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sensitized reaction in solution and probably for 
photosynthesis in vivo, i t  is possible to rule out one 
mode of action: primary oxidation of the chloro- 
phyll by the oxidant, followed by its reformatiori 
by the reductant. 
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7'he self-alkylation c i f  isobutane a t  -go", :is promoted by isopropyl fluoride and boron trifluoride, has been quantitatively 

More than 0.5 mole 
The octanes produced are principally 

Very small amounts of hydrocarbons other than octanes are formed. 

.- 80 O 
The equation is: BFa + 2i-C3H7F + 4i-C4Hln + 2CsHls + 2CaHS + BF3.2HF. investigated. 

of boron trifluoride per mole of isopropyl fluoride produces no additional reaction. 
2,2,3-trimethylpentane plus other triiIicthylpeiitanes. 
A possiblc esplaiiation of the observed stoichionictry is given. 

Introduction 
Under the influence of an alkyl fluoride and boron 

trifluoride, isoparaffins undergo a self-alkylation re- 
action in which two or more molecules of isoparaffin 
unite to fomi a higher molecular weight saturated 
hydrocarbon.' The experiments described here 
were performed to study the reaction quantita- 
tively and to elucidate some points concerning the 
mechanism of the reaction. In order to eliminate 
side reactions, these experiments were performed a t  
-SO". The particular reactants chosen were 
boron trifluoride, isopropyl fluoride and isobutane. 

The sequence of reactions which occurs is be- 
lieved to 

i-C3HiF + UFJ + i-C&Ii@ + BF, - (1 j 

t-CqHy@ i-C1Hs + 13- (3) 
(41 
( 5 )  

i-C3H7@ -+ i-CIHla + CaHn + l-C~€lg@ (2) 

l-CdHg@ + i-CJI8 --+ CgH176' 
CJIii@ + i-CaIT:o --+ CilH~q + t-GHs@ 

;-Propyl fluoride was chosen for this investiga- 
tion rather than t-butyl fluoride so that it would be 
possible to distinguish the paraffin formed in equa- 
tion 2 by saturation of the carbonium ion from the 
original isobutane charged. If t-butyl fluoride were 
used, there would be no way to prove conclusively 
whether the alkyl fluoride participated directly in 
the reaction, or not. Reaction 2 is not reversible 
because the propane formed contains no tertiary 
hydrogen to  undergo hydrogen exchange. Carbo- 
nium ions do not react with normal paraffins under 
the conditions of these experiments.' 

This conception of the mechanism leaves unex- 
plained the relation between the amount of boron 
trifluoride charged and the to tal amount of reaction 

' 1 i  A. Srhtrcidpt a n d  R 3T. Kennwly ,  T'ms r c % ? j ~ ~ . ~ ! , ,  79, 501; 
1 g 5 1 ,  

82) 1'. t). H a r t l v t t .  I I. < : c i t i ( 7 m B i i  ,jn,l .\ S c ~ i ~ n \ ~ ~ , I ~ r ,  i f , i , l , ,  66, 1.Xil 

obtained. It was primarily to investigate this as- 
pect of the reaction that the present work was un- 
dertaken. 

Experimental 
Apparatus.-The apparatus used consisted of a gas hail- 

tllirig system iii calibrated sections of which the reagents and 
gaseous products were measured, a low-temperature reactor 
in which the reaction was conducted and a low-temperature 
fractionating column for separation of the gaseous products 
from the nornially liquid products. 

All of the reactions at low temperatures were performed in 
a glass reactor which cousisted of a cylindrical vessel sur- 
rounded by a jacket in which liquid nitrogen was vaporized. 
By th: means the temperature could be reduced well below 
- 100 . This jacket in turn was completely surrounded by 
au evacuated jacket for heat insulation. The reactor was 
attached by means of a 45/50 standard taper joint to  the 
top, through which a therniocouple well, a stirrer and a gas 
inlet tube entered the reactor. A vacuum-jacketed reflux 
condenser, cooled with solid carbon dioxide, was sealed to the 
vent from the reactor and was followed by a trap which 
could be coolcd with solid cubon dioxide or liquid nitrogen 
aiid an absorption tube filled with sodium calcium hydrate. 

The reactor was also used as the stillpot on the low-teni- 
perature distillation column in which the gaseous products 
were distilled from the liquid reaction products. For this 
purpose, hot air was passed through the jacket of the reac- 
tor t o  boil the charge. 

Reagents.-The isobutane used was supplied by thc 
Matheson Company and was C.P. grade, 99% pure or bettet. 
I t  was used without further purification. The boron tri- 
fluoride was also supplied by the Matheson Company and 
was claimed to  be 97% pure or better. It was used as re- 
ceived. 

The isopropyl fluoride was prepared by adding hydrogeii 
fluoride to  propylene according to the procedure described 
bv qrosse and L i n ~ i . ~  The product was distilled, discarding 
the first and last 10%. ?io propylene could be detected by 
infrared analysis in the fraction retained for use. 

Technique.-The reactor was attached t o  the high- 
vacuum system and the isobutane and i-propyl fluoride were 
measured as gases in calibrated sections of the apparatus 
and were then condensed. in the reactor. The boron tri- 
fluoride was measured as  a nd was forced by mercury dis- 
1)1:rccmtit iiito tltc l i q i i i t l  rc:ictioti inistiire nt -80" .  

* : 3 /  A. T'. Grossr and C. €3. T.inri, J .  Oin.  Cheri?., 3, 20 (19393 
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TABLE I 
SUMMARY O F  ISOBUTAKE SELF-ALKYLATION EXPERIMENTS AT -80 O 

Experiment No. 
Reactants: 

Isobutane, mole 
Isopropyl fluoride, mole 
Boron trifluoride, mole 

Total grams charged 

Products: 
Gas, grams" 
Liquid, gramsh 
Lower layer, grams' 

Total grams recovered 
N't. yo recovery 

Composition of gas, mole yo 
Propane 
Isopropyl fluoride 
Isobutane 

Moles propane formed 
Moles isohutane consunied 
Isopropyl fluoride converted to propane, 

Isopropyl fluoride consumed, % 
% 

1 

0.970 
0.102 
0.102 

69 .5  

52.6 
9 . 5  
7 . 1  

69.2 
99.5 

11.1 
0 

S8.9 

0.103 
0.141 

100 
100 

2 

0.957 
0.089 
0.052 

64.5 

46.6 
12.0 
1 .o 

59.6 
92 .5  

7 .2  
0 

92.8 

0.059 
0,205 

66 
100 

3 4 5 6 7 8 

0,980 0.990 0.983 0.961 0.977 0.972 
0.103 0.102 0,102 0.102 0 123 0.039 
0.046 0.042 0.031 0.020 0.010 0.052 

66.4 66.6 65.4 63.4 64 .9  62.3 

47.2 51.2 53.1 51.3 64.2 51 .8  
10.9 . . . . . 11.0 8 .5  (J 3 . 0 
2 . 1  3.1 1 .4  1 , 6 1 . 9  . . . . .  

59.2 . . . . . 65.5 61.4 66 .2  . . . . . 
89.0 . .  . . .  100 97.0 102 . . . . .  

11.9 8 . 1  6 . 7  3 . 3  0 10.8 
0 0 0 0 10.1 0 

88.1 91.9 93.3 96 .7  89.9 89.2 

0,099 0.074 0,061 0.029 0 0.034 
0.240 0.155 0 134 0.104 0 0 098 

96 72 60 28 0 87 
100 100 100 100 9 .7  100 

a Consisted of propane, unreacted isopropyl fluoride, if any, and isobutane. Consisted of normally liquid hydrocarbons 
boiling from 25" and up, chiefly 2,2,4-trimethylpentane. 0 Composed mainly of H F  and BFa, with some hydrocarbon. 

While the boron trifluoride was being admitted, a yellow 
viscous lower layer formed which settled rapidly when the 
stirrer was stopped. The reaction was complete as soon as 
all the boron trifluoride was added, but the reaction mixture 
was usually allowed to stir for about 15 minutes. During 
this time, the reflux condenser and the traps of the distillation 
column were charged with solid carbon dioxide. The 
stirrer was then stopped and the lower layer was separated 
and weighed. The reactor was cooled to  about -100' and 
transferred rapidly to  the distillation column. Ten ml. of 
n-pentane was pipetted into the column through the ther- 
mometer joint to act as a chaser and prevent the loss of iso- 
butane as holdup in the column. The propane, isobutane 
and any unreacted isopropyl fluoride were distilled off, a 
single cut being taken to a vapor temperature of +loo.  
The residue was cooled, weighed and charged to  a concen- 
tric tube distillation column in which the alkylate was 
fractionated. In this column the distilFtion was continued 
till the vapor temperature reached 200 . Fractions of 0.5- 
ml. volume were collected which were analyzed for individual 
hydrocarbons by means of their infrared spectra. Details of 
the spectroscopic analyses have been previously described. 1 

The condensed gases from the low-temperature distillation 
column were evaporated into the vacuum system and the 
number of moles of distillate was calculated from the volume 
and pressure. The gas was condensed again, into a copper 
bomb, and was analyzed for its individual components by 
means of its infrared spectrum. 

Experimental Results 
Eight successful runs were made a t  -80' using about 1.0 

mole of isobutane. In seven of them, 0.10 =k 0.02 mole of 
isopropyl fluoride was used. In the eighth experiment, 
only 0.039 mole of fluoride was used. The amount of boron 
trifluoride varied from 0.01 to 0.10 mole, and is a very im- 
portant variable. In two experiments, No. 1 and 8, the 
moles of boron trifluoride charged are substantially greater 
than one-half the moles of isopropyl fluoride charged. This 
is considered sufficient reason to set these experiments apart 
from the others in their interpretation. Experiment 2 has 
slightly more boron trifluoride than one-half the moles of 
isopropyl fluoride but is included with the other experiments. 

Table I summarizes the experimental data showing the 
moles of each component charged and the products recov- 
ered, along with the composition of the recovered gases. 
Also tabulated are calculated quantities significant to the 
interpretations of the results,,"Moles Propane Formed," 
"Moles Isobutane Consumed, etc. 

Discussion of Experimental Results 
With a constant isopropyl fluoride conceniration, 

the amount of isobutane consumed increases as the 
boron trifluoride concentration increases. This is 
shown graphically in Fig. 1. Within the experi- 
mental error of the analysis, the points fall on a 
straight line with a slope of four, e.g., four moles of 
isobutane are consumed per mole of boron trifluo- 
ride charged. 

0 

b SLOPE = 4 

O Y  3 ' I 

0.02 0.06 0.10 
Moles of BF, charged. 

Fig. 1.-Moles of isobutane consumed per mole BF3. 

The number of moles of propane formed per mole 
of boron trifluoride is shown graphically in Fig. 2 .  
Except for Expt. 2, the points fall on a straight 
line with a slope of 2. Where excess boron trifluo- 
ride, ;.e., excess over an initial ratio of 2 moles of 
isopropyl fluoride to 1 of boron trifluoride is eni- 
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0 
0 02 0.06 0 10 

Moles of BFs charged. 
Fig 2 --Moles of propane formed per mole of BFs. 

ployed (Expts. 1 and 8j the points are far off 
the curve. It is concluded from this that 0.5 mole 
of boron trifluoride per mole isopropyl fluoride is 
sufficient to convert all the isopropyl fluoride to 
propane, and any boron trifluoride beyond this 
amount is unused in the reaction. As the moles of 
boron trifluoride charged approaches one-half of the 
initial isopropyl fluoride concentration, the percent- 
age of isopropyl fluoride converted to propane ap- 
proaches 100 on a straight line function. Once 100 
per cent. has been reached, more boron trifluoride 
can have no effect, as shown by Expts. 1 and 8. 

Unreacted isopropyl fluoride was never recovered 
in the reaction products even when less boron tri- 
fluoride than the amount required to consume all of 
the isopropyl fluoride was used. The unreacted 
fluoride is believed to be dissolved in the lower layer 
with which i t  is removed after the reaction is com- 
plete. This conclusion is supported by the step- 
wise manner in which the experiments were con- 
ducted. Boron trifluoride was added in increments 
of 0.01 mole and enough time was allowed between 
the additions for each stage of the reaction to sub- 
side. If the alkyl fluoride were consumed upon 
addition of the first increment of boron trifluoride 
there could be no further reaction as successive 
additions were made and the same amount of reac- 
tion would have been obtained regardless of the 
amount of boron trifluoride used. Consequently, 
the unreacted alkyl fluoride must be present as such 
during the intermediate stages of the reaction. 
Since it was never detected in the hydrocarbon 
products, it is concluded that i t  was removed with 
thc lower layer. 

From the ratios indicated by Figs. 1 and 2, it is 
to be expected that for every mole of propane 
formed, 2 moles of isobutane are consumed. This 
result was also predicted (1) from a consideration 
of the probable mechanism of the self-alkylation re- 
action and can therefore be considered as partial 
experimental confirmation of the proposed inecha- 
nisrn. The complete self-alkylation reaction can 
therefore be written as 

- 80 

2CsHls + 2CaHs + BFI 2HF 
RF? i- ~ K ~ H , F  + 41-c4r31U -+ 

It is a necessary conclusion from equations 1 to 5 ,  
assuming that one-half the t-butyl carbonium ions 
react via 3 and the other half react via 4, that two 
moles of isobutane are consumed per mole of pro- 
pane formed. However, the observation that one 
mole of boron trifluoride converts exactly two 
moles of isopropyl fluoride to propane is an unex- 
pected result. If the boron trifluoride were regen- 
erated in a catalytically active form after reacting 
with each successive molecule of isopropyl fluoride, 
only catalytic quantities would be required to com- 
plete the reaction and the number of moles of iso- 
propyl fluoride converted per mole of boron tri- 
fluoride charged would be very large. If it were 
not regenerated in a catalytically active form, the 
one to one ratio required by equations 1 to 5 would 
be expected. The existence of the two to one ratio 
indicates4 that a complex, BFa.SHF, catalytically 
inactive a t  -80°, is formed by the union of one 
mole of boron trifluoride with the hydrogen fluoride 
liberated from two moles of isopropyl fluoride. 
This complex has been reported by Hantzsch5 who 
prepared i t  by passing gaseous boron trifluoride 
into hydrogen fluoride in a reactor immersed in an 
ice-bath. The compound is an unstable solid 
which dissociates into its components and fumes in 
moist air. The solid melts a t  56-58'. It is be- 
lieved that a t  -80' this compound is insoluble in 
the reaction mixture. Since i t  can be formed only 
after two moles of isopropyl fluoride have liberated 
two moles of HF, the reaction proceeds to that point 
and then stops. 

At higher temperatures the complex dissociates, 
and boron trifluoride is regenerated in a catalyti- 
cally active form. At Oo, as much as 7.5 moles of 
isopropyl fluoride can be converted and 15 moles of 
isobutane consumed per mole of boron trifluoride 
charged .6 

SORWOOD, PENNSYLVAXIA _ _ _ _ _  - 
(4) Suggested by Prof H C Brown, Dept of Chemistry, Piirdue 

( 5  .I Hantzsch Bel , 6SB, 1789 (1930) 
I(# I ill,uliliihed dat I of this f,lhOrdtOr, 

lTni versit y 


