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The available data for the electrophilic substitution reactions of t-butylbenzene have been examined by conventional sta
tistical procedures for adherence to the Selectivity Relationship and related equations. The least squares analysis indicated 
a more than satisfactory correlation of the experimental results. The ratio, log ^f'"Bu/log mf'"

Bu, is 2.89 ± 0.49 for eleven 
reactions. The average percentage error in the reaction constant is 8.64% compared to 3.64% for the corresponding sub
stitution reactions of toluene. Examination of the results reveals tha t the principal cause of this larger deviation is a direct 
consequence of uncertainty in the influence of the m-t-butyl substituent. The ^-constants for the electrophilic substitution 
of i-butylbenzene are a+

m-t-Ba = —0.090 and <r+
p.t.Ba = —0.260. The former value is somewhat larger than the <r+„ con

stant for i-Bu, —0.059, based upon the <-cumyl chloride solvolysis data. On the other hand, the <r+
p constant is in excellent 

agreement with the value, —0.256, derived from the solvolysis results. 

The suggestion that the electrophilic substitu
tion reactions of toluene6-8 and other monosub-
stituted benzenes6'7 were governed by a linear 
relationship was first made in 1953. In the inter
vening years experimental results have been ob
tained for 47 substitution reactions of toluene. The 
excellent correlations demonstrated for these 47 
reactions indicated that the Selectivity Relation
ship8 was obeyed with more than satisfactory pre
cision for the methyl substituent.9 In addition, 
the adherence of these substitution data to the 
relationship was clearly superior to the correlations 
achieved with the available results for electrophilic 
side-chain or normal Hammett side-chain reactivi
ties for this substituent.9 

In concurrent studies, it has been observed that 
many electrophilic side-chain reactions were satis
factorily correlated through the application of 
U+ constants based on the relative rates of solvoly
sis of substituted i-cumyl chlorides.10'11 The ob
servations for electrophilic substitution reactions 
of the monosubstituted benzenes also appear to be 
compatible with these constants.12 These en
couraging results have prompted further investi
gations concerning the merit of a general relation
ship6'7 governing electrophilic substitution reactions. 

It often has been predicted that a relation of this 
type would not apply to aromatic substitution re
actions. These arguments have been based on the 
concept that resonance contributions to the stabi
lization of the transition state would vary greatly 
with the reactivity of the reagent.13-15 In view of 
this argument and the preliminary indications of the 
general nature of the relationship, a more compre-
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hensive examination of other substituent groups 
appeared desirable. Moreover, a study of the 
reactions of activated monosubstituted benzenes 
should offer an excellent test of the possible 
extension of the relationship. A program was 
therefore initiated to examine the electrophilic 
reactivity of ^-butylbenzene, biphenyl and anisole.16 

An examination of the literature revealed that 
six substitution reactions of ^-butylbenzene had 
been studied quantitatively.17 Since these results 
were largely for reactions of intermediate reagent 
activity, it was desirable to obtain additional 
results for reagents of widely different selectivity. 
Accordingly, the non-selective mercuration18 and 
the selective Friedel-Crafts acylation19 and non-
catalytic halogenation20 were studied. The ob
servations of these studies and the previous results 
provide the basis for a test of the applicability of the 
Selectivity Relationship to /-butylbenzene. 

Summary of Available Results and Statistical 
Evaluation.—The partial rate factors and associ
ated quantities for the electrophilic substitution 
reactions of i-butylbenzene are summarized in 
Table I. For convenient comparison, the data for 
the corresponding reactions of toluene are in
cluded. In our examination of the application of 
the Selectivity Relationship to the data for substi
tution in toluene, it was desirable to separate the sub
stitution reactions into two series on the basis of their 
apparent experimental validity.9 For substitution 
in ^-butylbenzene, the partial rate factors are based 
on approximations in only two cases. The para 
partial rate factor for Friedel-Crafts benzoylation 
in nitrobenzene21 (entry 6) depends on an assumed 
quantitative yield of ^-i-butylbenzophenone. This 
assumption appears fully justified on the basis of 
recent chromatographic analyses of the reaction 
products in the benzoylation of i-butylbenzene in 
ethylene chloride solution.19 The mi value for the 
deuterium exchange reaction of <-butylbenzene22 

(16) The results for the other substituent groups will be reported 
subsequently. 

(17) We are indebted to W. M. Lauer, C. Eaborn and R. A. Benkeser 
for generously informing us of their observations prior to publication. 
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TABLE I 

SUMMARY OF PARTIAL RATE FACTORS AXD ASSOCIATED QUANTITIES FOR TOLUENE AND /-BUTYLBENZENE 

N o . R e a c t i o n , condi t ions ' 1 

1 Bromination, Br2, 8 5 % HOAc, 25° 
2 Chlorination, Cl2, HOAc, 25° 
3 Chlorode-i-butylation, ArC(CH8);,, 

Cl2, HOAc, 25° 
4 Acetylation, CH3COCl, A1C1S, 

C2H4Cl2, 25° 
5 Benzoylation, C6H5COCl, AlCl5, 

C2H4Cl2, 25° 
6 Benzoylation, C6H5COCl, AlCl3, 

C6H5NO2, 25ob 

7 Deuteration, D2O, CF2CO2H, 7O0" 
Nitration, HNO3, 90% HOAc, 45° 
Bromination, HOBr, HClO., 50% 

dioxane, 25° 
Desilylation, ArSiMc3, Br2, HOAc, 

25° 
Desilylation. ArSiMo3, HClO,, 50% 

MeOH, 51° 
Desilylation, ArSiMe3, HCl, HOAc, 

250<i 

Mercuration, Hg(OAc)2, HOAc, 50° 
Mercuration, Hg(OAc)2, HOAc, 70° 
Mercuration, Hg(OAc)2, HOAc, 90° 

19 

2.46 19 

32.5 
253 
42 

5.0 
3 8 
2 5 

830 
421 

58 

2.221 
2.046 
1 .366 

4.18 
4.52 
4.43 

198 
5.5 

7.0 
4.0 

615 
490 
75 

3.18 
3.12 

21 
22 
24 

49 

21. 

i . : 

1 .185 

4.45 .60 38.6 

29 

.82 

26 

0.963 3.66 15.6 

8 
9 

10 

11 

12 

13 
14 
15 
" The electrophilic reagent is presented first, followed by the catalyst, solvent and temperature, i The value for p('-

Ba i • 
based on an assumed isomer distribution. * The value for m;'-Bu is based on rate data for £-di-<-butylbenzene. d Conditions 
glacial acetic acid, 1.17 M HCl, 3.62 M H2O. These conditions are slightly different from those employed by Benkeser and 
his associates as reported in ref. 28. 

2.14 
4.60 1.98 
4.03 1.83 
3.51 1 . 70 

20.1 
16.8 
13.5 
11.2 

.973 

.928 

.867 

.819 

3.95 
4.12 
4.30 
4.56 

0.0 
0.0 
0.0 

2.98 
3.04 
2.66 
2.58 

11.9 
15.6 
10.8 
9.61 

2.27 
2.44 
2.45 
2.44 

28 
18 
18 
18 

( e n t r y 7) w a s e s t i m a t e d f rom t h e m e a s u r e d r a t e of 
e x c h a n g e of ^ - d i - / - b u t y l b e n z e n e a n d a k n o w l e d g e 
of t h e ortho p a r t i a l r a t e f ac to r for t h e r e a c t i o n . 
T h i s p r o c e d u r e f r e q u e n t l y h a s b e e n e m p l o y e d t o 
o b t a i n a n e s t i m a t e o r a c o n f i r m a t o r y r e s u l t for a n 
e x p e r i m e n t a l i s o m e r d i s t r i b u t i o n w i t h good p r e 
cis ion. 2 3 I n al l o t h e r cases, spec t ro scop ic , i so top ic 
d i l u t i o n or gas p h a s e c h r o m a t o g r a p h i c p r o c e d u r e s 
h a v e b e e n u t i l i zed t o d e t e r m i n e t h e i s o m e r d i s t r i 
b u t i o n s . T h e n e c e s s a r y r e l a t i v e r a t e m e a s u r e m e n t s 
a n d k i n e t i c p a r t i a l r a t e f a c t o r s a r e t h e r e s u l t of 
a p p a r e n t l y re l i ab le t e c h n i q u e s . T h u s , a s e p a r a t i o n 
of t h e s e r e s u l t s i n t o t w o g r o u p s , s u c h as t h a t u t i 
l ized in a n a l y z i n g t h e t o l u e n e d a t a , 9 w a s n o t con
s ide red n e c e s s a r y . 

I n t h e ear l ier e v a l u a t i o n of t h e r e l a t i o n s h i p for 
t o l u e n e , 9 t h e c o r r e s p o n d i n g c o r r e l a t i o n of e l ec t ro 
phi l ic a n d n o r m a l H a m m e t t s ide -cha in r e a c t i v i t i e s 
were c o n t r a s t e d w i t h t h e r e su l t s for t h e e l ec t ro 
ph i l i c s u b s t i t u t i o n r e a c t i o n s . U n f o r t u n a t e l y , d a t a 
for t h e f -buty l s u b s t i t u e n t in r e a c t i o n s of t h i s t y p e 
a r e n o t w ide ly a v a i l a b l e . A l t h o u g h seve ra l r e 
a c t i o n s of t h e p-t-hutyl s u b s t i t u e n t h a v e b e e n s t u d 
ied, o n l y a l i m i t e d a m o u n t of i n f o r m a t i o n is a v a i l 
ab le for t h e meta i s omer . E v e n m o r e r a r e l y a r e d a t a 
a v a i l a b l e for b o t h t h e meta a n d para i s o m e r s u n d e r 
t h e s a m e c o n d i t i o n s . U n d e r t h e s e c i r c u m s t a n c e s , 

(23) See for example , H . C . Brown a n d L. M . Stock . T H I S J O U R N A L , 
79, 1421, 5175 (1957), a n d ref. 20. 

(24) H . Cohn, E . D. Hughes , M . H. Jones and -M. G. Peeling, Nature, 
169, 291 (1952). 

(25) P . B. D. de la M a r e and J . T . H a r v e y , J. Chem. Soc, 131 
(1957). 

(26) C. E a b o r n and D . E . Webs te r , ibid., 4449 (1957). 
(27) R. A. Benkeser and R . A. Hickne r , unpub l i shed resul t s . 
(28) See also R. A. Benkeser , R. A. H ickne r and D. I. H o k e , T H I S 

JdfRNAL, 80 , 2279 (1958). 

severa l of t h e cr i t ica l e v a l u a t i o n s c a n n o t be e m 
p l o y ed . C o n s e q u e n t l y , t h e s e r e a c t i o n t y p e s will 
n o t be e x a m i n e d he re . 

I n t h e c o n v e n t i o n a l a p p l i c a t i o n of t h e H a m m e t t 
e q u a t i o n 

log (k/kt,) = pa 

t he c o n s t a n c y of t h e c r -pa ramete r s is a s s u m e d . I n 
o r d e r t o t e s t t h e a p p l i c a b i l i t y of t h e e q u a t i o n t o t h e 
r e a c t i o n u n d e r c o n s i d e r a t i o n , t h e q u a n t i t y log (k/kQ) 
is p l o t t e d a g a i n s t a. T h e r e a c t i o n c o n s t a n t , p, t h e n 
is e v a l u a t e d f rom t h e s lope of t h e l ine. 

I n t h e a t t e m p t e d ex t ens ion of t h i s e q u a t i o n t o 
e l ec t roph i l i c r e a c t i o n s , t h e c o n s t a n c y of t h e (re
v a l u e s c a n n o t b e a s s u m e d . T o t e s t t h i s q u e s t i o n , 
t h e l i nea r d e p e n d e n c e of log (k/ko) on p + cou ld be 
e x a m i n e d t o t e s t t h e i n v a r i a n t n a t u r e of a + 

for t h e s u b s t i t u e n t in q u e s t i o n . T h e s lope of t h e 
l ine w o u l d t h e n give <T% T O a v o i d f r e q u e n t 
c h a n g e s in i t s v a l u e , t h e r e a c t i o n c o n s t a n t p shou ld 
b e b a s e d u p o n s u b s t i t u t i o n d a t a for a n u m b e r of 
s u b s t i t u e n t s of different t y p e s . U n f o r t u n a t e l y , 
s u c h d a t a a r e n o t y e t a v a i l a b l e . 

I t is seen r ead i ly t h a t log nn a n d log (pt/m{) a r e 
p r o p o r t i o n a l t o t h e r e a c t i o n c o n s t a n t . 2 9 C o n s e 
q u e n t l y , t he se q u a n t i t i e s m a y be a d o p t e d i n s t e a d 
of t h e r e a c t i o n c o n s t a n t itself. T h i s is t h e essence 
of t h e S e l e c t i v i t y T r e a t m e n t . A p p l i e d t o t h e 
m e t h y l s u b s t i t u e n t in t h e f o r m of t h e t h r e e e q u a 
t i ons ( 1 - 3 ) , 2 9 i t c lea r ly e s t a b l i s h e d t h e essen t i a l 
c o n s t a n c y of 
u e n t . 9 

t h e a+-value for t h e m e t h v l s u b s t i t -

log pi = —~ log mi (D 

(29 
!1055 

C. W. Mi-Gary , V. O k a m o t o and H. C. Brown , ibid.. 77, 3037 
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log pi = 
O p + 

(T p — Um 

l o g OTf = V— + l o g 

+ log (pt/mt) 

'i I mi) 

(2) 

(3) 

These equations can be utilized directly for 
testing the constancy of the a +-value for the t-
butyl and other substituents. 

In utilizing the equation in this form, partial rate 
factors are required for substitution both in the 
meta and para positions. In the case of many 
substituents, such as methoxy, substitution occurs 
predominantly in one position so that this procedure 
is not easily applicable. Of course, when p values 
are available, this difficulty will no longer exist. 
Meanwhile, it appears desirable to utilize log 
(pt^fm^o) = St as a quantity proportional to p to 
test the applicability of the Selectivity Treatment to 
other substituents of interest. Since both log ptUe 

and log WfMe are also proportional to p, these 
quantities can also be utilized in this way. 

In this way we arrive at the expressions 4-7. 

log pi' 

l o g OTf'" 

log pt -Bu — P" ff-t-Bu 

l o g (£ f M a /OTf M l ! ) ( 4 ) 

l o g ( £ f
M e / » j Z f M e ) ( 5 ) 

f^H. log Pi-
<r p - M e 

l o g OTf'-B" = " " ~ ' ' B U l o g OTfMe 

(6) 

(7) 

These equations allow a test of the adherence of 
the data for substitution within a single molecule 
(1-3) or between the active sites in two molecules 
(4-7). The observations, presented in Table I, 
have been examined statistically by the least 
squares procedure for fit to each of these expres
sions, Table II. 

TABLE II 

STATISTICAL PARAMETERS FOR ADHERENCE OP THE SUB

STITUTION DATA TO CORRELATION EQUATIONS 

E q u a - D e p e n d e n t I n d e p e n d e n t 
t ion va r iab le va r i ab l e 

1 log #f ' -B u log m,'-Bu 

2 log ti'-Bu log i > , ( - B u / W - B u 

ba rb sc nd 

2 . 8 6 7 0 . 9 8 5 0 . 1 9 7 11 
1.488 .992 .285 11 

3 log m f ' - E u log Pf 
4 log 3>f'-Bu Sf 
5 log j»f '-B u Sf 
0 log pi'-Bu log Pi1 

7 log w f i - B u log mt 

£-Bu /mi'- 0.496 
1.220 
0.409 
0.932 
1.365 

.962 .216 11 

.997 .142 14 

.978 .166 11 

.996 .131 15 

.984 .139 11 

° Least squares slope. b Correlation coefficient. c Stand
ard deviation. d Number of reactions examined. 

Since the standard deviation depends on the 
magnitude of the data employed in the regression 
analysis,30 the percentage error in p had been uti
lized in our examination of the applicability of the 
Selectivity Relationship to toluene.9 The data for 
i-butylbenzene were analyzed by a similar pro
cedure. The reaction constants were determined 
from the partial rate factors and the adopted values 
for the substituent constants, <x+

m-u.e —0.069, 
<J "Vivie —0.280, (T+M-I-Bn —0.090 and <r "Vf-Me 
— 0.260 (see Discussion) by application of the 
Hammett equation (8). 

log k/k0 . . . 
p = — - 3 7 — ( 8 ) 

R e a c 
t i on 

TABLE I I I 

PERCENTAGE ERROR IN p FOR EACH REACTION 0 

- R e a c t i o n c o n s t a n t -
- M e t h y l -

Pv Pmean ° 
- ( - B u t y l 

Pv pmeanc 
E r r o r , « 

% 

(30) H . H . Jaffe, Chem. Revs., 53 , 191 (1953). 

pm 

1 1 0 . 7 2 1 1 . 9 6 1 1 . 3 4 8 .72 1 1 . 1 8 9 . 9 5 1 0 . 6 5 9 . 0 1 
2 1 0 . 0 7 1 0 . 4 1 1 0 .2 4 8 . 6 4 1 0 . 0 1 9 . 3 3 9 . 7 8 5 . 8 5 
3 9 . 9 5 9 . 9 2 9 . 9 3 1.11 
4 9 . 8 7 1 0 . 2 6 1 0 . 0 6 1 2 . 4 5 1 0 . 8 5 11 .65 1 0 . 8 6 7 . 3 7 
5 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 1 .7 4 1 0 . 0 0 10 .87 1 0 .2 4 3 . 3 8 
6 10 .11 10 .42 10 .27 1 0 . 7 3 10 .42 1.99 
7 8.38 9.37 8.87 9.39 10.35 9.87 9.37 5.31 
8 5.77 6.30 6.03 6.69 7.21 6.95 6.49 7.07 
9 5.77 6.32 6.04 4.61 6.10 5.36 5.70 9.56 
10 7.32 6.04 6.68 5.62 6.33 10.47 
11 5.25 4.74 4.99 4.59 4.86 5.35 
12 4.78 4.65 4.72 5.27 4.14 4.70 4.71 6.67 
13 4.30 4.37 4.34 5.37 4.58 4.98 4.66 7.60 
14 3.81 4.04 3.92 4.72 3.97 4.35 4.14 6.17 
15 3.33 3.75 3.54 4.58 3.78 4.18 3.86 6.83 

" Basedon theo--constantso- + -̂Me — 0.069, <r+
p-Me —0.280, 

<r+m-i-Bu —0.090 and J V I - B U —0.260 and the Hammett 
equation 8. h Mean value for m- and ^-methyl. " Mean 
value for m- and p-t-butyl. d Average value for all substi
tuents. e The mean deviation from the average value for 
all substituents, average value 6.44%. 

The results of this analysis are summarized in 
Table III . 

Discussion 
Evaluation of a Linear Relationship.—The quali

tative adherence of the data for electrophilic 
substitution reactions to a linear relationship was 
first tested by the evaluation of three ratios. 
The ratio log pi/log mi for substitution in /-butyl-
benzene was found to be 2.89 ± 0.49. This is 
significantly different from the value previously 
obtained for substitution in toluene, 4.04 ± 0.55. 
For each reaction, Table I, the ratio is less than 
that for toluene. The constancy indicates the 
probable existance of a linear dependence between 
the reactivities of the meta and para positions in t-
butylbenzene. 

Next, the relationship between the methyl and 
/-butyl groups was examined. For this purpose, 
the ratio log pi'-Bn/log ptMe was found to be 0.926 
± 0.054 for the 15 reactions available. The only 
major deviation from this value is for the nitration 
reaction.24 The ratio for this reaction, 1.064, is 
larger than one. However, log £f'"Bu/log mt'-Bn 

for nitration is 3.12, in good agreement with the 
value for the other substitution data. These 
observations suggest that the deviation does not arise 
from the orientation results, but is a consequence of 
an unusual value for the relative reactivities. 

The ratio, log mt'~Bn/\og mtMe, was evaluated 
to be 1.43 ± 0.20. In addition to the results sum
marized in Table I, there are substitution data 
available for the iodination of ^-alkylphenols and 
anilines.31-32 Although the partial rate factors for 
these reactions are unknown, it is clear that the 
rate of substitution meta to the 4-i-butyl substituent 
is more rapid than that for the 4-methyl substit
uent.31'32 The observations indicate that m-
/-butyl groups activate the aromatic nucleus to a 
degree slightly greater than a w-methyl substit
uent. A single exception is reported by Jones. 
He found that the rate of chlorination of 4-methyl-

(31) E . Ber l iner , F . Ber l iner and I . Ne l idow, T H I S J O U R N A L , 76 , 507 
(1954). 

(32) E . Berl iner a n d F . Berl iner , ibid., 76, 6179 (1954). 
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i.o 
log M f ( ( -Bu ty l ) . 

Fig. 1.—Linear relationship between log p/'Ba and log 
rat'"Bu in electrophilic substitution of i-butylbenzene. 

2-bromophenyl benzyl ethers was approximately 
twice that of the 4-/-butyl derivatives.33 This 
order, however, was not observed in the mercura-
tion34 and bromination20 of ^-alkylanisoles. For 
these ethers, the rate of substitution has been found 
to be slightly greater for the p-t-butyl substituent. 

The relative constancy of these ratios suggests 
that the meta and para reactivities in /-butylben-
zene and between /-butylbenzene and toluene 
are governed by a common linear relationship. 

The extent of this adherence to a linear function 
was further examined by the inspection of several 
graphical representations of the data. Some dis
cussion has developed in the literature concerning 
the merit of the various graphical procedures for 
testing the linearity. The relationship was origi
nally suggested6 on the basis of the adherence of 
experimental results to an expression of the form of 
equation 2. It was shown later that this expres
sion could be derived from the Hammett equation.29 

The partial rate factors presented in more recent 
studies have been examined for their fit to the 
relationship by utilization of this same expression 
(2). In 1956, Gold and Satchell suggested that a 
diagram of log pi against log mi provided a superior 
method of evaluation.16 

In practice, it is desirable to examine both ap
proaches. However, there are experimental and 
theoretical reasons for the adoption of the log 
pt/mt treatment. Experimentally, the accurate 
analysis of a small quantity of the meta isomer in 
the presence of large quantities of oriho and para 
products provides a difficult experimental task and 
introduces considerable uncertainty in the analyti
cal result. In the partial rate factor this error is 
compounded by the combination of this determi
nation with two rate measurements. It is ap
parent that the rm value for substitution reactions 

(33) B. Jones, J. Chem. Soc. 358 (1941). 
(34) M. Dubeck, Ph.D. Thesis, Purdue University Library. 

is not usually on a firm experimental basis. Al
though it is not possible to eliminate the dif
ficulties in wi! entirely in graphical analyses of the 
data, it is possible to avoid the introduction of the 
additional inaccuracies of the kinetic measure
ments by the utilization of the pt/mt ratio. This 
quantity depends exclusively on the observed isomer 
distribution. 

On a theoretical basis, the partial rate factors 
for meta and para substitution may be adversely 
influenced through the difference in stability of 
the 71-complexes of the monosubstituted compound 
and benzene itself. Since the para partial rate 
factor is large, small differences in the relative 
stabilities of the x-complexes will have only a minor 
influence on log pi. For the smaller mi, however, 
the influence of the x-complex in the determination 
of relative rate may have considerable importance. 
Again the utilization of pi/mi eliminates the error. 
This is true for experimental results for substitution 
reactions and for kinetic partial rate factors. 

On the basis of these inherent difficulties, it is 
not surprising that a plot of log pi against log 
pt/nii provides a more precise fit of the data to a 
linear relationship. For a limited amount of data, 
analysis on this basis is much more indicative of the 
potential application of a linear free energy relation
ship. 

To illustrate this problem, diagrams have been 
prepared which examine the data by each method, 
Figs. 1-3. Figure 1 demonstrates the adherence of 
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Fig. 2.—Linear relationship between log £ f ' -
B u and log 

(pt''Bu/ini''Bn) in electrophilic substitution of i-butylben-
zene. 

the available results to an equation of the type 
suggested by Gold and Satchell.16 Figure 2, 
where log pt/mt for i-butyl is employed as the 
abscissa, reveals some improvement in the ad
herence to a linear plot. Fortunately, there is now 
available a third method for the evaluation of 
linearity. The application of St, log pt/mt for 
methyl, as the abscissa allows the data to be re-
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Selectivity Factor, Sf. 

Fig. 3.—Linear relation ship between log pt''Ba and log mi'~Bn 

and the Selectivity Factor (log p(
Me/log mtMe). 

solved into two lines, Fig. 3. The para partial 
rate factors provide an excellent fit, while certain 
data for the m-^-butyl group still deviate from the 
correlation line. This diagram clearly indicates 
that the source of deviations in the first two figures 
was a consequence of mt. The graphical analyses 
for ^-butylbenzene indicate a linear relationship, 
but the agreement is not as satisfactory as had been 
found for toluene.36 

To more fully ascertain the value of this cor
relation, the data were examined by conventional 
statistical procedures. The results of this analysis 
are presented in Table II. In accord with the 
interpretation of the correlation coefficient, r, 
as suggested by Jaffe\30 all the equations reveal a 
more than satisfactory relationship, r > 0.95. 
Indeed, three expressions (2, 4, 6) yield an excel
lent correlation, r > 0.99. 

The observations indicate the general merit r f a 
linear relation. To assess the quantitative value 
of the correlation, the percentage error in p was 
computed, Table III. The reaction constants 
determined from the partial rate factors for substi
tution in toluene reveal only minor variations. 
The average percentage error in p for the series 
of reaction presented in Table I is merely 3.64%. 
The variation in the reaction constant based on 
substitution data for i!-butylbenzene is somewhat 
larger, 8.64%. This value is not significantly 
greater than that observed for 47 substitution 
reactions of toluene,9 7.25%. When the data 
are examined as a consistent series of four partial 
rate factors the percentage error in p decreases 
to 6.44%. 

The latter evaluation is particularly informa
tive. An inspection of the reaction constants 

(35) Compare Fig. 2 with Fig. 1, ref. 9. 

presented in Table III reveals that those derived 
from m- and ^-methyl and p-t-bntyX are reason
ably constant. For this sequence of reactions, 
the average percentage error in p is decreased to 
4.30%. Thus, the principal source of the larger 
deviations observed for 2-butylbenzene is a con
sequence of the variable nature of the meta partial 
rate factors for /-butylbenzene. The meta p-
values for the mercuration (entries 13-15) and 
acylation (entries 4 and 5) reactions are significantly 
larger than the reaction constants for the other 
groups. On the other hand, the p-values for non-
catalytic halogenation (entries 1 and 2) are 
smaller. 

This analysis reveals the source of the greater 
deviation is a consequence of random variations in 
the meta reactivity. It is apparent that the p-t-
butyl group adheres to a linear relationship to the 
same degree as the m- and p- reactivities of toluene. 
In particular, the excellent correlation between 
log p('-Bu and log ptMe (Fig. 4) reveals that these 

0.0 |.0 2.0 3.0 
log Pf (Methyl). 

Fig. 4.—Linear relationship between log pt'~Bu and log piMe 

in electrophilic substitution. 

substituents respond in similar manner to the 
electronic demands made by the attacking reagent. 
These observations are quite encouraging for the 
extension of the Selectivity Treatment to the alkyl 
substituted benzenes and, possibly, to other ben
zene derivatives. 

The deviations observed with the m-t-butyl 
results do not appear to be resolved easily. The 
experimental methods employed in the studies 
of 2-butylbenzene and toluene were the same. 
Thus, the assignment of the entire deviation of the 
mt values to experimental uncertainty does not 
appear justified. However, because of the experi
mental uncertainties, the evaluation of explicit 
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causes for the deviations is rendered difficult.36 

Whereas the results for mercuration appear greater 
than anticipated, they are not greater than the 
experimental uncertainty in the observed rm value 
itself (10%). The observations for acylation and 
halogenation do, however, appear to be beyond 
the limit of experimental error.37 

Evaluation of the Sigma Constants.—In our 
earlier analysis of the application of the Selectivity 
Relationship to the substitution reactions of 
toluene,9 <r+m-Me was assigned as —0.069. The 
adoption of this value allowed the calculation of 
c"VMe —0.280. These constants and the slopes 
of the regression lines (4-7) provide the necessary 
information for the calculation of cr-constants for 
the i-butyl group. 

As discussed, the p-t-hViVj\ group obeys a linear 
relationship to a higher degree than does the 
meta substituent. The assignment of a c-constant 
for the p-t-h\xty\ group will be made first in order 
to provide additional methods for the estimation 
of a constant for w-i-butyl. Values of the substit
uent constant for p-t-h\xty\, based on the <r-values 
for m- and ^-methyl and the slopes of the regression 
lines, are summarized in Table IV. Another 
estimate of this quality is possible from the log 
pt'"Bu/log ptMe ratio. This approach yields the 
cr-constant —0.259 ± 0.015. On the basis of this 
value and those derived from the statistical slopes, 
the o-+p-t-Bu constant is assigned the value 
— 0.260 ± 0.15. This constant is well within 
experimental error of the result based upon the t-
cumyl chloride solvolysis data,10~12 —0.256. 

The cr+
m.(-Bu constants provided by the regres

sion equations are summarized in Table IV. In 
addition to these values another estimate of the 
constant is possible on the basis of the ratio log 
wif'-Bu/log miMe. This provides the <r V-i-Bu 
constant -0.099 ± 0,014. The utilization of 

(36) Calculation of mi from the mean p-values, Table III, trm.(.Bu 
— 0.090 yields an average percentage error in the calculated mi of 
19.1%. Five reactions reveal deviations which probably are beyond 
the experimental error; bromination (49.4%), chlorination (26.5%), 
acetylation (27.6%), benzoylation (26.7%) and acid-catalyzed bro
mination (25.4%). 

(37) There is evidence that these variations in mft_ arise from 
changes in the nature of the transition states in different substitution 
reactions. The question is currently under investigation with Dr. 
G. Murine and we hope to communicate tile results shortly. 

TABLE IV 

(T-COXSTANTS FOR VL- AND £- / -BUTYI, VSUBS'ITTUENTS IN 

ELECTROPHIHC REACTIONS" 

Equa
tion Slope c+p-t-~Bu <r+m-i-Bu 

1 o- V ' - B u V V-f-Bu - 0 . 0 9 1 

2 t?+p-t-Bu./{v~p-t-Bu — <?+m-t-Bu) ~ • 080 

3 cr V - ( - B u / ( c V / - B u — cr V-Z-Bu) — -OSO 

4 » + M . B i i / ( i ' + f M e ~ IT+M-Me) —0.257 

O o- V-f-Bu/(<r>Me — a-+ ,„-\r e) — .080 

0 a - V f - B u V V M e —0.201. 

7 c r +
m - < - B u W - M e — -090 

"Based on the values <r+
pM» - 0 . 2 8 0 , <r4

m.Me - 0 . 0 0 9 , 
and, where necessary, o-Vi-B11 —0.260. 

log />f'"Bu/log Wf'Bu indicates the value to be 
-0.090 ± 0.013. On the basis of these different 
approaches, the <7+m-<-Bu constant is estimated as 
— 0.090 ± 0.020. This result is not in close agree
ment with the constant determined from the t-
cumyl chloride studies,10"12 —0.058.38 The value 
determined for the electrophihc reactions is within 
experimental error of the Hammett parameter, 
0"m-(-Bu - 0.10 ± 0.03. 

Summary.—The electrophihc substitution reac
tions of i-butylbenzene appear to obey the Selectiv
ity Relationship with satisfactory over-all precision. 
On the basis of the methods for the evaluation of 
the relationship, the para reactivities adhere to the 
relationship to the same degree as found for the 
corresponding reactions of toluene. Although the 
important nitration reaction reveals a deviation, 
the result is not sufficiently different from antici
pated behavior to introduce a serious error. The 
meta partial rate factors reveal deviations which 
possibly are beyond experimental uncertainty. 
However, in this instance the importance of the 
stability of 7r-complexes and solution effects remains 
to be established. 

LAFAYETTE, IND. 

(38) Whereas m-/-butylcumyl chloride undergoes solvolysis in 90% 
acetone at a rate slightly slower than that of the m-methyl derivative, in 
alcohol solvents the reverse is true. See Y. Okamoto, T. Inukai and 
H. C. Brown, THIS JOURNAL, 80, 4972 (1958). Consequently, the 
solvolyses in the alcoholic solvents are in closer agreement with the 
value for o-+w-4-Bu derived from the substitution data. 


