acid-catalyzed cracking of the unsatu- 

rated side chain differs from cracking of a 
saturated side chain. Besides splitting the 
bond between the phenyl ring and the 
a-carbon of the side chain, other processes 
-such as splitting to styrene and ethyl- 
ene-also occur. Toluene formation over 
the alkali metal-poisoned aluminas sug- 
gests free-radical type cracking. 
Hydrogenation is very fast over platinum, 

fast over chromia-alumina, moderate over 
silica-alumina, and very slow over alumina. 
Alkali metals further decrease the hydro- 
genation activity of alumina. 
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