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reaction times, capsules were removed and placed in a 250- 
ml. wide-mouth erlenmeyer flask with 40-50 ml. of distilled 
water. The flask was stoppered and the capsules broken 
by rapid motion of the flask. After 6 ml. of potassium 
sodium tartrate solution (15y0 by weight) was introduced, 
the hydrogen bromide was titrated with 0.0550 N barium 
hydroxide solution, using phenolphthalein as the indicator . lo 
The amount of base required to neutralize the hydrogen 
bromide due to the gallium bromide was determined by 
analyses of blanks, capsules to which no alkyl bromide 
was added. The hydrogen bromide due to the reaction 
was determined by difference. A typical kinetic run for the 
reaction of benzene is shown in Table 11. 

TABLE I1 
RATE DATA' FOR THE GALLIUM BROMIDE CATALYZED RE- 

ACTION OF ETHYL BROMIDE WITH BENZENE AT 25" 
Rate constantsb 

lOZko, kz, 
Time, Ethyl bromide reacted mole L - 1  1. mole-' 
min , 70 Mole min. -1 min. -1 

5.0 12.7 0.0536 1.07 9.48 
10.0 25.7 ,1085 1.08 9.57 
15.0 38.2 ,161 1.07 9.48 
20.0 51.4 .217 1.08 9.57 
25.3 65.4 ,276 1.09 9.66 
29.3 75.4 ,318 1.08 9.57 

Initial concentrations: ethyl bromide, 0.422 M; gallium 
The value of ko determined graphi- 
mole 1.-' min.-'. 

bromide, 0.0336 M .  
cally was 1.08 X 

(19) This method was developed by L. J. Snyder, I n d .  Eng.  Ckem. ,  
Anal.  E d . ,  17, 37 (1945), for determining hydrogen chloride in the pres- 
ence of aluminum chloride. The method was adapted for the deter- 
mination of hydrogen bromide in the presence of gallium bromide. 

The rate data for the reaction of ethyl bromide a t  15, 
25 and 40' are shown in Fig. 1. The concentration of the 
catalyst for these runs was 0.0336 mole 1.-'. In some of the 
kinetic runs a t  40" at higher catalyst concentrations, I h c  
data were less precise due to the rapidity of the reaction 

The largest uncertainty in the calculation of k p ,  however, 
was the concentration of the catalyst solutions. The con- 
centrations of the gallium bromide solutions were of the 
order of 0.015 to 0.04 M .  These dilute solutions were very 
sensitive to traces of moisture. The activities of the cata- 
lyst solutions were reproducible, ;.e., reproducible k2 
rate constants could be calculated from different, freshly 
prepared solutions, but the activities decreased on standing. 
Since it was not feasible to prepare a fresh catalyst solution 
for each kinetic run, an alternate method was used. An 
accurate second-order rate constant was determined from 
ethyl bromide a t  25.0" by using several freshly prepared 
catalyst solutions. The reaction of ethyl bromide a t  25" 
was, therefore, adopted as a standard reaction, and it was 
used to determine the "effective" catalyst concentration 
during any series of runs. Usually the "effective" con- 
centration differed but little from the actual concentrations. 
With the aid of minor corrections afforded by this method, 
very good agreement was obtained between kinetic runs 
carried out with different catalyst solutions. This method 
proved of greatest value, however, during the study of the 
reactions of other alkyl halides as described in a subsequent 
paper. 
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A kinetic study has been made of the reactions of a number of alkyl bromides with benzene and toluene under the in- 
fluence of gallium bromide. In the reaction of methyl, ethyl and 
n-propyl bromides with benzene, the relative rates of reaction are 1.00, 33 and 67, with the energies of activation being 12.5, 
12.4 and 12.9 kcal. mole-', respectively. The entropies of activation for the same reactions are -29.3, -22.6 and -19.2 
cal. mole-' deg.-'. With toluene the relative rates of reaction of methyl, ethyl, n-propyl, isopropyl and t-butyl bromides 
are 1.00, 13.7, 15.9, 3 X 106 and 8 X lo5, respectively. The energies of activation of the reactions of methyl, ethyl and n- 
propyl bromides are 12.0, 12.0 and 11.8 kcal. mole-' while the entropies of activation are -27.4, -22.2 and -22.7 cal. 
mole-' deg. -1, respectively. These data are interpreted as supporting evidence for a displacement mechanism in the 
Friedel-Crafts reaction of primary alkyl bromides, although the transition state may have considerable carbonium ion 
character. A gradual change in mechanism is postulated in which the carbonium ion character of the transition state in- 
creases with increasing branching of the alkyl group. With isopropyl and t-butyl bromides the carbonium ion character of 
the transition state dominates, and the data may best be interpreted by an ionization mechanism. In  the reaction of n- 
propyl bromide with benzene there is formed 28% n- and 72% isopropylbenzene. The isopropylbenzene arises from a con- 
current isomerization of the n-propyl bromide. With increasing basicity of the aromatic component, the isomerization reac- 
tion should become less important and the direct alkylation of n-propyl bromide should constitute an increasing proportion 
of the reaction. A kinetic analysis of the reaction with toluene is in agreement with this interpretation. 

Excess aromatic was utilized as the reaction medium. 

Evidence has been presented recently that the 
Friedel-Crafts reactions of aromatics with primary 
alkyl halides proceeds by an attack of the aromatic 
upon an alkyl halide-metal halide inter~nediate.~ 

(1) The Catalytic Halides. XIX. 
(2) Based on a thesis submitted by C.  R.  Smoot in partial fulfillment 

of the requirements for the degree of Doctor of Philosophy. 
(3) Standard Oil Co. (Indiana) Fellow a t  Purdue University, 1952- 

1954. 
(4) H. C. Brown and M.  Gravson, THIS JOURNAL, 76, 6285 (1953); 

(b) H. Jungk, C. R. Smoot and H. C. Brown, ibid. .  78, 2185 (1956); 
(c) C.  R. Smoot and H. C. Brown, i b i d . ,  78,  6245 (1956). 

With increasing branching of the alkyl groups, the 
evidence favors a gradual change in mechanism and 
the reactions of isopropyl and t-butyl halides are 
believed to proceed via an ionization mechanism. 

Such changes in mechanism have been studied 
extensively in other nucleophilic substitutions of al- 
kyl halides.6 It was originally proposed that such 
reactions fall into two distinct categories, termed by 
Ingold as s N 1  for ionization and SN2 for displace- 

( 5 )  C. K. Ingold, "Structure and Mechanism in Organic Chemistry," 
Cornel1 University Press, I thaca,  N. Y., 1953, Chapter VII.  
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ment mechanisms. More recently, JVinstein6 and 
Swain7 have proposed that such reactions do not fall 
into two distinct classes, but involve a continuous 
change in mechanism from the one limit of pure dis- 
placement, s N 2 ,  to the other limit of pure ioniza- 
tion, S N 1 .  On this basis the Friedel-Crafts alkyla- 
tion reaction would appear to be closely related to 
other substitution reactions of alkyl halides with the 
major difference being the relatively weak nucleo- 
philic character of the displacing base and the 
strong electrophilic properties of the metal halide 
catalyst. 

In  spite of the importance of the Friedel-Crafts 
reaction, there have been very few kinetic s t~dies .~ ,8  
In particular, no kinetic study is now available 
for the complete series of alkyl halides methyl, 
ethyl, isopropyl and t-butyl. We originally at- 
tempted to carry out such a study with aluminum 
bromide as a catalyst, but encountered difficulties 
with side reactions, such as isomerizationg and dis- 
proportionation,'O particularly with the branched 
alkyl groups. In 1,2,4-trichlorobenzene these side 
reactions could be controlled and the rates of reac- 
tion of methyl and ethyl bromide with aromatics es- 
t a b l i ~ h e d . ~ ~  However, isopropyl bromide reacted 
so rapidly that only a minimum value could be esti- 
mated. 

In the preceding paperk evidence was presented 
that the gallium bromide catalyzed reaction is far 
more favorable for such a kinetic study. This reac- 
tion appeared to be free of the undesirable side re- 
actions, and the reaction rates appeared to  fall 
within a range that could be followed conveniently, 
even in the case of the more branched halides. Ac- 
cordingly, a detailed study was undertaken of the 
rates of reaction of methyl, ethyl, n-propyl, iso- 
propyl and t-butyl bromides with benzene and tolu- 
ene under the influence of gallium bromide. In 
this paper the relative rates of reaction of these 
alkyl halides a t  15, 25 and 40" are reported, along 
with the results on the energies and entropies of ac- 
tivation for the reactions. 

Results 
The kinetics of the reaction of ethyl bromide with 

benzene were established in detail in a previous 
paper.4c In a similar manner pseudo zero order 
kinetics were observed in the kinetic studies with 
methyl and n-propyl bromides with benzene and 
toluene. The absolute and relative rates of reac- 
tion of methyl, ethyl and n-propyl bromide with 
benzene and toluene are shown in Table I. The 
values of kz in Table I are the average of two or 
three runs with different catalyst solutions in most 
cases. The values of kZ for methyl, ethyl and n- 
propyl bromides were determined by a complete 
kinetic study. The reactions with isopropyl and 
t-butyl bromides, however, proved to be too rapid 
to follow in the same manner. Thus, the reactions 
of both isopropyl and t-butyl bromides with ben- 
zene and toluene were complete within experimental 
error 30 seconds after mixing. The values of k, for 

(6) S. Winstein, E. Grnnwald and H. W. Jones, THIS J O U R N A L ,  

(7) C. G. Swain and W. P. Langsdorf, ibid., 73, 2813 (1951). 
( 8 )  N. S. Lebedev, J. Cen. Chem. (U.S.S.R.), 24, 664 (1954). 
(9) H. C. Brown and H. Jungk, TKIS JOURNAL, 77, 5579 (1955). 
(10) €I. C. Brown and C. R. Smoot, i b i d . ,  78, 2176 (1050). 

73, 2700 (1951). 

the reactions of isopropyl and t-butyl bromides 
with toluene were estimated by the use of a flow 
a p p a r a t ~ s . ~  By the use of this flow apparatus, in 
which two solutions could be mixed and the reac- 
tion rapidly quenched, reaction periods as brief as 
0.005 sec. were possible. Second-order rate con- 
stants were estimated for isopropyl and t-butyl 
bromides from the extent of reaction during a 
very short reaction time, assuming that pseudo 
zero-order kinetics were followed. 

TABLE I 
RATES= OF REACTION OF ALKYL BROMIDES WITH BENZEXE 

AND TOLUESE 
Benzene Toluene 

Rate  Rate  
Alkyl constantb constantb 

bromide Temp., k z ,  1. mole-' Rel. k2, I .  mole-' Rel. 
RBr  "C .  min. -1 rate min.-l ra te  

Methyl 15 0.137 & O.OOG 1.00 0.86 f 0.01 1.00 
Ethyl  15 4.52 3~ .02 33 11.6 rt .3 13.4 
n-Propylc 15 9.39 68 14.2 rt .1 16.5 
Methyl 25 0.300 i ,002 1.00 1.71 i .1 1.00 
Ethyl 25 9 .55  i , I 6  32 23.5 13.7 
n-Propylc 25 20.0 z .3 67 2G.9 f 2 .2  15.7 

I-Butyl 25 14 X 106 8 X 10s 
Methyl 40 0.785 3~ ,028 1.00 4.60 i 0.08 1.00 
Ethyl  40 25.5 f 1.1 33 61.2 i 1 . 6  13.3 

Isopropyl 25 4 . 5  x 105 3 x 1 0 6  

n-Propy1' 40 73 1 5 9  
a Initial concentrations: RBr, approximately 0.4 M ;  

GaBrs, 0.025 to 0.045 M. Average of 2 or 3 values with 
different catalyst solutions. Total rates of reaction, 
including both direct alkylation and isomerization. See 
discussion in text. 

From the average values of kz as shown in Table 
I, energies of activation and log PZ terms were cal- 
culated from plots of log kz versus the reciprocal of 
the absolute temperature for the reactions of alkyl 
bromides with benzefle and toluene. Values of 
A H *  and A S *  were also calculated according to the 
method of Cagle and Eyring" and the values ob- 
tained by these two methods are shown in Table 11. 

TABLE I1 
ESERGIES AND ENTROPIES OF A 4 ~ ~ ~ ~ ~ ~ ~ ~ ~  FOR REACTIOSS 

OF ALKYL BROMIDES WITH BEXZESE ASD TOLUENE 
Alkyl 

bromide Aromatic Eacta log P Z b  A H  *a AS*C 

Methyl Benzene 12 .5  8 .56  11.9 -29.3 
Ethyl Benzene 12.4 10.13 11.8 -22.6 
n-Propyl Benzene 12.9 10.76 12.4 -19.2 
Methyl Toluene 12.0 9.02 11.5 -27.4 
Ethyl Toluene 12.0 10.15 11.4 -22.2 
n-Propyl Toluene 11.8 10.08 11 .2  -22.7 

Kcal. mole-'. Calculated in tcrms of k? 1. mole-' 
min.-'. Cal. mole-'deg.-'. 

The reaction of n-propyl bromide differs from 
that with methyl and ethyl bromide in that it can 
react by two different paths. The n-propyl bro- 
mide-gallium bromide addition compound can re- 
act with the aromatic directly, or the halide may 
first be isomerized to  isopropyl bromide, which 
would then react with the aromatic. The rates 
reported in Table I are the total rates, calculated 
from the amount of hydrogen bromide liberated per 
unit time. Analysis of the product by infrared 
showed the presence of 28% n- and 72% isopropyl- 
benzene. The product from the reaction with tolu- 

(11) F. W. Cagle and 13. Eyring, ibid.. 73, 5628 (19.51). 
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ene could not be analyzed conveniently by infrared 
since a mixture of six isomers is formed. 

Discussion 
The relative rates of reaction of methyl, ethyl 

and n-propyl bromides with benzene are 1 .OO, 32 and 
67, and the rates with isopropyl and t-butyl bro- 
mides are much faster. Thus the order of reactivity 
is t-butyl > isopropyl > ethyl > methyl. It fol- 
lows that the ability of the alkyl group to tolerate a 
positive charge in the transition state must be more 
important than its susceptibility to SN2 reactions. 
In other words, the bond breaking provided by the 
gallium bromide must be making a larger contribu- 
tion to the transition state than the bond making by 
the aromatic. 

CHI 
The relative rates of reaction of methyl, ethyl and 

n-propyl bromides with toluene are 1.00, 13.7 and 
15.7, much closer together than those observed in 
benzene (1.00, 32 and 67). This indicates that in 
the reaction with toluene the ability of the alkyl 
group to blerate a partial positive charge is less 
important than in the corresponding reaction with 
benzene so that toluene, the more basic hydrocar- 
bon,12 must be contributing to the bond making 
process to a greater degree than benzene. This is 
consistent with a displacement mechanism. In an 
ionization mechanism, where the rate-determining 
step would be the formation of the carbonium ion, 
the relative rates of reaction of these alkyl halides 
would be expected to be the same, or nearly so, in 
both benzene and toluene. 

Isopropyl and t-butyl bromides react about lo5 to 
106 times faster than the primary derivatives. 
Since branching of the alkyl group results in a de- 
crease in rate in typical S N ~  reactions, i t  appears 
that the transition state of the secondary and ter- 
tiary halides must be either largely or entirely 
ionic in character. 

The energies of activation for the reactions of 
benzene with methyl, ethyl and n-propyl bromides 
are 12.5, 12.4 and 12.9 kcal. mole-', respectively. 
The differences in absolute rates are due primarily to 
differences in AS*. Similarly, the values for the 
same reactions with toluene are 12.0, 12.0 and 11.8 
kcal. mole-'. The differences in rates between 
benzene and toluene arise primarily from the dif- 
ferences in the energies of activation, with similar 
values of A S *  observed for both aromatics (except 
for n-propyl bromide, discussed later). 

The low values observed for the activation ener- 
gies are also compatible with a displacement mech- 
anism. Considerably higher values for the activa- 
tion energy would be anticipated for an ionization 
process in non-polar media such as benzene and 
toluene. 

This interpretation is supported by recent data of 
Sixma on the isomerization of e t h ~ 1 - l - C ' ~  bromide 

(12) (a) D. A. McCaulay, B. H. Shoemaker and A. P. Lien, Ind .  
Ens. Chem.,  42, 2103 (1950); (b) D. A. McCaulay and A. P. Lien, 
THIS JOURNAL, 73, 2013 (1951); ( c )  H. C. Brown and J. D. Brady, 
ibid., 74, 3570 (1952). 

to e th~ l -2 -C '~  bromide under the influence of alu- 
minum bromide in carbon disulfide so l~ t ion . '~  
The energy of activation for this reaction is 19.1 
kcal./mole. Since aluminum bromide is a far more 
powerful catalyst than gallium bromide, the activa- 
tion energy for the latter catalyst should be much 
larger.I4 This compares with the activation ener- 
gies of 12-13 kcal. mole-' observed for the alkyla- 
tion reaction. 

Some support for the proposed interpretation is 
provided by the entropies of activation. Thus, in 
unimolecular processes, such as ionization reac- 
tions, entropies of activation are usually near zero, 
while in typical second-order, or displacement 
processes, values of -20 to -30 cal. mole-' deg.-' 
are commonly observed. Many reactions now ap- 
pear not to be strictly unimolecular or bimolecu- 
lar, but concerted, with bond-making and bond- 
breaking of varying importance to the transition 
state."' It may be expected that gradual changes 
in values of A S *  would be noted in such interme- 
diate reactions. From this viewpoint, lower values 
of AS* (more negative) would represent a stronger 
bond in the transition state between the atoms 
forming a new bond. The inverse should also be 
true. On this basis, a more negative value of the 
entropy of activation would indicate that the atom 
undergoing reaction requires a stronger contribu- 
tion from the bond-making process. In the alkyla- 
tion of both benzene and toluene the values for 
AS*  are about -28 cal. mole-' deg.-' for methyla- 
tion and -22 cal. mole-' deg.-' for ethylation. 
These values correspond to those expected for a 
process involving bond-making by the aromatic in 
the transition state. The lower value for methyla- 
tion may be rationalized on the basis that the meth- 
ylation reaction proceeds with more displacement 
character, ;.e., requires a greater contribution from 
the aromatic in the transition state. 

While values of A E a c t  and A S *  could not be de- 
termined for the reactions of isopropyl and t-butyl 
bromides, it is of interest to consider such values as 
would be consistent with the absolute rates. The 
reactions are lo5 to lo6 times faster than the corre- 
sponding reactions of primary alkyl bromides. If 
the differences in rate were attributed solely to dif- 
ferences in the energies of activation, it would require 
that the energies of activation for the reactions of 
isopropyl and t-butyl bromides be only 4 to 5 kcal. 
mole-'. Such very low values for the energies of ac- 
tivation are somewhat unreasonable. If this con- 
clusion is accepted, it follows that a large increase 
in the values of A S *  for these reactions must be re- 
sponsible for the very large increase in rates. Thus, 
if these two reactions can be assumed to occur pre- 
dominantly by ionization, with little or no partici- 
pation of the aromatic, the values of A S  * should be 
approximately zero, and this would predict an in- 
crease in rate of approximately fifty thousand. This 

(13) F. L. J. Sixma and H. Hendriks, Proc. Koninkl. N e d .  A c o d .  
Wetenschap., B69, 61 (1956); F. L. J. Sixma, H.  Hendriks and D. 
Holtzapffel, Rec. trow. chim., 78, 129 (1956); F. L. J. Sixma and H.  
Hendriks, ibid.. 76, 169 (1956). 

(14) In this discussion it is assumed that the isomerization reaction 
is proceeding through an ionization of the ethyl bromide-aluminum 
bromide complex. It is possible that the reaction does not involve an 
ionization. This would mean tha t  the ionization path is a less favor- 
able one and presumably involves an even higher activation energy. 
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factor alone could account for the greater part of 
the observed enormous increases in rate. 

In the previous discussion of the reaction data for 
n-propyl bromide, the rates referred to were the 
total rates of reaction as  measured by the rate of 
formation of hydrogen bromide. In  this case, how- 
ever, two concurrent reactions are possible for the 
n-propyl bromide-gallium bromide complex. 

CH3CH2CHpBr-GaBr3 
Lkisomoriast ion ArH 

(CHs)pCHBr(cat.) ArCH(CH1)2 
fast ( 2 )  

In (1) the n-propyl complex undergoes a nucleo- 
philic attack by the aromatic, and the halide is al- 
kylated without rearrangement of the alkyl group. 
In (2) the n-propyl complex isomerizes to the iso- 
propyl complex, which subsequently reacts to yield 
the isopropyl derivative. The experimental rate 
constant for the total reaction is the sum of the rate 
constants for the displacement and isomerization 
reactions. 

As ktotal is known for benzene, it should be possible 
to determine both kd i sp~ .  and kjsom. from the ratio of 
n- to isopropylbenzene in the product. The isomer 
distribution in the reaction of n-propyl bromide 
with benzene was determined, under the same con- 
ditions in which the kinetics were measured, to be 
28% n- and 727, isopropylbenzene. Since ktotal is 
20.0 1. mole-' min.-', kdispl. and kisom, are 5.6 and 
14.4 1. mole-' min.-', respectively. 

The relative rates of reaction of methyl, ethyl and 
n-propyl bromides with benzene via a displacement 
reaction are, therefore, 1.00, 33 and 19. The de- 
crease in rate in going from ethyl to n-propyl bro- 
mide is further evidence for a displacement mech- 
anism. The electrical effects of the ethyl and n- 
propyl groups are very similar, but a decreased rate 
with n-propyl derivatives is usually observed in 
typical displacement reactions, presumably as a 
consequence of steric considerations. Thus, in a 
typical displacement reaction, that of the reaction 
of pyridine with ethyl and n-propyl iodides,l5 the 
relative rates were found to be 1.00 to 0.39. These 
values are to be compared with 1.00 to 0.57 which 
were observed in this study of the relative rates of 
the displacement reaction of ethyl and n-propyl 
bromides with benzene. 

From the rate of isomerization of the n-propyl 
bromide-gallium bromide addition compound in 
benzene, it is possible to calculate the rate of the 
displacement reaction with toluene. This calcula- 
tion is based on the assumption that the rate of 
isomerization is not appreciably affected by the 
very slight change in solvent in going from benzene 
to toluene. From the value for toluene of ktotai 26.9 
1. mole-' min.-', and the value in benzene of kisom, 

k t o t a l  kdiSi>l.  + k m o m ,  (3)  

(15) Unpublished work of K. Blackwood and N. Kornblum, Pur-  
due University. The  k2 values of the reaction of pyridine with ethyl 
and 91-propyl iodides in acetonitrile a t  2 5 O  were 18.0 X 10-5 and 7.0 X 
10-6 I .  mole-' sec.'', respectively. 

14.4 1. mole-' min.-', the value of kdispl. may be 
calculated to be 12.5 1. mole-' min.-'. The rela- 
tive rates of reaction of methyl, ethyl and n-propyl 
bromides with toluene via a displacement reaction 
are, therefore, 1, 13.7 and 7.3. The relative rates 
of reaction of alkyl halides via a displacement with 
benzene and toluene are shown in Fig. 1. In both 
cases, a decrease in the rate is noted in going from 
ethyl to n-propyl bromide and the decrease is of the 
same order of magnitude as observed for other typi- 
cal displacement reactions. The relative rate of 
the reaction of n-propyl bromide with benzene and 
toluene by displacement is 2.23, which is in good 
agreement with the value of 2.47 which was ob- 
served for the relative rate of reaction of ethyl bro- 
mide with these aromatics. 

Some interesting predictions on the gallium bro- 
mide catalyzed reaction of n-propyl bromide with 
aromatic hydrocarbons can be made. Since two con- 
current reactions occur, the ratio of the products is 
determined by the rate of displacement by an aro- 
matic, relative to the rate of isomerization of the n- 
propyl bromide. As the rate of isomerization should 
be reasonably constant, the use of more basic hydro- 
carbons should increase the rate of the displace- 
ment reaction, and likewise the proportion of n- 
propyl derivative in the product. Conversely, the 
use of less basic aromatic hydrocarbons, such as 
chlorobenzene, should decrease the rate of displace- 
ment and lead to a higher proportion of the isopro- 
pyl derivative in the product. 

If the partial rate factors for the reaction of n- 
propyl bromide via displacement are assumed to be 
the same as those observed for the reaction of ethyl 
bromide, then the ratio of the products can be calcu- 
lated for more basic hydrocarbons, in the manner 
described in the Experimental Part. The rates for 
the more basic hydrocarbons are calculated by the 
method of Condon16 and Brown and hlcGary" and 
the predicted values are shown in Table 111. The 
agreement between the experimental and calcu- 
lated values for benzene and toluene is quite satis- 
factory. Further study of the reaction with higher 
methylated benzenes is planned in order to check 
these predictions. 

TABLE I11 
RATES' OF REACTION OF %-PROPYL BROMIDE uicz DISPLACE- 

MENT WITH H ~ C H E R  METHYLATED BESZESES 
Rates of n-Propyl derivative, 
displace- Total 

Aromatic ment  rateb Calcd ' i 'ound 

Benzene 6 21.3 28.2 28' 
To 1 u e n e 14 .8  30,l 49 .2  
p-Xylene 17.7 33.0 53.0 
m-Xylene 44.7 00.0 74 .2  
Mesitylene 145 lii0 90.7 
Pentamethylbenzeiie 355 370 95.9 

a Predicted values; see discussion in text. I ,  Total o f  
rate of displarement plus 15.3, the rate of isomerization. 

Determined from the 
rate ccjnstants with benzene mid toluene. 

Determined by infrared analysis. 

Experimental Part 
Materials.-The purification and pli}-sical properties of 

benzene, toluene, ethyl bromide and gallium bromide were 

(16) F. E. Condon, THIS JOURNAL, 70,  1QG3 (1048). 
( 1 7 )  H C Brown and C. W. McCary, ibid., 77,  2300 (lr355) 
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30 t 

~~ 

Me E t  n-Pr 
Alkyl bromide. 

Fig. 1,-Rates of reaction of alkyl bromides with benzene 
and toluene via displacement. 

described p r e v i o ~ s l y . ~ ~  n-Propyl, isopropyl and t-butyl 
bromides were purified in a similar manner and the following 
physical properties noted: n-propyl bromide, b.p. 70.8” 
a t  744 mm., n z o ~  1.4342; isopropyl bromide, b.p. 59.8” a t  
747 mm., n*% 1.4247; and t-butyl bromide, b.p. 73.4’ a t  
744 mm., nz% 1.4278. Methyl bromide (Matheson 
Chemical) was condensed onto calcium hydride to ensure 
dryness, passed through a tube containing glass beads 
coated with phosphorus pentoxide and then added to the 
benzene or toluene solution. 

Procedure for Kinetic Studies.-The details of the pro- 
cedure for kinetic studies were described previo~sly.~c In 
all of these kinetic studies, the “effective” gallium bromide 
concentrations were determined by measuring the rate of a 
standard reaction. As the second-order rate constant for 
the reaction of ethyl bromide a t  25” was known most accu- 
rately, it was used as a standard reaction to determine the 
“effective” activities or concentration of catalyst solutions. 
The rates of reaction of methyl, ethyl and n-propyl bromides 
with benzene a t  25” are shown in Fig. 2. The “effective” 
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Fig. 2.-Ratcs of gallium bromide catalyzed reactions of 
alkyl bromides with benzene a t  25”. 

(and actual) catalyst concentration for this series of rates 
was 0.0423 mole/l. The rates of the same reactions with 
toluene are shown in Fig. 3 and the “effective” catalyst 
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Fig. 3.-Rates of the gallium bromide catalyzed reactions 
of alkyl bromides with toluene a t  25“. 

concentration for this series was 0.0245 mole/l. The initial 
concentrations and rate constants for all runs are sum- 
marized in Tables IV and V. The energies of activation 
and log PZ terms were calculated from plots of log k2 versus 
the reciprocal of the absolute temperature. The data for 
the reactions of methyl, ethyl and n-propyl bromides with 
toluene are shown in Fig. 4. Similar data were obtained 

1.0 

0.6 
$ 
M 
3 

0.2 

-0.2 MeBr 0.7 
I I I I 

3.2 3.3 3.4 3.5 
I / T  x 103. 

Fig. 4.-X7ariation of log k z  with temperature in the gallium 
bromide catalyzed reactions of alkyl bromides with toluene 

with benzene but are not shown. Values of AH* and A S +  
were obtained in a similar manner from plots of log k?/temp. 
versus the reciprocal of the absolute temperature. The 
slopes of the lines and the intercepts were determined i n  
every case by the method of least squares. 

Estimation of Rate Constants for the Reactions of Iso- 
propyl and &Butyl Bromides with Toluene .-Second-order 
rate constants were estimated from the extent of reaction 
of isopropyl and t-butyl bromides with toluene in a flow 
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TABLE I V  TABLE V 
RATE COSSTANTS FOR THE REACTION OF ALKYL HALIDES RATE CONSTANTS FOR THE REACTION OF ALKYL HALIDES 
XYITH BEXZENE UNDER THE INFLUENCE OF GALLICM BRO- WITH TOLUENE USDER THE ISFLUENCE OF GALLIUM BRO- 

Alkyl 
bromide 

Methyl 
Methyl 
Methyl 
hlethyl 
,1Icthyl 
hleth!, I 
5 1 C t l l )  1 
51etl1yl 
I ~ t l l )  I 
Etll) 1 
Eth! 1 
Etll) 1 
Bth? 1 
IStll) 1 
Ethyl 
n-Propyl 
n-Propyl 
%-Propyl 

MIDE M I D E  
Init.  concn., M Temp., Ra te  constants Alkyl Init.  concn., df Temp., Ra te  constants 

KBr GaBraa OC. lO4kob k ,  bromide RBr  GaBrP  'C. l 0 'kob  h 

0.364 0.0409 15 2.40 0.143 
,402 ,0347 15 1.58 ,132 
.427 .0423 25 5.36 ,300 
,359 ,0403 25 4.87 .300 
,398 ,0343 25 3.50 ,298 
,352  ,0305 40 11.6 ,744 
,392 ,0337 40 9.16 ,806 
,391 ,0360 40 10.4 ,806 
. 4  12 .0236 15 25 .2  4.53 
,432 .0340 15 54.0 4.51 
,407 ,0370 25 132 9 . i 0  
,411 ,0423 25 173 9.69 
,411 ,0463 25 198 9.30 
.3!N .0228 40 127 2 4 . 4  
,422 ,0330 40 301 26.5 
,316 ,0469 15 207 9.39 
,412 .0523 25 353 19.7 
,411 ,0463 25 434 20.2 

Effective catalyst concentration. Moles 1 . ~ 1  min.-'. 

reactor, assuming the reaction to  be zero order and second 
order with respect to  the catalyst. Using the flow appar- 
atus described by Brown and J ~ n g k , ~  equal quantities of 
0.836 ilf isopropyl bromide solution and 0.094 M gallium 
bromide solutions in toluene were mixed with a contact time 
of approximately 0.005 sec. The reaction mixture was 
quenched with water at 25'. I n  two separate runs 20 and 
225% reaction were observed, and the second-order rate con- 
stants calculated from these data were 4 X lo5 and 5 X 
10j 1. mole-' min.-l, respectively. In a similar reaction 
with t-butyl bromide, a 0.868 ill t-butyl bromide solution in 
toluene was mixed with a 0.094 ?M gallium bromide solu- 
tion in a similar manner and 5870 reaction was observed. 
The second-order rate constant was calculated to  be 14 X 
105 1. mole-' min.-l. 

Calculations .-The rate of isomerization of n-propyl to  
isopropyl bromide was also calculated from the kinetic 
data. The calculation is based on the assumption that the 
rate of  isomerization of n-propyl bromide is the same in 
benzenc and toluene media (and also in higher methylated 
benzenes). I t  further assumes that the kt,~,,, ,/kb,,, , , ,  
ratio and isomer distribution of the reaction of n-propyl 
bromide alia displacement may be considered to  he the same, 
or iicarly so, as in the reaction of ethyl bromide.ls The total 

(16) It was necessary to  make these assumptions as k to luene /  
lei,,,,,,,,, and the isomer distrihution of the displacement reaction of 
;r-prol)>l bromide could no t  be determined experimentally, due to  the 
concurrent isomeri7ation. The  value for k T / &  for the reaction of 
ethyl bromide is 2.47 and the isomer distribution in the reaction with 

Methyl 0.404 0.0232 15 4.57 0.86 
Methyl .473 ,0248 15 5.18 0.85 
Methyl .400 ,0225 25 8.80 1.71 
Methyl ,468 ,0245 25 10.2 1.70 
Methyl ,393 ,0220 40 22.7 4.68 
Methyl .461 ,0241 40 26.3 4.52 
Ethyl 0 15 36.4 11.2 
Ethyl 1 15 77.0 11.3 
Ethyl ,412 .(I249 15 i 5 . 1  12.0 
Ethyl ,419 ,0200 25 94.0 23.5 
Ethyl ,408 ,0266 25 167 23.5 
Ethyl ,412 ,0175 40 194 63.6 
Ethyl ,402 .0253 40 383 59.8 
Ethyl ,401 ,0241 40 352 60.2 
n-Propyl ,414 ,0269 15 104 14.3 
n-Propyl ,411 ,0249 15 86.5 14.1 
n-Propyl ,410 ,0266 25 176 24.0 
n-Propyl ,410 ,0258 25 166 25.0 
n-Propyl .407 ,0245 25 181 30.0 
n-Propyl ,407 ,0245 25 166 27.6 
n-Propyl ,400 ,0241 40 420 73 

Moles 1.-' min.-'. 

rates of reaction of n-propyl bromide in benzene and toluene 
are 20.0 and 26.9 1. mole-' min.-'. The k T / k g  ratio is 
very low due to the concurrent isomerization reaction. 
Assuming the k T / k B  ratio to be the same as with ethyl 
bromide, 2.47, the rate of isomerization can be calculated 
kinetically. Let x represent the rate of isomerization; then 
the total rate minus x represents the rate of the displacement 
reaction. Therefore 

This value is in good agreement with the value of 14.4 which 
was obtained by direct analysis of the products of the re- 
action with benzene. Using the partial rate factors ob- 
tained from the reaction of ethyl bromide, the rates of re- 
action of n-propyl bromide with polymethylated benzenes 
via displacement were calculated by the method of Condon16 
and Brown and McGary.'7 
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Effective catalyst concentration. 

(26.9 - ~ ) / ( 2 0 . 0  - X )  = 2.47; x = 15.3 

toluene is 38.3% o-, 21.1% m- and 40.G% &ethyltoluene (ref. IO). 
From these values the partial rate factors were calculated to  be: 
of,  2.84; my, 1.56;  and P I ,  6.02. 

(19) H. C. Brown and C. K. Smoot, THIS JOURNAL, 78, (3%3 ( 1 9 X ) .  


