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In  a previous paper2 an isothermal constant flow 
calorimeter was described which operated a t  a 
temperature of about 248". Its reliability was deter- 
mined by measuring the heat of formation of HCl; 
we also reported the heats of hydrogenation of 
methyl, ethyl and vinyl chlorides. The present pa- 
per deals with the catalytic hydrogenation of 
methyl, ethyl, n-propyl and isopropyl fluorides. 
Only the last two reactions were sufficiently quan- 
titative to  permit calorimetric measurements. 
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Fig. 1.-Infrared spectra of ( A )  normal propyl fluoride; 
(B) isopropyl fluoride; gas at room temp. in 10-cm. cell at 
indicated mm. pressure; Perkin-Elmer single beam spec- 
trometer with sodium chloride optics. 

Experimental Details.-Methyl and ethyl fluorides3 
were prepared by the reaction of the corresponding iodides 
with mercuric fluoride. The apparatus consisted of a one- 
liter copper reaction flask equipped with a copper condenser 
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and an inlet for the mercuric fluoride. The methyl fluoride 
was purified by a simple trap to  trap distillation. The 
ethyl fluoride was purified by distilling in a low temperature 
Podbielniak column. It boiled a t  -46".at 625 mm. Five 
hundred grams of n- and isopropyl fluorides were prepared 
using a procedure described by Grosse and Linn.4 The 
compounds were carefully purified by distilling in a 100- 
plate Podbielniak column. The n-propyl fluoride boiled a t  
-9.0 t o  -8.8' and the isopropyl a t  -15.6' at a ressure 
of 627.7 111111. mercury. The infrared spectra of t i e  com- 
pounds in the region between 2 and 15p are illustrated in 
Fig. 1. A sodium chloride prism and optics were used in 
this determination. 

The catalyst used consisted of palladium on activated 
carbon. The carbon was sized so that it passed a 6 and was 
retained by a 20 mesh screen. It was first treated with 10% 
nitric acid, washed several times with distilled water, dried 
a t  IOO', and finally evacuated for 24 hours a t  350' and 
about 1 mm. pressure. Eight grams of palladium chloride 
was dissolved in 50 ml. of 15% hydrochloric acid and the 
solution was added to 65 g. of purified activated carbon. 
The mixture was dried over a steam-bath and placed in a 
catalyst chamber. Hydrogen was passed through a t  a 
temperature of 248' to reduce the palladium chloride. 
After the reduction was complete, the catalyst was evacuated 
a t  1 mm. for 24 hours. 

In  order to determine the effectiveness of the catalyst in 
bringing about the hydrogenation of the alkyl fluorides in 
question, the reactions were studied in a pilot plant. The 
flow rates of the hydrogen and organic material were set to  be 
approximately those to be used in a calorimetric measure- 
ment. The catalyst chamber was placed in an electrically 
heated can tor convenient though approximate temperature 
control. The exit gases were passed through a tube con- 
taining sodium fluoride pellets to remove hydrogen fluoride. 
The products were analyzed by means of infrared absorption. 
The strong band at  10.30~ shown by n-propyl fluoride 
(Fig. 1) and that a t  12 .25~  in isopropyl fluoride occur in 
regions where propane is trans arent. The intensities of 
these peaks were measured at dilerent pressures and used as 
reference for quantitative analyses. 

Using a flow rate for hydrogen of 1.0 X 10-3 mole/min. 
and for isopropyl fluoride 0.5 X 10-8 mole/min., it was 
found that the reaction was quantitative at the temperatures 
of 235, 200 and 155'. At 110' only about 5 to 10% con- 
version was obtained. Using the same flow rates it was 
found that n-propyl fluoride was more diEcult to hydro- 
genate. If a new and active catalyst was used, the reaction 
was quantitative a t  temperatures of 190' and above. 
Even though elaborate recautions were taken, the maxi- 
mum conversion of metIyl and ethyl fluoride to  methane 
and ethane was 10% at  240". 

In making a calorimetric run hydrogen was used in 
excess. The rate of reaction was taken as being equal to 
the rate of formation of hydrogen fluoride. The reaction 
products were diverted for a known length of time to a 
copper collecting tower filled with Teflon chips. The 
absorbing solution consisted of 100 ml. of dilute sodium 
hydroxide. The excess hydroxide was titrated with a 
standard 0.05 N sulfuric acid solution. Of eight runs made 
on n-propyl fluoride, seven were completed without experi- 
mental difficulties and are given in Table I. 

Discussion of Results.-In order to  use the 
present results to calculate the standard heats of 
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TABLE I 
HYDROQENATION OF n-PRoPYL FLUORIDE, 248" 

HF 
Hi Bow, formation Energy -AH, 

moles/min. moles/min'. rate, kcal./mole 
x 104 x 104 cal./min. n-CaH7F 
6.20 3.050 6.887 22.58 
8.50 2.420 5,477 22.63 
6.55 3.000 6,807 22.69 
8.45 4.025 9,353 22.24 
8.30 4.025 9.244 22.97 
8.30 3.000 6.942 23.14 
7.00 3.015 6.923 22.96 

- A H  av. 22.88 kcal./mole 
Twice the stand. dev. from the mean: f 1.6% 

Five runs were made on isopropyl fluoride and they are 
given in Table 11. 

TABLE I1 
HYDROGENATION OF ISOPROPYL FLUORIDE, 248" 

HF 
HZ BOW formation Energy - A H ,  

moles/min. moles/mid. rate, koa1 mole 

7.00 3.215 6.692 20.85 
8.00 4.52 9.563 21.16 
7.30 3.50 ' 7.419 21.19 
7.45 3.50 7.445 21.27 
7.45 3.013 6.346 21.06 

- A H  av. 21.11 kcal./mole 

x 1 0 4  x 104 oal./min. iso-&F 

Twice the stand. dev. from the mean: *O. 69% 

formation of n- and isopropyl fluoride, it is neces- 
sary to know their gaseous heat capacities in the 
range between 25 and 248". The data are not 
available. However, it is possible to calculate the 
heat of isomerization of normal to isopropyl 
fluoride a t  248". One finds that the is0 compound 
is more stable by 1.80 kcal./mole. The uncer- 
tainty in this value is about 2%. 

THE NATURE OF THE ACTIVATED INTER- 
MEDIATE IN THE HOMOGENEOUS CATA- 
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In  an earlier paper,l a kinetic study of the Cu++- 
catalyzed reduction of Cr207= and other sub- 
strates by HS, was described. At low acidities, 
the kinetics were found to  be of the form 

suggesting that an Hz molecule reacts homogene- 
ously with a Cu++ ion in the rate-determining step, 
leading to the formation of an "activated interme- 
diate" which reduces Crz07- in a subsequent fast 
reaction. 

It was reported1 that the rate of this reaction de- 
creased slightly as the concentration of HC10, was 
increased, but the limitations of the equipment 
which was available a t  that time, precluded any 
studies with solutions containing more than 0.1 M 
HC10,. However, by using a titanium-lined auto- 

-d[Hz]/dt = k[C~++l[Hzl (1) 

(1) E. Peters and J. Halpern, THIS JOURNAL, 69, 793 (1955). 

clave, we have since been able to  extend the investi- 
gation to  solutions of higher acidity. The results 
of this work are reported here since they throw some 
further light on the mechanism of the reaction and 
on the nature of the activated intermediate which is 
formed in the rate-determining step. 

The procedure was the same as that employed 
earlier,' ie., the rate of reaction of H2 was calcu- 
lated from the measured zero-order rate of reduc- 
tion of Cr207- using the known stoichiometry of the 
reaction, L e .  

The decrease in rate as the HCIOI concentration 
was increased is shown in Fig. 1. At 1 M HC104 the 
rate was only about 30% of its value a t  low HC104 
concentrations. 

Crz07' + 3Hz + 8H+ + 2Cr++* + 7Ha0 (1) 

0 0 1 0  0.5 1.0 

[H+], mole/l. 
Fig. 1.-Dependence of the rate of reaction of Hz on the 

H+ concentration a t  0.1 M Cu++, llOo, 20 atm. He: 0, 
rate us. [H+]; 0 ,  rate-'us. [H+]. 

An earlier suggestion1 that this apparent decrease 
in rate might be due to  the reduction of Clod- com- 
peting with that of Cr2O7= appears untenable in 
the light of our failure to  detect any C1- in the solu- 
tions and of our observations that the rate depends 
only on the concentration of H+ and is insensitive 
to variations in the C104- concentration. 

An alternative interpretation is that the rate-de- 
termining step, in which Hz is converted to a reac- 
tive intermediate complex, releases an H+ ion and 
that the decrease in rate is due to  the fact that the 
reversal of this step, which regenerates H2, com- 
petes with the subsequent reaction of this complex, 
Le., with the reduction of CrzOs. The zero-order 
dependence of the rate on the Crz07- concentration, 
even a t  high H+ concentrations, suggests that the 
complex does not react directly with Cr207-. 
The most likely alternative is that it reacts with an- 
other Cu++ ion, reducing it to Cu+, which in turn 
reacts rapidly with C1-207~. These steps are incor- 
porated in the mechanism 


