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(27) Here we attempt only to justify our estimates of the values of Ka, Ka2, 
and Ku, acknowledging that the justification is based on additional as
sumptions and Inexact models; data for /3-ketoaldehydes are unavail
able. For Ka, we started with Ka = 2.7 X 1 0 - u M for acetaldehyde hy
drate and Ka = 9 X 10 - 1 1 M for chloral hydrate26 and attempted to es
timate the effect of the benzoyl group on K8 for acetaldehyde hydrate 
by interpolation. The electronic influence of the benzoyl group was esti
mated from the ionization constants for acetic acid (Ka = 1.75 X 10 - 5 

M), trichloroacetic acid (K3 = 0.219 M), and acetoacetic acid (K3 = 
2.63 X 1O-4 M).28 The last constant was corrected for substitution of 
methyl by phenyl, a factor of 1.44 based on Ka = 2.18 X 1O -5 M for 
/3-phenylpropionic acid and Ka = 1.5 X 10 - 5 M for butyric acid,29 to 
give Ka = 3.78 X 10 - 4 M for benzoylacetic acid. For the acids, the fac
tor 1.65 X 10"3 was calculated for the effect of the 6enzoyl group. Ka 
= 1.75 X 1O-13 M for benzoylacetaldehyde hydrate was then calculat
ed by multiplying the factor by (^(chloral hydrate) — Ka(acetaldehyde 
hydrate)) and adding the product to Ka for acetaldehyde hydrate. K32 
data, unavailable for aldehydes, are plentiful for dicarboxylic acids and 
Ka > K32. For o-phthalic acid, ApK8 = 2.46;28 for malonic acid, ApK8 
= 2.84;28 for cfe-3,3-diphenylcyclopropane-1,2-dicarboxylic acid, Ap/Ca 
= 6.74.30 From these data and the estimated Ka for benzoylacetal
dehyde hydrate, K32 = 1O -15 M seems reasonable. For Ku we started 
with Ku = 0.7 for acetaldehyde hydrate and KH = 0.03 for chloroacetal-
dehyde hydrate26 and attempted to estimate the effect of the benzoyl 
group on the value for acetaldehyde hydrate by interpolation. The elec
tronic influence of the benzoyl group was estimated as above using Ks 
for acetic acid and benzoylacetic acid and Ka = 1.41 X 10 - 3 M tor 
chloroacetic acid. For the acids, the factor is 0.26. KH = 0.53 for ben
zoylacetaldehyde hydrate was then calculated by multiplying the factor 
by (^acetaldehyde) — K^chloral hydrate)) and substractlng the prod
uct from Ku for acetaldehyde. 

(28) A. Albert and E. P. Serjeant, "Ionization Constants of Acids and Bases", 
Wiley, New York, N.Y., 1962. 

(29) H. C. Brown, D. H. McDaniel, and O. Hafliger, "Determination of Organic 
Structures by Physical Methods", E. A. Braude and F. C. Nachod, Ed., 
Academic Press, New York. N.Y.. 1955. 

Superacids offer a novel method to hydrogenate aromat
ics through protonation and reaction of the resultant carbo-
nium ion with hydrogen. However, attempts to hydrogenate 
the aromatics benzene1 and hexamethylbenzene2 using the 
acids HBr-AlBr3 and HF-SbF 5 , respectively, failed. On 
the other hand, benzene has been hydrogenated in the 
HF-TaFs-hexane system3 and in the HBr-AlBr3-3-meth-
ylpentane system.4 In the latter case, the observation was 
made that no reaction occurred in the absence of the ali
phatic solvent. 

We have investigated the hydrogenation of benzene in all 
of the above and a number of other superacids and have 
found that the aliphatic solvent, hydrogen, and the nature 
of the superacid all play a crucial role in the success of these 
hydrogenations. This paper presents our results which we 
will use to rationalize the previous work and to describe the 
mechanism of the reduction. 

Results and Discussion 

Aliphatic Solvent. It is possible to hydrogenate benzene in 

(30) J. L. Haslam, E. M. Eyring, W. W. Epstein, G. A. Christiansen, C. W. 
Jaget, and M. H. Miles, J. Am. Chem. Soc., 87, 1 (1965). 

(31) P. Greenzaid, J. Org. Chem., 38, 3164 (1973). 
(32) R. G. Pearson and R. L. Dillon, J. Am. Chem. Soc, 75, 2439 (1953). 
(33) O. Exner, Collect. Czech. Chem. Commun., 31, 65 (1966); O. Exner and 

J. Lakomy, ibid., 35, 1371 (1970). 
(34) Inclusion of aldehyde hydrate monoanions as product-forming reactants 

in Scheme III and derivation of the rate law gave an equation similar to 
eq 7, but with an additional constant term in the numerator. The data did 
not fit the expanded equation well; negative constants were generated 
by the computer using the appropriate nonlinear regression program 
and from this we conclude that if there is a pathway for spontaneous 
decomposition of aldehyde hydrate monoanions, that pathway is much 
less favorable than one for hydroxide ion catalyzed decomposition of al
dehyde hydrate monoanions. Monoanions may more easily expel hy
droxide ion or capture a proton from solvent than expel para-substituted 
acetophenones. 

(35) M. Eigen, Angew. Chem., Int. Ed Engl., 3, 1 (1964). 
(36) J. L. Haslam, E. M. Eyring, W. W. Epstein, R. P. Jensen, and C. W. 

Jaget, J. Am. Chem. Soc, 87, 4247 (1965). 
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N.Y., 1959, p 189. 
(40) The Rule-LaMer plot was not derived for carbon acids and may not 

apply to these compounds. However, the plot provides the only avail
able pertinent relationship between ionization constants and HP/K" 
values for this study. Calmon and Calmon similarly resorted to a Rule-
LaMer plot for purposes of discussing isotope data for cleavage reac
tions of ethylenic diketones.41 

(41) M. Calmon and J.-P. Calmon, Bull. Soc. CMm. Fr., 1885 (1970). 
(42) C. A. Bunton and V. J. Shiner, Jr., J. Am. Chem. Soc, 83, 3207 (1961). 
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either HF-TaF 5 , HBr-AlBr3 , or HF-SbF 5 at 50° in the ab
sence of hydrogen, if an aliphatic solvent capable of donat
ing a tertiary hydride ion is present5 (eq 1). n-Pentane is an 
excellent solvent because it does not interfere with analysis 
of products and because it does not undergo the extensive 
cracking reactions observed for higher molecular weight al-
kanes. By sampling the hydrocarbon phase of the two-phase 
systems, one can follow the course of the reaction using gas 
chromatography. For all of these acids, one observes that 
the pentane is isomerized to isopentane, and the benzene is 
reduced to an equilibrium mixture of cyclohexane and 
methylcyclopentane. When left standing over the acid, 
these latter products are slowly cleaved to a mixture of iso-
hexanes. There is no evidence for the generation of hydro
gen through reaction of the acid with isopentane.2 After 
10-25% of the benzene has been converted to cyclohexane, 
the reaction stops. Analysis, after quenching with water, in
dicated that large amounts of C5-alkylated benzenes had 
formed in the acid layer. When these reductions were done 
in the absence of pentane, but in the presence of 35.0 atmo-
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spheres of hydrogen, no reduction occurred (eq 2). Clearly 
molecular hydrogen is not directly involved in this reduc
tion. On the other hand, when both hydrogen and «-pentane 
were present in the HBr-AlBr3 and H F - T a F 5 catalyzed 
reactions,5 the hydrogenation of benzene proceeded to com
pletion after an induction period during which the pentane 
isomerized to isopentane (eq 3, Figure 1). This induction 
period is not observed when an equilibrium mixture of iso-
pentane-n-pentane is used (Figure 2). When propane was 
substituted for pentane in the HF-TaFs reaction, no reduc
tion of benzene took place (eq 4). These results demonstrate 
both the necessity of a tertiary hydride source and the ab
sence of any direct hydrogenation by molecular hydrogen in 
the benzene reduction. 

+ n-C5 
HBr-AlBr3 or HF-TaF5 

» 
or HF-SbF, 

[ J + L J + n-C6 + /-C6S + /-C5 + | T j _ J 
C2 

(1) 

.i HBr-AlBr3 or HF-TaF5 

IJ + H2 TTTTTT: *" polyphenyls, no reduction 
(2) 

+ re-C5 + H2 

or HF-SbF5 

HBr-AlBr, 

or HF-TaF5 

O + I I + n-C6 + J-C 6 'S -I- /-C5 (3) 

C3 

+ C 3 - I - H 2 V T / I] ,no reduction (4) 

Hydrogen. While hydrogen does not need to be present in 
order for some of the benzene to be reduced, it plays an in
tegral role in making the reaction catalytic with respect to 
acid by preventing alkylations from taking place. In doing 
so it ultimately supplies the hydrogen for the reduction. It 
prevents alkylations by reducing the carbonium ions7 that 
are formed in the acid, thereby inhibiting the alkylation of 
benzene (eq 5, 6, and 7). 

C5H11+ + H2 C5H12 + H+ 

I + C5
+ — [(+Uc6 

H 

(5) 

(6) 

-C2 (7) 

There is a minimum hydrogen pressure necessary to sup
press these alkylations. As the pressure is increased from 0 
to 14.6 to 35.0 and to 55.4 atm in the HF-TaF5-pentane 
catalyzed reaction, there is a concomittant decrease in the 
formation of alkylated benzenes. Thus, in the reduction in
volving no hydrogen, 10.0 g of alkylated (predominately C5 

alkylated) benzenes formed. This figure decreased to 8.0 g 
at 14.6 atm, 3.1 g at 35.0 atm and 2.5 g at 55.4 atm. A plot 
of benzene disappearance vs. time for these reactions (Fig
ure 2) indicates that, at 35.0 and 55.4 atm of hydrogen, the 
reduction proceeds at a constant rate. Thus, using 0.41 mol 
of benzene, 0.78 mol of /-C5 , 0.17 mol of «-C5, 2.0 mol of 

/VOL 

ICC 200 
TIME (min ) 

300 

Figure 1. Plot of components of hydrocarbon phase vs. time in the hy
drogenation of benzene in the HF-TaFs-n-pentane system. 

i i S A T M H. 

2 3 4 
T I M E (hrs.) 

Figure 2. Plot of weight percentage of benzene in hydrocarbon phase 
(log) vs. time (linear) in the hydrogenation of benzene catalyzed by 
HF-TaFs-isopentane at different hydrogen pressures. 

HF, and 0.20 mol of TaF5 , the pseudo-first-order rate con
stant for benzene disappearance is 8.8 X 10~5 sec - 1 at 50°. 
However, at 14.6 atm, the rate continually decreases and 
stops after 33% of the benzene is converted. Most of this 
conversion has been to cyclohexane, but a significant 
amount has been to alkylaromatic carbonium ions. These 
carbonium ions are not hydrogenated at these conditions 
and in tying up the acid reduce the acidity sufficiently to 
prevent further protonation and thus hydrogenation of the 
benzene. 

Acids. A search was made to see if other superacids 
would catalyze the hydrogenation of benzene. The search 
was limited to those acids that were stable both thermally 
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and to reduction by hydrogen. Besides HF-TaFs, HBr-
AlBr3, and HF-SbFs, hydrogen chloride-aluminum tri
chloride was also found to catalyze the hydrogenation of 
benzene. HF-HfF 4 , HF-TiF 4 , and CF 3 SO 3 H-TaF 5 were 
not active. Isobutane was the solvent in the HF-TiF 4 reac
tion and n-pentane in the remainder. The difference in ac
tivity of these acids seems to be one of acidity.8 Both H F -
SbF5

9 and HF-TaF 5
1 0 are known to substantially protonate 

benzene. There are no data that any of the inactive acids 
tio. Assuming that there is a relationship between isomer-
ization ability and acidity, we note that all of the active 
acids easily isomerized the aliphatic solvent that was pres
ent, while the inactive ones did so very slowly or not at all. 

We conclude from these results that, for an acid to be ac
tive, it must be strong enough to substantially protonate 
benzene. One empirical method to determine the activity of 
an acid is its isomerization ability. 

Mechanism of Benzene Hydrogenation. The results that 
have been discussed suggest that three essential steps occur 
during the reduction of benzene in the superacid-pentane-
hydrogen system. First a sufficiently strong acid is required 
to isomerize pentane to isopentane and to protonate ben
zene (eq 8 and 9). Then the protonated benzene abstracts a 
hydride ion from isopentane to form a diene and an iso-
pentyl cation (eq 10). The experiments involving the effect 
of solvent and hydrogen on this reaction establish that not 
hydrogen or a normal alkane but that a solvent capable of 
donating a tertiary hydride ion supplies the hydride for this 
reaction. This fact was also recognized independently by 
Schneider in the HBr-AlBr3-3-methylpentane system.4 In 
support of this Brewer recently reported that the hydride-
donating ability of an isoalkane is 103 greater than that of a 
normal alkane.11 The absence of such a solvent also ex
plains the earlier unsuccessful hydrogenation attempts.1,2 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

-O (-O)+^r 

R+ + H2 —> RH + H+ 

-Oi 
Further protonation and hydride abstractions produce 

the cyclohexyl cation (eq 11-13). Since it was possible to 
hvdrogenate benzene in pentane in the absence of hydrogen 
and since hydrogen does not react with allyl cations,12 iso
pentane and not hydrogen is the hydride source in these 
steps. The aliphatic carbonium ions that are formed 
throughout the reaction react with hydrogen to form cyclo-

hexane, methylcyclopentane, isopentane, and a proton7 (eq 
14), thereby completing the cycle and making the reaction 
catalytic in both isopentane and acid. In the absence of hy
drogen, these carbonium ions alkylate the benzene and 
then, through deprotonation, hydride transfer, and cycliza-
tion, supply the hydrogen necessary for the reduction. This 
sequence is pictured for the pentyl cation (eq 15, 16, 17, 
and 18). The number of compounds involved and the exact 
nature of the steps in this sequence are not known. 

C.,+ 

H 
1. - H + 

2. - H -

H 

H 

(15) 

(16) 

(17) 

(18) 

One question remains unanswered. Why doesn't hydro
gen add directly to the protonated benzene instead of add
ing via the circuitous path involving the aliphatic solvent?13 

We are working to answer this last question and toward ex
tending these reactions to other aromatics and acids. 

Experimental Section 

Materials. All materials were used without further purification: 
hydrogen, >99.95%, Linde; benzene, reagent grade, Matheson 
Coleman and Bell (MCB); isopentane, >99%, MCB; «-pentane, 
>99%, Phillips; hydrogen fluoride, anhydrous, >99.9%, hydrogen 
chloride, technical, >99.0%, hydrogen bromide, >99.8%, all from 
Matheson Gas Products; trifluoromethanesulfonic acid, 3 M; tanta
lum pentafluoride, >98%, Ozark Mahoning Co.; aluminum tri
chloride, >99.77%, Fischer; aluminum tribromide, >99.97, Fisch
er. 

Spectroscopy. Nuclear magnetic resonance spectra were record
ed on a Varian A-60 using deuteriochloroform as a solvent and tet-
ramethylsilane as an internal standard. 

Gas chromatographic analysis were done on a Varian 2700 se
ries equipped with thermal conductivity detector, dual columns, 
and linear programmer. Columns and conditions: 10% DC-200 on 
Chromosorb P, 15 X '/fe in., programmed from 30 to 175° at 6°/ 
min and 3% Se-30 on 80-100 Chromosorb W, 5 ft X % in., pro
grammed from 30 to 275° at 10°/min. The DC-200 column sepa
rates all hydrocarbons by carbon number from C2 and C10 and all 
isomers from C3 through C6. The Se-30 column detects hydrocar
bons up to C22; C1-C5 are all analyzed as one, while the carbon 
content, ± 1 carbon, could be established for the range C6-C20-

Mass spectra were determined on a CEC 21-103 using two pro
grams developed for aromatic analysis of hydrocarbon mixtures. 
One is run at 11 eV and identifies parent peaks of aromatics con
taining up to 36 carbons.15 The other is run at 70 eV and separates 
hydrocarbon mixtures into paraffins, naphthenes, and different 
classes of aromatics up to a molecular weight of 225. , 6 '7 

Benzene, n-Pentane, Hydrogen Fluoride, and Tantalum Pentaflu
oride. This experimental description was essentially followed in all 
the experiments. Variations are noted in the individual experi
ments. Benzene (31.6 g, 0.405 mol) 64.8 g (0.898 mol) of /i-pen-
tane, and 55.2 g (0.200 mol) of tantalum pentafluoride were 
placed in a 300-ml, stirred, Hasteloy-C autoclave (Autoclave Engi
neers). The addition was done in an argon atmosphere. Hydrogen 
fluoride (44.3 g, 2.21 mol) was pressured in using argon to give a 
total pressure of 7.8 atm at 23°. The mixture was stirred and heat
ed to 50°. Samples were withdrawn from the hydrocarbon phase 
and analyzed by gas chromatography, DC-200, after 1, 3, and 6 hr 
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of reaction. Analysis of the 1-hr sample, 0.76% < C4 (butanes and 
less), 60.81% 1-C5 (isopentane), 12.74% /1-C5 (n-pentane), 0.35% 
acyclic hexanes, 0.27% MCP (methylcyclopentane), 23.68% C6H6 
(benzene), 1.35% CyC6 (cyclohexane), and 0.03% MCH (methyl-
cyclohexane); the 3-hr sample, 1.71% < C4, 58.00% /-C5, 12.07% 
W-C5, 0.91% acyclic hexanes, 0.63% MCP, 23.34% C6H6, 3.10% 
CyC6, and 0.23% MCH; the 6-hr sample, 2.65% < C4, 59.16% 
/-C5, 12.27% n-C5, 1.43% acyclic hexanes, 0.87% MCP, and 0.47% 
MCH. The total pressure inside the autoclave varied from 8.8 to 
9.2 atm during the reaction. After the 6-hr sample, the mixture 
was cooled and vented into 2000 cm3 of ice and extracted three 
times with 300 ml of ether. The combined ether extracts were 
washed with aqueous sodium bicarbonate, dried with magnesium 
sulfate, and analyzed by gas chromatography, Se-30 and DC-200. 
Analysis: 95.78% ether, pentane, and acyclic hexanes; 0.06% MCP, 
2.61% C6H6, 0.48% CyC6, and two peaks 0.54 and 0.63% in the 
C10-C11 range. The solvent was removed at reduced pressure to 
yield 10.0 g of yellow liquid: NMR (five groups of peaks that are 
assigned to a mixture of C2-alkylated indenes or isomers thereof) 
0.8-1.5 (3-4 H), 1.85-2.1 (4-5 H), 3.0-3.2 (1 H), 5.9-6.1 (0.5 
H), 6.9-7.4 (4-5 H); mass spectroscopy (high voltage) 4.21% al-
kylbenzenes, 84.19% indenes, 9.72% naphthalene;18 (low voltage) 
traces of alkylbenzenes, 69.42% Ci i-indene, and 8.42% Ci2-indene. 
The data does not differentiate between a C2-alkylated indene or 
its isomer, a Ci-alkylated tetralin that has lost two hydrogens to 
form an olefin. 

Benzene, n-Pentane, Hydrogen Bromide, and Aluminum Tri-
bromide. Benzene (15.8 g, 0.202 mol), 64.8 g (0.90 mol) of n-pen-
tane, 86.9 g (1.07 mol) of hydrogen bromide, and 27.0 g (0.101 
mol) of aluminum bromide were heated to 70°. Samples that were 
taken at 0, 1, 3, and 6 hr indicated that the pentane rapidly isomer-
ized to an equilibrium mixture of isopentane-H-pentane, and that 
the benzene was being converted to cyclohexane and hexanes, e.g., 
the 6-hr sample, 65.56% isopentane, 15.7.7 n-pentane, 1.71% acy
clic hexane, 05% methylcyclopentane, 10.23% benzene, and 2.34% 
cyclohexane. The pressure inside the autoclave (predominantly 
HBr) varied between 21.5 and 24.6 atm during the reaction. The 
final product after a water-ether work-up yielded 7.5 g of red liq
uid which by GC analysis, Se-30, was found to contain 49.2% < C6 
+ ether, 42.2% C2-alkylated indenes or isomers thereof, and 4.0% 
C10-C18. 

Benzene, n-Pentane, Hydrogen Fluoride, and Antimony Pentaflu-
oride. Benzene (31.2 g, 0.399 mol), 64.8 g (0.898 mol) of n-pen-
tane, 44.6 g (2.23 mol) of hydrogen fluoride, and 22 g (0.10 mol) 
of antimony pentafluoride were pressured to 15.9 atm with argon 
and heated to 50°. Samples that were taken at 0, 1, 3, and 6 hr in
dicated that the pentane rapidly isomerized to an equilibrium mix
ture of isopentane-n-pentane, and that a small amount of the ben
zene was converted to cyclohexane and acyclic hexanes, e.g., the 
6-hr sample, 57.24% isopentane, 12.09% n-pentane, 0.76 acyclic 
hexanes, 0.41% methylcyclopentane, 26.04% benzene, and 1.95% 
cyclohexane. No pressure change occurred during the reaction. 
The final product after a water-ether work-up yielded 5.6 g of a 
yellow liquid which by GC, Se-30, and NMR analysis was found 
to contain 19.3% C6's + ether, 67.2% C2-alkylated indenes or iso
mers thereof, and 13.3% C|6-Ci8. 

Benzene, Hydrogen, Hydrogen Fluoride, and Tantalum Pentaflu
oride. To 31.6 g (0.405 mol) of benzene, 43.5 g (2.17 mol) of hy
drogen fluoride, and 55.2 g (0.200 mol) of tantalum pentafluoride 
was added enough hydrogen to give a final pressure of 48.6 atm. 
The mixture was stirred and heated to 50° at which the total pres
sure was increased to 55.1 atm using hydrogen. No hydrogen con
sumption occurred and, after 6 hr, the product was worked up with 
water-ether to yield, after drying, 496 g of ether extract. GC, 
DC-200: 98.30% ether, 1.70% benzene, but no cyclohexane or 
methycyclopentane. The solvent was removed at reduced pressure 
to yield 8.08 g of a red oil which by GC (Se-30) and NMR analy
sis was found to contain some ether and benzene and a mixture of 
di- and triphenyls. 

Benzene, Hydrogen, Hydrogen Bromide, and Aluminum Tri-
bromide. To 15.8 g (0.202 mol) of benzene, 86.5 g (1.06 mol) of 
hydrogen bromide, and 27.0 g (0.101 mol) of aluminum bromide 
whose combined vapor pressure was 20.0 atm was added hydrogen 
to give a final pressure of 37.4 atm. The mixture was stirred and 
heated to 65° at which the total pressure was increased to 55.4 atm 
using hydrogen. No hydrogen consumption occurred and, after 2.5 

hr, the product was worked up with water-pentane-chloroform to 
yield, after drying, 417.7 g of organic extract. GC, DC-200: 55.4% 
pentane, 42.16% chloroform, 2.0 benzene, but no cyclohexane or 
methylcyclopentane. The solvent was removed at reduced pressure 
to yield 7.9 g of a dark red oil. 

Benzene, Hydrogen, Hydrogen Fluoride, and Antimony Pentaflu
oride. To 31.6 g (0.405 mol) of benzene, 45.0 g (2.25 mol) of hy
drogen fluoride, 24 g (0.11 mol) of antimony pentafluoride was 
added enough hydrogen to give a final pressure of 35.0 atm. The 
mixture was stirred and heated to 50°. No hydrogen consumption 
occurred and, after 6 hr, the mixture was cooled and worked up 
with water and ether to yield 426.7 g of extract after drying. GC, 
DC-200: 3.41% benzene, traces of some alicyclic hexanes, but no 
cyclohexane or methylcyclopentane. The solvent was removed at 
reduced pressure to yield 7.1 g of a viscous red liquid. 

Induction Period for Benzene Hydrogenation When Normal Pen
tane Is Solvent. To 31.6 g (0.405 mol) of benzene, 64.8 g (0.898 
mol) of n-pentane, 40-45 g (2.0-2.3 mol) of hydrogen fluoride, 
and 55.2 g (0.200 mol) of tantalum pentafluoride was added 
enough hydrogen to give a final pressure of 32.9 atm. The mixture 
was stirred and heated to 50°. Samples were taken at 0, 10, 30, 60, 
120, 180, and 300 min and analyzed by gas chromatography (Fig
ure 1). As hydrogen was consumed it was replenished, thus keep
ing the total pressure between 32.3 and 37.7 atm. The total hydro
gen consumption was 85.4 atm, which corresponds to approximate
ly 0.7 mol of hydrogen. 

Benzene, n-Pentane, Hydrogen, Hydrogen Bromide, and Alumi
num Tribromide. To 7.9 g (0.10 mol) of benzene, 64.8 g (0.898 
mol) of n-pentane, 79.1 g (0.978 mol) of hydrogen bromide, 27.0 g 
(0.101 mol) of aluminum tribromide, whose combined vapor pres
sure was 18.4 atm, was added enough hydrogen to give a final 
pressure of 42.7 atm. The mixture was stirred and heated to 70°. 
Samples taken at 0, 1, 2, and 16 hr indicated that, after the pen
tane isomerized, the hydrogenation of benzene to cyclohexane 
commenced, e.g., the 2-hr sample, 0.07 ('-C4, 59.14% /-C5, 28.56% 
n-Cs, 0.21% acyclic hexanes, 0.37% MCP, 9.71% benzene, and 
1.63% CyC6. The 16-hr sample indicated that all of the benzene 
had been converted and that cracking of the solvent had set in. The 
total hydrogen consumption was greater than 30.2 atm and corre
sponds to at least 0.2 mol of hydrogen. The final product, after a 
water-ether work-up, yielded 5.9 g of brown liquid, which by 
NMR was analyzed to be a mixture of alkylated aromatics con
taining <5% olefinic material. 

Benzene, Propane, Hydrogen, Hydrogen Fluoride, and Tantalum 
Pentafluoride. To 31.2 g (0.399 mol) of benzene, 61.5 g (1.40 mol) 
of propane, 42.6 g of (2.13 mol) of hydrogen fluoride, and 55.2 g 
(0.200 mol) of tantalum pentafluoride whose combined pressure 
was 20.1 atm was added enough hydrogen to give a final pressure 
of 47.9 atm. The mixture was stirred and heated to 50°, and the 
total hydrogen pressure was increased to 56.6 atm. Samples taken 
at 1 and 3 hr indicated that there was no conversion of the ben
zene. There was also no hydrogen consumption. After 4 hr, the 
reaction mixture was worked up with ice and ether to give 56.1 g of 
extract. GC, Se-30, of extract: 98.8% ether, 0.61% C6H6, and 
1.56% Cg-Cii (four compounds). Removal of most of the solvent 
at reduced pressure yielded 2.1 g of a yellow liquid that was ana
lyzed by NMR to be predominantly isopropylbenzene. 

Reduction of Benzene under 14.6 Atmospheres of Hydrogen. To 
31.6 g (0.405 mol) of benzene, 55.9 g (0.775 mol) of isopentane, 
12.5 g (0.173 mol) of /i-pentane, 39.3 g (1.97 mol) of hydrogen 
fluoride, 55.2 g (0.200 mol) of tantalum pentafluoride was added 
enough hydrogen to bring the total pressure to 11.5 atm. The 
stirred mixture was heated to 50° at which the pressure was main
tained at 14.6 atm by an in-line regulator from a hydrogen source. 
Samples that were taken at 0, 1, 3, and 6 hr indicated that the ben
zene was being converted to cyclohexane, methylcyclopentane, and 
other hexanes (Figure 2). For example, the 6-hr sample, 2,19% < 
C4, 59.11% /-C5, 11.80% n-C5, 1.92% acyclic hexanes. 1.12% 
MCP, 17.13% C6H6, 6.32% CyC6, 0.38% MCH. The final product 
after a water-benzene work-up yielded 8.0 g of a vellow liquid. 
GC, Se-30: 21.3% C6H6, 1.5% C8, 67.0% C10-C12. 9.2% C15 C1x. 
NMR: benzene, alkylated aromatics, trace of olefins. 

Reduction of Benzene under 35.0 Atmospheres of Hydrogen. The 
previous experiment was repeated with the exception that the pres
sure was maintained at 35.0 atm at the reaction temperature. 
Samples that were taken indicated that the benzene was converted 
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at a constant rate to cyclohexane (Figure 2). For example, the 6-hr 
sample, 3.9 < C4, 55.46% /-C5, 11.53% H-C5, 13.95% acyclic hex-
anes, 1.71% MCP, 5.16% C6H6, 7.99% CyC6, and 0.27% MCH. 
The final product after a water-benzene work-up yielded 3.11 g of 
a yellow liquid. GC, Se-30: 32.0% C6H6, 3.6% C8, 59.1% C10-Ci2, 
traces C13-C18. 

Reduction of Benzene under 55.4 Atmospheres of Hydrogen. The 
previous experiment was repeated with the exception that the pres
sure was maintained at 55.4 atms at the reaction temperature. 
Samples that were taken indicated that the benzene was being con
verted at a constant rate to cyclohexane, methylcyclopentane and 
acyclic hexanes (Figure 2). For example, the 6-hr sample, 3.67 < 
C4, 55.13 J-C5, 11.49 n-C5, 14.87% acyclic hexanes, 1.69% MCP, 
4.83% C6H6, 8.04% CyC6, and 0.23% MCH. The final product 
after a water-benzene work-up weighed 2.5 g (yellow liquid). GC, 
Se-30: 23.40% C6H6, 4.2% C8, 71.1% Ci0-Ci2, traces Ci2-C20. 

Benzene, n-Pentane, Hydrogen, Hydrogen Chloride, and Alumi
num Trichloride. 3.95 g (0.0505 mol) of benzene, 78.2 g (1.09 mol) 
of n-pentane, 34.4 g (0.943 mol) of hydrogen chloride, and 13.3 g 
(0.0998 mol) of aluminum trichloride were stirred and heated to 
75°, at which the combined vapor pressure was 41.8 atm. Hydro
gen was added to give a total pressure of 69.0 atm. Samples that 
were taken at 1,2, 18, 25, 42, and 66 hr indicated that the pentane 
slowly isomerized to isopentane after which the hydrogenation of 
benzene commenced, e.g., the 25-hr sample, 0.23% < C4, 65.00% 
i-C5, 28.83% /J-C5, 0.46% acyclic hexanes, 0.31% MCP, 3.87% 
C6H6, and 0.89% CyC6. After 66 hr, the drop in pressure was 17.6 
atm which corresponds to approximately 0.1 mol of hydrogen. The 
final product after a water-ether work-up yielded 0.47 g of a yel
low brown liquid. 

Benzene, n-Pentane, Hydrogen Fluoride, and Hafnium Tetrafluo-
ride. To 2.24 g (0.0287 mol) of benzene, 56.3 g (0.780 mol) of n-
pentane, 14.1 g (0.705 mol) of hydrogen fluoride, and 15.3 g 
(0.0601 mol) of hafnium tetrafluoride was added enough hydrogen 
to give a final pressure of 21.4 atm. The mixture was stirred and 
heated to 50°. A sample indicated that no reaction had occurred 
after 1.5 hr. The reaction was slowly heated to 182° over a 26-hr 
period. No hydrogen consumption occurred. Samples that were pe
riodically withdrawn indicated that no reaction occurred. 

Benzene, n-Pentane, Hydrogen, Hydrogen Fluoride, and Titani
um Tetrafluoride. To 7.9 g (0.10 mol) of benzene, 61.1 g (1.05 
mol) of isobutane, 45.2 g (2.26 mol) of hydrogen fluoride, and 25 g 
(0.20 mol) of titanium tetrafluoride was added enough hydrogen to 
give a final pressure of 28.2 atm. The mixture was stirred and 
heated to 60° at which more hydrogen was added to increase the 
total pressure from 43.2 to 62.2 atm. A sample indicated that no 
reaction had occurred after 2.5 hr. The reaction was heated to 90° 
for 2 hr, sampled, and discarded. This sample indicated 90.66% 
/-C4, and 9.13% C6H6, but no cyclohexane or methylcyclopentane. 
No hydrogen consumption occurred during the reaction. 

Benzene, n-Pentane, Hydrogen, Trifluoromethanesulfonic Acid, 
and Tantalum Pentafluoride. To 3.96 g (0.0507 mol) of benzene, 

125 g (1.74 mol) of n-pentane, 44.9 g (0.299 mol) of trifluoro
methanesulfonic acid, and 26.5 (0.100 mol) of tantalum pentafluo
ride in a 1000-ml stirred Parr autoclave was added enough hydro
gen to give a final pressure of 9.2 atm. The mixture was heated to 
50°. Samples that were taken after 1,14, and 38 hr indicated that 
some isomerization of the pentane occurred, but that no hydroge
nation of the benzene took place. No hydrogen consumption oc
curred during the reaction. 
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