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_The dehydrogenation of 2-phenylpropane-2-14C and ethylbenzene-g-14C were studied over ‘‘nonacidic” chro-
mia~alumina catalyst at 490 and 520°, respectively. From the 2-phenylpropane, a- and 8-methylstyrenes were
obtained; part of the starting material underwent skeletal isomerization to n-propylbenzene. The rearrange-
ment of the isopropylbenzene to n-propylbenzene and to g-methylstyrenes occurred entirely through phenyl
migration. The dehydrogenation of ethylbenzene produced styrene with about 3% phenyl migration. Part
of the ethylbenzene has itself undergone molecular rearrangement. The molar ratio of the rearranged ethyl-

benzene to the rearranged styrene was over 4:1.

The results obtained, coupled with previous observations from

this laboratory, indicate that free-radical species act as intermediates in the dehydrogenation as well as in the

molecular rearrangements.

As a continuation of the study of the aromatization
of alkanes over chromia-alumina catalysts, the de-
hydrogenation of alkylbenzenes was investigated in
order to shed additional light on the mechanism of
dehydrogenation of hydrocarbons over these catalysts.
It had been observed previously that alumina may
affect the course of the reaction. Alumina-chromia
catalyst, in which the alumina was prepared from
either aluminum isopropoxide or from aluminum nitrate
and precipitated with ammonium carbonate, may
cause skeletal isomerization of a cationic type to aec-
company the dehydrogenation reaction. Such a cat-
alyst would dehydrogenate 1,1-dimethyleyclohexane to
xylenes,® and dealkylate t-butylbenzene to benzene.®

The alumina~chromis catalyst, in which the alumina
has been prepared from either potassium or sodium
aluminate and which contained about 0.079% of the
alkali ion, will dehydrogenate t-butylbenzene to iso-
butenylbenzenes,® and 1,1-dimethylcyclohexane to tol-
uene.® The skeletal isomerization accompanying the
dehydrogenation of alkyl- and cycloalkylbenzenes,
such as 2-phenylbutane-2-14C,” 1,1-diphenyleyclo-
hexane,® and 1-methyl-C14-1-phenyleyclohexane,? had
been interpreted as occurring by a radical mechanism
involving a phenyl and, in the case of sec-butylbenzene,
also o vinyl migration.

The present paper deals with the extension of this
study, namely, the dehydrogenation of 2-phenyl-
propane-2-1C and ethylbenzene-8-4C.

2-Phenylpropane-2-1C was synthesized in 509, yield
and over 999, purity from *“CO, by the reactions given
in Schemé I.

In order to ascertain that all the carbon-14 was on
the « carbon of the 2-phenylpropane, a sample of the
intermediate a-methylstyrene was ozonized and the
formaldehyde produced was trapped in the form of

(1) For paper XXXVII, see E. Blanc and H. Pines, J. Org. Chem., 88,
2035 (1668).

(2) Paper XXI in the series of aromatization of hydroearbons. For paper
XX, see W. F. Fry and H. Pines, ibid., 83, 602 (1968).

(3) This research has supported by the Atomic Energy Contract AT-

(11-1)-1096: CO0-1096-18.

(4) H. Pines and C. T. Goetschel, J. Org. Chem., 30, 3530 (1965); see
references to previous papers.

(3) H. Pines and C. T. Chen, J. Amer. Chem. Soc., 82, 3562 (1960).

(6) H. Pines and C. T. Goetschel, J. Catal,, 8, 371 (1968).

(7) H. Pines and C. T. Goetschel, ¢bid., 6, 380 (1966),

(8) H. Pines, W. F. Fry, N. C. 8ih, and C. T. Gostschel, J. Org. Chem.,
81, 4094 (1966).

ScHEME I
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its dimedone derivative. The lack of radicactivity
of the formaldehyde-dimedone compound and the
equal specific values for isopropylbenzene, and the
2 4-dinitrophenylhydrazone of the acetophenone ob-
tained from the ozonation, showed that the radio-
activity resided entirely in the « carbon of the hydro-
carbon. This was further demonstrated by oxidizing
the 2-phenylpropane to benzoic acid and comparing
its specific radioactivity with that of the hydrocarbon.

The 2-phenylpropane-2-“C was passed over the
“nonacidic”’ chromia-alumina catalyst. The experi-
mental conditions and results are given in Table I.

TasBue 1

DEHYDROGENATION AND REARRANGEMENT OF

2-PHENYLPROPANE-2-C ovER CuroMia-AruMINAe CATALYST®

Aromatice product Compn, mol %
Benzene 2.1
Toluene
Ethylbenzene
Isopropylbenzene 6
n-Propylbenzene
a-Methylstyrene
cis-B-Methylstyrene
trans-B-Methylstyrene 2.

—_
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« Experimental conditions: catalyst, 8 cc; temperature, 490°;
flow rate of 2-phenylpropane, 2.2 cc/hr.

The main product of the reaction was a-methylstyrene,
amounting to 199. The hydrocarbons resulting from
the skeletal rearrangement, in a yield of about 13%,
were n-propylbenzene and cis- and trans-g-methyl-
styrene. n-Propylbenzene was the predominant prod-
uect of rearrangement. That chromia was responsible
for the skeletal isomerization was demonstrated by
passing isopropylbenzene over the ‘“‘nonacidic’’ alumina
and over glass beads, which were employed as spacers
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Neither skeletal isomerization nor
dehydrogenation has taken place under experi-
mental conditions specified in Table I. The absence
of catalytic acidic sites in chromia-alumina was demon-
strated by passing 1,1,3-trimethyleyclohexane over
this catalyst at 500°.5 Only m-xylene was produced;
“geidic” eatalyst would have also produced trimethyl-
benzenes.

The dehydrogenation reaction product was col-
lected and hydrogenated over 109, Pd/C using a
microhydrogenation apparatus at atmospheric pres-
sure. The n-propylbenzene and isopropylbenzene were
separated from the other products by preparative gas
chromatography. The n-propylbenzene was oxidized
to benzoic acid with hot alkaline potassium permanga-
nate. After purification, the specific activity of the
benzoic acid was determined and found to be insignif-
icant, in the range of the background readings of the
radioactivity counter, this being a measure of the a-
carbon-14 in the n-propylbenzene (Table II).

in the reactor.

Tasre IT
RapioacTiviTy DISTRIBUTION IN 7-PROPYLBENZENES
FROM THE REACTION OF 2-PHENYLPROPANE-2-1C
Compd Radioactivity, 10-3 xCi/mmol
n-Propylbenzene 3896
Benzoic acid from oxidation
of n-propylbenzene 12 (background reading range)

@ 0%, a carbon-14 in n-propylbenzene.

Ethylbenzene-3-1*C.—The title hydrocarbon was
synthesized in over 999, purity by the reactions given
in Scheme II.

Scueme 11
1. 4CO0. 1. LiAlH:
PhCH,MgBr -—--H——> PhCH,4CO.H ———E———a—

AcCl (—AcOH)
PhCH#CH,OH ——— PhCH,;*CH,0COCH; ~——>
pyridine A 505°

PthzHCHg —* PhCH214CH3
Pd-C

In order to show that all the carbon-14 was on the
8 carbon of the hydroecarbon, the specific activity of the
benzoic acid, obtained from the oxidation of the ethyl-
benzene, was determined and it was found to be in the
range of the background counting of radioactivity.

The dehydrogenating reactions were made using the
same catalyst and procedure as in the case of the iso-
propylbenzene. The experimental conditions and re-
sults are given in Table ITI.

The ethylbenzene and the styrene were separated
from the first and the last fractions by preparative gas
chromatography, diluted with their inactive counter-
parts, and their specific activities determined. Small
parts of the diluted samples of ethylbenzene and styrene
were oxidized to benzoic acid with hot alkaline potas-
sium permangante. After sublimation and purifica-
tion, the specific activities of the benzoic acids were
determined, as a measure of the a-carbon-14 in the
styrene and recovered ethylbenzene. Table IV sum-
marizes the radioactivity distribution of the products
of the dehydrogenation reaction of ethylbenzene-8-14C.

Avvmina: CaTaryst AND SupporT 71

Tasun IIT

DEHYDROGENATION AND REARRANGEMENT OF
EruvipENzENE-3-*C ovER UHROMIA-ALUMIA CATALYST®

Cut®
1 2 3 4
Length of cut, min 20.0 20.0 20.0 20.0
Total ethylbenzene passed, cc 2.0 20 20 20
Compn of aromatic products, mol %
Benzene T 0.6
Toluene 7 1.6
Ethylbenzene 82.7 82.
Styrene 14.9 15.6

« Catalyst, 8 cc; flow rate of ethylbenzene, 6 cc/hr; temperature,
520°. ® Cuts 2 and 3 were run with inactive material; their com~
positions were not determined.

TasLe IV

RAaDI0ACTIVITY DISTRIBUTION IN ETHYLBENZENE
AND IN STYRENE FROM REACTION oF ETHYLBENZENE-G-1C
Cut-
1 4
Radioactivities,

-~

Compd 103 pCi/mmol
Ethylbenzene® 4830 5128
Benzoic acid from oxidation of
ethylbenzene 175 134
o Carbon-14 in ethylbenzene 3.69%, 2.69%
Styrene® 1320 2133
Benzoic acid from oxidation of styrene 43 57
a-Carbon-14 in styrene 3.3% 2.7%

s The difference in the radioactivities of ethylbenzene and
styrene is due to the difference in the percentages of dilution of
the reaction product with the nonradioactive hydrocarbons, be-
fore preparative gas chromatographic separation.

Discussion

The results summarized in Tables I and II indicate
that 2-phenylpropane-2-1C underwent skeletal isom-
erization, when passed over ‘‘nonacidic”’ chromia-
alumina, to produce 9.7%, n-propylbenzene and 3.1%
cis- and trans-G-methylstyrene. None of the radio-
activity in the isomerized product resided on the a-
carbon atom, which indicates that the skeletal isom-
erization had occurred through a phenyl migration
only.

The main product of the rearrangement, 769, was
in the form of a saturated side chain, n-propylbenzene;
the remainder consisted of g-methylstyrenes. This
may suggest that the rearranged radical formed in the
reaction removed preferentially a hydrogen either from
the catalyst surface, or, which is more likely, from an
isopropylbenzene molecule (Scheme III). The mech-
anism is similar to that proposed for the skeletal
isomerization of 2-phenyl-2-butane-2-14C" and in agree-
ment with the catalytic behavior of chromia.®

The formation of n-propylbenzene in preference to
B-methylstyrene could also be interpreted as a reverse
hydrogenation of n-propenylbenzene produced. Al-
though the thermodynamic equilibrium data for n-
propylbenzene and its dehydrogenation products are
not available, the concentration of the olefins would

(9) R. L. Burwell, Jr.,, A. B, Littlewood, M. Cardew, G. Pass, and C. . H
Stoddart, J. Amer. Chem. Soc., 82, 6272 (1960).
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72 PINES AND ABRAMOVICI

Scneme JIT

/ “ /CHS
N, = T ™ ™
CH. ‘ CH, A

o
('JH Cr ¢)
]
0
“CHCHa CH,"CHCH
b Qe

CH,

/

CH
| O
O—cm“cmcm +

CH,

/
14
(;\CH(;

~H[A

CHE“CHCH:,

probably lie between the equilibrium concentration of
styrene, ~159%, and a-methylstyrene ~489,.1

The results summarized in Tables IIT and IV in-
dicate that the main reaction of ethylbenzene over
chromia~alumina is not dehydrogenation but rather
skeletal isomerization. The molar ratio of skeletally
rearranged ethylbenzene to skeletally rearranged styrene
is 6:1 and 5:1, respectively. This is based on the data
given in Tables III and IV.

The skeletal isomerization and the dehydrogenation
of ethylbenzene can be explained by a radical mech-
anism similar to the ane formulated for the 2-phenyl-
propane-2-14C,

We conelude that the dehydrogenation of alkyl-
benzenes over a ‘‘nonacidie’” chromia~aluming catalyst
is accompanied by pheny! migration.®” The formation
of 8-phenylalkyl radical intermediates is proposed to
explain the rearrangements which accompany the
dehydrogenation reactions. The g~phenylalkyl radicals
can either lose a hydrogen atom to the catalyst or
remove a hydrogen atom from the benzylic earbon
of the alkylbenzene. If a benzylic hydrogen is not
available as in the case of t-butylbenzene,® only dehydro-
genation ocecurs.

Experimental Section

2-Phenylpropane-2-'C. A. Benzoic Acid-a-'*C.—An ethereal
solution of 0.24 mol of phenylmagnesium bromide was carbonated
with 0.2 mol of sodium carbonate and 20.0 mCi of barium car-
bonate-14C as descrlbed previously.!? The yield based on “CO,
was 909,.

B. Methyl Benzoate—a-“c —Benzoi¢ aeid-a-1C (0.18 mol)

(11) K., K. Kearby in ““Catalysis,”” Vol, 3, P. H. Emmett, Ed., Reinhold
Publishing Corp., New York, N. Y., 1955, p 471.

(12) M. Calvin, C. Heidelberger, J. C. Reid, B. M, Tolbert, and P. E.
Yankwich, “Isotopic Carbon,” John Wiley & Sons, Inc., New York, N. Y.,
1949, pp 178, 179.
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was esterified with 2 mol of absolute methanol in the presence
of 969 sulfuric acid.!®

C. 2-Phenyl-2-propancl-2-1‘C.—Methyl benzogte-o-1*C (0.14
mol) was added to (.32 mol of ethereal solution of methyl-
magnesium iodide.!

D. 2-Phenylpropene-2-14C.—The dehydration of 0.12 mol of
crude 2-phenyl-2-propanol-2-14C with 0.13 mol of phenyl iso-
cyanate and 3 g of pyridine, as described prev1ously,‘5 yielded
2-phenylpropene-2-14C,

E. 2-Phenylpropane-2-1C.—Hydrogenation of the 2-phenyl-
propane-2-1C with 109 palladium on charcoal in a Paar hydro-
genation apparatus gave 15.2 g of 2-phenylpropane-2-14C, slightly
diluted with its inactive material, bp 152°. The purity was
>99%. Its activity was 100.7 uCi/mmol. This corresponds
to an over-all yield of 509, from barium carbonate-*C.

Ethylbenzene-3-4C, A, 2-Phenylacetic-1-'C  Acid.—An
ethereal solution of 2-phenethylmagnesium bromide was car-
bonated with sodium carbonate and 10 mCi of barium carbonate-
1C as described previously .12

B. 2-Phenylethanol-1-14C.—2-Phenylacetic acid-1-C was re-
duced by an ethereal splution of lithium aluminum hydride.

C. 2-Phenylethyl-1.1C Acetate.—2-Phenylethancl (0.07 mol)
was acylated with 0.085 mol of acetyl chloride in the presence of
0.14 mol of pyridine. The obtained material was purified by
preparative gas chromatography to obtain 7.6 g of the acetate
of over 999, purity.

D. 2-Phenylethylene-1-11C.—The acetate was pyrolyzed over
glass beads at 505° and at a flow rate of 12 drops/min; conversion
was of 92-959.

E. Ethylbenzene-3-¢C,—2-Phenylethylene-1-14C was hydro-
genated selectively with 109, palladium over charcoal in a Paar
hydrogenation apparatus. After slight dilution with its inactive
material, 4.9 g of ethylbenzene of >999, purity was obtained.

Catalyst.—The chromig—alumina catalyst was prepared ac-
cording to the procedure described previously.* The alumina
was precipitated from sodium aluminate and impregnated with
chromic acid. The catalyst contained 14.8 wt 9, of CrOy;
16-20 mesh size particles were used to fill the 10-cc glass reactor
tube. The activation of the catalyst has been made by passing
hydrogen at 500° for several hours and checking its performance
with small samples of inactive material before the radioactive
run.

Apparatus and Procedure.—The apparatus and procedure used
were the same as described previously.?

Separation of Isopropylbenzene and n-Propylbenzene.—The
separation was accomplished using a F & M 720 dual column
programmed temperature gas chromatograph with a 4.7-m-long,
%/g-in.~0.d. preparative vpe column filled with 159 silicone gum
SE-30 on 60-80 mesh Chromosorb P.

Separation of Ethylbenzene and Styrene.—The separation was
carried out using a 2-m-long, 3/s-in.-0.d. preparative vpe column
filled with 159, Carbowax 20M on 40-60 mesh Chromosorb P,

Qxidation of Aromatics.—The alkyl- and alkenylbenzenes were
oxidized to benzoic acid with hot alkaline potassium premanganate
as described previously.!®

The benzoic acid was purified by sublimation at 100°, followed
by recrystallization two times from hot water, followed by drying
over caleium chloride, 4n vacuo, for 24 hr,

Radiochemical Assay.—The same apparatus and procedure
were used as described previously.!?

Registry No.—2-Phenylpropane-2-1C, 17949-24-5;
ethylbenzene-g-14C, 16510-91-1.
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