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Benzene and toluene, when hydrogenated under certain conditions, yield aro- 
matic substituted alicyclic compounds. If  benzene, for instance, is hydrogenated with 
a Group VIII metal catalyst in the presence of an acid (SiO,ALO~, AlCI,, BFs, etc.), 
phenylcyclohexane is found among the hydrogenation products. If  the Group VIII 
metal is deposited on a silica-alumina surface, thereby forming a dual-functional 
catalyst, hydroalkylation is the major reaction. Toluene, for instance, is nearly 
quantitatively converted to 1-(p-tolyl)- and 1-(m-tolyl)-I-methylcyclohexane with 
a 5% nickel on silica-alumina catalyst and hydrogen. These results demonstrate the 
dual functionality of the supported catalyst. 

T&fault (1) reported the isolation of 
phenylcyclohexane and dicyclohexylben- 
zene from the hydrogenation of benzene 
over a nickel catalyst in the presence of 
P,O,. He therefore concluded that cyclo- 
hexene and cyclohexadiene were intermedi- 
ates in benzene hydrogenation. We (9) 
have also found that if benzene is hydro- 
genated in the presence of nickel and other 
Group VIII metals and a variety of acid 
catalysts, AlC13, BF,, silica-alumina, etc., 
phenylcyelohexane is obtained [Eq. (1) 1. 

(Eq.1) 

These results have been confirmed by the 
work of Slaugh and Leonard (S) . 

* Hydrogenation-alkylation combination process. 
t Presented : The Pittsburgh Catalysis Society, 

May 1, 1969; The Chicago Catalysis Society, May 
19. 1969. 

In the hydrogenation of toluene with the 
Group VIII metals deposited onto an acidic 
support, l- (p-tolyl) , and l- (m-tolyl) -l- 
methylcyclohexane are obtained as the 
major products, Eq. (2). This phenomenon 
clearly demonstrates the efficient dual func- 
tionality which can be built into supported 
catalysts. 

EXPERIMENTAL SECTION 

Materials 

The catalytic materials were either used 
directly as received from the supplier or 
prepared as described below. Platinum 
oxide, palladium chloride, and 5% pal- 
ladium on carbon catalysts were obtained 
from Englehard; copper chromite from 
Girdler; AlCl,, AlBr,, and P20, from 
Sargent; and BF, from Matheson. The 
silica-alumina (75% silica, 25% alumina, 
l/s-in. pilled hydrocracking catalyst) and 
alumina (ABD = 0.5 g/cm3, surface 
area = 180 mZ/g) (4) catalyst support 
materials were obtained from the UOP 

(Eq.2) 
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catalyst manufacturing division, Shreve- 
port, Louisiana. Benzene and toluene were 
used as received from Merck. 

5% Nickel on silica-alumina. Silica- 
alumina (55 g of 40-60 mesh) was im- 
pregnated in a rotary drier with a solution 
of nickelous nitrate (14.6 g in 100 ml of 
water). The dried catalyst was calcined 
for 1 hr at 593°C and reduced in a hydro- 
gen atmosphere at 398°C for 7 hr. 

5% Nickel on alumina. Alumina (50 g of 
40-60 mesh) was impregnated in a rotary 
drier with a solution of nickelous nitrate 
(13.3 g in 100 ml of water). The dried cata- 
lyst was calcined for 1 hr at 593°C and 
reduced in a hydrogen atmosphere for 7 hr 
at 398°C. 

0.375% Palladium on silica-alumina. 
Silica-alumina (55 g of 4&60 mesh) was 
impregnated in a rotary drier with a solu- 
tion of palladium chloride (0.344 g in 100 
ml of water containing 1.3 ml of concen- 
trated HCl). The dried catalyst was cal- 
cined at 593°C for 1 hr and reduced in a 
hydrogen atmosphere for 3 hr at 426°C. 

0.375% Platinum on silica-alumina. 
Silica-alumina (22.4 g of 40-60 mesh) was 
impregnated in a rotary drier with a solu- 
t’ion of chloroplatinic acid (3.01 g in 45 ml 
of water). The dried catalyst was calcined 
for 1 hr at 593°C and reduced in an at- 
mosphere of hydrogen for 3 hr at 537°C. 

5% Nickel, 2.5% arsenic on silica-alumina. 
Silica-alumina (55 g of 40-60 mesh) was 
impregnated in a rotary drier with a solu- 
tion of nickelous nitrate (14.6 g in 100 ml 
of water). The dried catalyst was calcined 
for 1 hr at 593°C. This material (15 g) was 
then impregnated in a rotary drier with a 
solution of arsenic pentoxide (0.0734 g in 
40 ml of water). The dried catalyst was 
calcined for 1 hr at 593°C and reduced in 
an atmosphere of hydrogen for 7 hr at 
398°C. 

5% Nickel, 5% arsenic on silica-alumina. 
The above described 5% nickel in silica- 
alumina (15 g) was impregnated in a ro- 
tary drier with a solution of arsenic pen- 
toxide 10.1468g in 40 ml of water). The 
dried catalyst was calcined at 593°C for 
1 hr and reduced in an atmosphere of hy- 
drogen for 3 hr at 398°C. 

60% Nickel on kieselguhr. The commer- 
cial Harshaw catalyst Ni-104P (20 cc) was 
reduced at 426°C in an atmosphere of hy- 
drogen and pulverized prior to being used. 

Rotating Autoclave Experiments 

The hydrogenation catalyst (l-5 g) and 
the alkylation catalyst (l-5 g), and the 
aromatic compound (44 g, 0.55 mole) were 
weighed into an 850 ml glass cylindrical 
vessel which was placed in a stainless steel 
autoclave and pressured to 65-100 atm 
with hydrogen. While being rotated the 
autoclave was slowly heated until a pres- 
sure drop was observed. This temperature 
was maintained until about one-half the 
theoretical AP (representing the hydrogen 
required to hydrogenate all the aromatic 
hydrocarbon present) was obtained and 
then the autoclave was cooled and depres- 
sured. The time requirement ranged from 2 
to 6 hr, depending on catalyst activity. The 
product was filtered to remove the catalyst 
and the filt’ratc analyzed by gas-liquid 
chromatography (GLC) 

Parr Apparatus Eaperimen ts 

These experiments were conducted 
exactly as described above except that a 
500 ml hydrogenation bottle and its con- 
tents were pressured to 60 psig with hy- 
drogen after being mounted onto the Parr 
Apparatus model No. 3910. In those es- 
periments where soluble alkylation cata- 
lysts were used the product was water- 
washed before being analyzed by GLC. 

RESULTS AND lhm~ss~o~ 

The first phase of this investigation 
consisted of preliminary experiments in- 
volving the hydrogenation of benzene at 
high pressures in the rotating autoclave 
with physical mixtures of hydrogenation 
and alkylation catalysts. The second phase 
dealt with mixtures of catalytic species but 
at low pressure’s in the Parr hydrogenation 
apparatus. The fi:lxl phase consisted of a 
study of the hydrogenation of toluene at 
low pressures with catalytic Group VIII 
metals supported on acidic surfaces. 

No attempt was made to purify the 
aromatics, since no distinction was being 
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attempted between Lewis and BrSnsted 
acidity. The possible effect of water in the 
reagents to form protonic acids was con- 
sidered beyond the scope of this work. 

Hydrogenation of Benzene-High Pressure 
Rotating Autoclave 

The first. four experiments included in 
Table 1 are representative of the prelim- 
inary work. Although the results were poor, 
they clearly demonstrated that the hydro- 
alkylation products could be obtained by 
this process. We were disappointed, how- 
ever, that we were unable to duplicate the 
work of T&fault (1) with 60% nickel on 
kieselguhr, and P,O, (Expt. 1). Since the 
description of his catalyst is vague- 
“nickel black”-we decided not to pursue 
this further. 

Only small quantities of phenylcyclo- 
hexane and dicyclohexyl were obtained in 
Expts. 2 and 3 with silica alumina and 
copper chromite, even at the low hydrogen- 
ation rate of Expt. 3. Traces of diphenyl 
were also found. 

The great, increase in hydrogenation rate 
over copper chromite catalyst at 250°C (vs. 
220°C) was unexpected. However, the 
equipment used has large heat,ing surfaces 
and temperature over-rides often occur. 
This may explain the high rate. The ex- 
periments were included to show that slow 
hydrogenation rates had little effect on 
phenylcyclohexane product’ion in this 
dpst’em. 

The Hydrogenation of Benzene-Parr Low- 
Pressure Apparatus 

Since phenylcyclohexane is probably the 
result of consecut,ive reactions involving 

a slow hydrogenation step followed by a 
fast alkylation step, it was decided to 
continue this study in the Parr low pres- 
sure hydrogenation apparatus where a bet- 
ter control of reaction conditions was pos- 
sible. These studies involved the use of 
both insoluble and soluble Lewis acid 
alkylation catalysts and are summarized 
in the remainder of Table 1 and in Table 2. 

An attempt to reduce the hydrogenation 
rate by reducing the amount of palladium 
catalyst (Expts. 5 and 6) was successful; 
however, the amount of phenylcyclohexane 
was also reduced and traces of diphenyl 
were also present. 

Since diphenyl was found in several of 
the experiments it was thought that it 
might be an intermediate to phenylcyclo- 
hexane. Kovacic and Kyriakis (5) have 
reported the production of p-polyphenyl 
products using A1C13-CuCl, catalysts, a 
system not completely unlike ours. To 
investigate this, Expt. 7 was conducted in 
the absence of hydrogen ; no diphenyl could 
be detected in the product; therefore, it 
was concluded that diphenyl is not an 
intermediate for phenylcyclohexane produc- 
tion in our system. 

In order to improve the alkylation 
potential of the system, soluble Lewis acids, 
AIBr, and BF,, were used. Although the 
result’s with AlBr, were not improved (see 
Expts. 8-10) there was some indication 
that increasing the catalyst quantity was 
beneficial. 

The BF,-acetic acid and BF,-methanol 
complexes enabled the use of macro quan- 
tities of alkylation catalyst, compared to 
hydrogenat’ion catalyst,. The results ob- 

TABLE 2 
THE HYDROGENATION OF BENZENE BATCHWISE .4~ 100°C WITH PdCW 

Catalysts (g) Conversion (%) to 
[Espt. A 

Tl”. Alkylation Hydrogenation Solvent bWW GHlP CsH,,CsHj C12Hm 

11 BFr, (9.3) PdCl, (0.2) Methanol 1.0 41 60 0 
12 (9.3) PdClz (0.1) Methanol 1.2 48 1 .3 0 
1.7 (7.1) PdC12 (0.2) Methanol 2.1 59 3 7 0 
14 (6.8) PdClz (0.2) Acetic acid 1.3 63 6 n 
15 (7.4) PdCl, (0.2) + HCl iZcetic acid 1.8 48 6 0 

a;Hz pressure, 60 psig. 
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TABLE 3 
THE CATALYTIC HYDROGENATION OF TOLUENP 

Conversion (70) 
Expt. A 

no. Catalystb Poison (p&VW MC3 TM@ TMC/MC 

16 5% Ni on Si02A1203 None 1.5 1.6 8.3 5.2 
17 >I Pyridine, 30 mg 3.0 61 4 .5 0.7 
1% x, PySne, 60 mg 1.8 44 0 0 
19 ,9 1.25% As 4.3 3 .6 13.3 2.3 
20 :> 2.5% AS 3.9 11.6 6.4 0.5 
21 7, 5.0% As 2. 7 3 .8 8.0 2.1 

22 60% Ni on kieselguhr None 17.1 34. Fi 0 0 
23 5% Ni on Al?03 None I.4 3.9 0 0 
24 0.375Q/, Pd on SiO,AlzO~ xoue %5 . 7 87 11 2 1.3 
25 0. 375y0 Pt on 8iOzA120s None 32.3 74.8 1.4 0.02 

a Sixt,y psig, 100°C for 6 hr, 5 g of catalyst. 
b Catalyst ABD, surface area and pore diameter not determined. 
c Methylcyclohexane. 
d I-(p-tolyl)- plus I-(nl-tolyl)-l-methylcyclohexane. 

tained (Table 2) gave at most a 6% 
conversion of benzene to phenylcyclohexane. 

Hydrogenation of Toluene with Sup- 
ported Metal Catalyst-Parr Low- 
Pressure Apparatus 

A separate study involving the rate of 
hydrogenation of toluene over various 
supported metal catalysts was next under- 
taken. This study was made at low pres- 
sure (60 psig) at 100°C and is sum- 
marized in Table 3. 

These results clearly show that the 
hydroalkylation product can be the major 
product (Expts. 16, 19, 21, and 24) and 
any effort to control the hydroalkylation 
process by controlling the hydrogenation 
rate or alkylation rate via selective 
poisons [pyridine and arsenic (S) ] gives 
inferior results (Expts. 17-21). 

Kieselguhr ($0,) and Al,O, (Expts. 22 
and 23) at 100°C evidently do not have 
enough acidity to cause any hydroalkyl- 
ation, and nickel on silica-alumina gave 
the best result (Expt. 16), Pyrjdine added 
to the nickel on silica-alumina almost 
completely eliminated hydroalkylation 
(Expts. 17 and 18) and arsenic (Expts. 19- 
21) improved the hydrogenation activity 
of the nickel on silica-alumina catalyst 
and caused a decrease in the convelsian to 
hydroalkylation product. The only clear- 

cut evidence which supports the belief that 
reduced hydrogenation rates are beneficial 
is the comparison of results obtained with 
nickel, palladium, and platinum on silica- 
alumina (Expts. 16, 24, and 25). The hy- 
drogenation rates were 1.5, 5.7, and 32.3 
A psig/hr, respectively, and the hydro- 
alkylation/hydrogenation rat’ios were 5.2, 
1.3, and 0.02. 

From these results it is concluded that 
the inherent hydrogenation activit’y of the 
metal and acidity of the surface are the 
important criteria for hydroalkylation and 
efforts to try to improve hydroalkylation 
via selective poisons, temperature, or pres- 
sure will not be effective. Pyridine behaved 
as expected; arsenic did not, for some un- 
known reason. It might also bc anticipated 
that any catalytic hydrogenation metal 
less active than nickel on a surface more 
acidic than silica-alumina, with an aro- 
matic compound more difficult to hydro- 
genate than toluene, would give a better 
result than we obtained in our best, experi- 
ment (Expt. j6). 

Mechanism 

The hydroalkylation product seems to 
result from an electrophilic cyclohexyl 
species on the catalyst surface which 
alkylates the aromatic compound present in 
abundance. There are, however, questions 
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which arise if a carbonium ion is postulated 
in the system, since no carbonium ion 
products were found other than the hydro- 
alkylation product. With benzene, for 
instance, no methylcyclopentane (7) was 
found, and in the system where BF,-acetic 
acid was present, no cyclohexyl acetate (8) 
was formed. To satisfy our curiosity in 
this respect, we conducted a separate ex- 
periment in which cyclohexene was added 

This order would therefore represent a 
concentration gradient of each component 
between the metal surface and the bulk 
phase of the reaction mixture. Smith and 
Pcnnekamp (10) showed in their work that 
benzene is more strongly adsorbed onto a 
catalyst surface than hydrogen by showing 
that the rate of hydrogenation is affected 
only by hydrogen pressure. Cyclohcxadiene 
is also strongly adsorbed since we do not 
find any products relating to its presence, 
and cyclohexene being less strongly ad- 
sorbed, is mobile and reacts with an acid 
site (11) to form a cationic species [ Eq. 
(411. 

c?- M + HSIO,AI,O, - tEq.41 

dropwise at room temperature to a solution 
of BF,, benzene, and acetic acid to give a 
quantitative conversion of cyclohexene to 
a 1: 1 mixture of cyclohexyl acetate and 
phenylcyclohexane; no methylcyclopentane 
or cyclohexylhexene was found [Eq. (3)]. 
This leads to the conclusion that dimeri- 
zation of cyclohexene, followed by its hy- 
drogenation to form bicyclohexyl, did not 
occur. 

The carbonium ion theory, however, is 
consistent with the fact that we obtained 
our best results with toluene (Table 3). 
Toluene hydrogenation yielded a more 
stable tertiary carbonium ion, while ben- 
zene yielded the more difficultly formed 
cyclohexyl secondary cation. This is 
evident since the only hydroalkylation 
products we got with toluene were the l- 
(p-tolyl) - and I- (m-tolyl) -l-methylcyclo- 
hexane [Eq. (2)], and phenylcyclohexane 
with benzene. Steric factors probably 
prevented the ortho-isomer formation with 
toluene. 

For a better understanding of the results 
one needs a clearer picture of what is oc- 
curring on the catalyst surface. On the 
metallic sites, hydrogenation is occurring 
(9) and the following species are probably 
bound to the surface with the following 
decreasing order of tenacity: 

This electrophilic species now reacts with 
the aromatic compound (19) whose relative 
concentration is high [Eq. (5) 1. 

0 
+SIO,AI,O; + 

H 0 
0 

r/// 
iEq 5) 

0 
I:::i 

+ HSa02A1203 

In the BF,, AlCl,, AlBr, systems these 
catalysts form complexes (13) with aro- 
matics and the concentration of the com- 
plex on the catalyst surface is probably 
proportional to its solubility or diffusion 
rate to the catalyst surface. This concen- 
tration is probably low since the amount 
of hydroalkylation obtained was low. 

For dual functional catalysts, however, 
acid sites can be situated adjacent to metal 
hydrogenation sites so that the diffusion 
limitation of the process is removed and 
hydroalkylation becomes the major 
reaction. 

REFERENCES 

1. TRUFFAULT, R.. Bull. Sm. Chim. 1, 3941-406 
(1934). 

2. LOUVAR. J. J., U. S. Pat. 3,274.276; LOUVAR, J. 



68 LOUVAR AND FRANCOY 

J., AND FRANCOY-ATARES, A., U. S. Pat. 
3 317,611. 

3. SLAUGH, L. H., AND LEONARD, J. A., U. S. 
Pat. 3,412,165; also J. Cat&& 13, 365 
(1969). 

4. HOEKSTR~, J., U. S. Pat. 2,665,866. 
6. KOVACIC. P., AND KYRIAEIS, A., J. Am. Chem. 

Sm. 65, 454 (1963). 
6. BERKMAN, S., MORRELL, J. C., AND EQU)FF, G., 

in “Catalysis” (P. H. Emmett, ed.), p. 420. 
Reinhold, New York, 1940. 

7. PINES, H., ABRAHAM, B. H., AND IPATIEFF, 
V. T\i.. J. Am. Chem. Sot. 72, 370 (1950). 

8. WUNDERLEY, H. L., AND SOWA, F. J., J. Am. 
Chem. Sot. 59, 1010-1011 (1937). 

9. BEECK, O., DCcussiuns Faraday Sot. 8, 11s 
(1950). 

10. SMITH, H. A., AND PENNEK.~MP, E. F. H.. 
J. Am. Chem. Sot. 67, 276 (1945). 

11. THOMAS, C. L., Ind. Eng. Chem. 41, 2564 
(1949). 

12. S~HMERLINQ, L., in “The Chemistry of Pr- 
troleum Hydrocarbons,” Vol. 2, p. 265. Rein- 
hold, New York, 1955. 

13. FRIEDEL, c., AND CRAFTS, J. M., Compt. Rewi. 
85, 74-77 (1877). 


