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The available data for forty-seven electrophilic substitution reactions of toluene have been examined by conventional 
statistical methods for adherence to the Selectivity Relationship and related equations. The fit of the data to these equa
tions is excellent, with an average percentage error in the reaction constant of 7.3%. Electrophilic side-chain and the nor
mal Hammett side-chain reactions have been investigated similarly. In these cases the deviations from the least squares 
regression lines are somewhat larger, 17.2 and 18.5%, respectively. The statistical analysis of the complete series of elec
trophilic substitution reactions yields a value of —0.280 ± 0.04 for the ^-methyl electrophilic substituent constant, in rea
sonable agreement with the value, —0.311, derived from the J-cumyl solvolysis data. 

Introduction 
In 1953, it was pointed out that the apparent 

anomaly concerning the formation of high propor
tions of the ra-alkyltoluene in the Friedel-Crafts 
alkylation reaction under kinetically controlled 
conditions could be resolved in terms of the high 
reactivity and low selectivity of the electrophilic 
reagent.5 At the same time, although the data 
for other electrophilic substitution reactions of 
toluene were scanty and of variable quality, its 
examination indicated a possible correlation through 
the linear relation 

log ps = b log (pt/mt) (1) 

The partial rate factors6 then available were in
sufficient to provide a clear test of the proposed 
linear relationship. Indeed, several authors have 
noted their skepticism that such a relationship 
should exist.7-9 

More recently, it has been shown that this ex
pression (1) is the direct result of a Hammett free 
energy relationship.10,11 Furthermore, it was pos
sible to derive three equations from the Hammett 
equation and to evaluate the slope, b, of each in 
terms of cr-constants (2,3,4) n>12 

log pt = ^- log mi (2) 

(1) Directive Effects in Aromatic Substitution, XXXVI. 
(2) This research supported in part by a grant from the Petroleum 

Research Fund administered by the American Chemical Society. 
Grateful acknowledgment is hereby made to the donors of the Pe
troleum Research Fund. 

(3) Based upon a thesis submitted by Leon M. Stock in partial ful
fillment of the requirements for the degree of Doctor of Philosophy. 

(4) Monsanto Chemical Co. Fellow at Purdue Univeisity, 1957-
1958. 

(5) H. C. Brown and K. L. Nelson, T H I S JOURNAL, 75, 6292 (1953); 
K. L. Nelson, J. Org. Chem., 21, 145 (1956). For a recent theoretical 
approach to these questions, see M. J. S. Dewar, Record Chem. Prog., 
19, 1 (1958). 

(6) The partial rate factors, ot, mt and pt, are defined as the rate of 
substitution in a single position of a monosubstituted benzene relative 
to a single position in benzene. The quantity, log (pt/mt), is equated 
to St, the selectivity factor, ref. 12. 

(7) P. B. D. de la Mare, J . Chem. Soc, 4450 (1954). 
(8) J. D. Roberts, J. K. Sanford, F. L. J. Sixma, H. Cerfontain and 

R. Zagt, T H I S JOURNAL, 76, 4525 (1954). 
(9) V. Gold and D. P. N. Satchell, / . Chem. Soc, 2743 (1956). 
(10) L. P. Hammett, "Physical Organic Chemistry," McGraw-Hill 

Book Co., Inc., New York, N. Y., 1940, Chapter VII. 
(11) C W . McGary, Y. Okamoto and H. C. Brown, T H I S JOURNAL, 

77, 3037 (1955). 
(12) H. C. Brown and C. R. Smoot, ibid., 78, 6255 (1956). 

log Pt = """ log (pt/mt) = ^ - St (3) 
C p — 0~m °~p — Vm 

log mt = — — log (pt/mt) = — — St (4) 
0~p — ffm C p — C m 

In recent years the availability of powerful 
research techniques such as infrared spectroscopy 
and isotopic dilution methods have permitted 
intensive investigations of these substitution re
actions. The observations provided by these 
studies now allow a rigid test of the validity of the 
Selectivity Relationship6'12 for toluene. Accord
ingly, the results of previous investigations have 
been compiled and the adherence to a linear free 
energy relationship examined by statistical meth
ods. 

Certain electrophilic side-chain reactions, e.g., 
the ionization of substituted triarylmethyl al
cohols13 and the solvolysis of substituted phenyl-
dimethylcarbinyl chlorides,14-16 have been pro
posed as models for aromatic substitution. These 
reactions provide a convenient method for the 
establishment of o--constants for reactions involv
ing electron deficient intermediates. Hence, it 
was desirable to compare the results of these 
studies with the Selectivity Relationship. Finally, 
it appeared desirable to compare the applicability 
and precision of this proposed relationship for 
electron deficient systems with that of the long 
established Hammett equation10 for the so-called 
normal side-chain reactions of m- and p-tolyl 
derivatives. 

Compiled Data and Statistical Evaluation.—For 
convenience, the data under examination have been 
divided into four reaction series. The first series is 
composed of 47 different substitution reactions of 
toluene, Table I. To our knowledge, this includes 
all data in the literature, with but one omission. 
The reaction omitted, deuterium exchange in 
aqueous perchloric acid,16 provides partial rate 
factors considerably at variance with the observa
tions of two other investigations (Table I, entries 

(13) N. C. Deno and W. L. Evans, ibid., 79, 5804 (1957). 
(14) H. C. Brown and Y. Okamoto, ibid., 79, 1913 (1957); Y. 

Okamoto and H. C. Brown, J. Org. Chem., 22, 485 (1957). 
(15) H. C. Brown and Y. Okamoto, T H I S JOURNAL, 80, 4979 (1958). 
(16) G. V. Tiers, ibid., 78, 4165 (1956). These partial rate factors, 

Of 405, mt 24.6, pt 380, were estimated on the basis of Tiers' results 
for the isomeric monodeuteriotoluenes and an interpolation of the 
rate for monodeuteriobenzene in aqueous sulfuric acid based on the Bt 
function, ref. 9. 
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TABLB I" 

ELECTROPHILIC SUBSTITUTION REACTIONS OF TOLUENE 

1 
2* 
3 
4* 

10 
11* 
12 
13* 
14 
15 
16 
17 
18* 
19* 
20* 
21* 
22* 
23* 
24* 
25* 
26* 

27* 
28* 
29* 
30* 

31* 
32* 
33* 
34* 
3.5* 
36* 

37* 

38* 

39 

40* 

41* 
42* 
43 
44 
45 
46 
47 

Reaction ̂  

Deuterium exchange, DBr, 25° 
Bromination, Br2, 8 5 % HOAc, : 
Chlorination," Cl2, HOAc, 24° 
Chlorination, Cl2, HOAc, 25° 
Bromination," Br2, HOAc, 25° 
Benzoylation, C6H5COCl, AlCl3, 
Benzoylation, C6H5COCl, AlCl3, 
Benzoylation, C6H5COCl, AlCl3, 

C6H5NO2, 25° 
25° 
C2H4Cl2, 25° 

C2H4Cl2, 25° Acetylation, CH3COCl, AlCl3, 
Basicity," HF, 20° 
Deuteration, D2O, CF3CO2H, 70° 
Deuteration, CF3CO2H, 25° 
Chloromethylation, CH2O, HCl, ZnCl2, HOAc, 60° 
Basicity," HF, BF3, H-C7H16, 20° 
Iodination," ICl, ZnCl2, HOAc, 25° 
Deuteration, 68%, H2SO4, 25° 
Tritiation, 80.8% H2SO4, 25° 
Bromination, HOBr, HClO4, 50% dioxane, 25° 
Chlorination, HOCl, HClO4, H2O, 25° 
Brominolysis, ArB(OH)2, Br2, 20% HOAc, 25° 
Xitration, HXO3, 90% HOAc, 45° 
Xitration, AcOXO2, Ac2O, 0° 
Xitration, AcOXO2, Ac2O, 30° 
Xitration, HXO3, CH3XO,, 30° 
Sulfonylation, C6H5SO2Cl, AlCl3, 25° 
Detrimethylsilylation, ArSiMe3, Br2, 98.5% HOAc, 

25° 
Mercuration, Hg(OAc)2, HClO4, HOAc, 25° 
Mercuration, Hg(OAc)2, HClO4, HOAc, 50° 
Mercuration, Hg(OAc)2, HClO4, HOAc, 70° 
Detrimethylsilylation, ArSiMe3, HClO4, 50% 

MeOH, 51.2° 
Detrimethylsilylation, ArSiMe3, HCl, HOAc, 25° 
Mercuration, Hg(OAc)2, HOAc, 25° 
Mercuration, Hg(OAc)2, HOAc, 50° 
Mercuration, Hg(OAc)2, HOAc, 70° 
Mercuration, Hg(OAc)2, HOAc, 90° 
Detrimethylsilylation, ArSiMe3, ^-C7H7SO3H, 

HOAc, 25° 
Detrimethylsilylation, ArSiMc3, ^)-C7H7SO3H, 

H2O, HOAc, 25° 
Detrimethylsilylation, ArSiMc3, 0.02 -IfHg(OAc)2, 

HOAc, 25° 
Detrimethylsilylation, ArSiMe3, 0.4 IfHg(OAc)2 , 

HOAc, 25° 
Methylation, CH3Br, GaBr3, ArH, 25° 
Ethylation, C2H6Br, GaBr3, ArH, 25° 
Isopropylation, J-C3H7Br, GaBr3, ArH, 25° 
Methylation, CH3Br, AlBr3, ArH, 0-5° 
Methylation, CH3Br, AlBr3, ArH, 27-32° 
Methylation, CH3I, AlBr3, ArH, - 1 to 2° 
Methylation, CH3Br, AlBr3, 1,2,4-C6H3Cl3, 25° 
Benzylation, C6H5CH2Br, GaBr3, ArH, 25° 

1000 
600 
600 
617 

32.6 
30.7 
32.6 
4.5 

145 
253 
263 
117 
103 
144 
83 
70 
76 
134 

42 
47.3 
40.4 
36.6 
6.8 

4.98 
4.20 
3.24 

6. 
5. 
5. 
4. 
4. 
5. 
4. 
4. 
4. 
3. 
3. 
3 
4 
3 
6 
1 
2 
2 

5.71 
4.60 
4.03 
3.51 

15.7 

11.3 
9.51 
2.84 
1.52 
6.07 
4.41 
7.02 
8.60 

4.0 
3.3 
2.5 
3.56 
3.04 
2.33 
2.09 

3.2 
2.25 
2.41 
2.23 

2.3 
2.14 
2.23 
1.98 
1.83 
1.70 

17.5 2.0 

2.19 

10.8 1.99 

2.15 
1.7 
1.56 
1.41 
1.96 
1.85 
1.73 
1.81 

ti 

6000 
2420 
870 
820 
534 
831 
589 
626 
749 
414 
422 
350 
430 
145 
230 
83 
63 
59 
82 
78., 
58 
60 
51 
46 

3 
2 
1 

30.2 

49 
32.9 
28.8 
24.5 

21.2 
20.1 
23.0 
16.8 
13.5 
11.2 

16.5 

14.3 

11.5 

12.3 
11.8 
6 
5 
6 
5 

02 
05 
56 
19 

4.91 2.32 

11.0 
9.80 
9.43 

Si 

.000 

.644 

.241 

.219 

.053 
221 
090 
107 
192 

2.061 
2.044 
1.992 
1.993 
1.670 
1.544 
1.640 
1.457 
1.373 
1.311 
1.373 
1.366 
1.229 
1.226 
1.297 
1.160 

1.185 
1.165 
1.077 
1.041 

0.964 
.973 

1.014 
0.928 
.867 
.819 

.758 

.842 

.587 

.554 

.525 

.448 

.807 

.733 

.609 

log Pt 
log mt 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
2 
6.88 
5.26 
4.45 

86 
57 
21 
19 
05 
18 
07 
05 
22 
71 
52 
61 
11 
40 
89 

.18 
63 
43 
23 

3.54 
4.53 
4.63 

3.35 
4.31 
3.82 
3.99 

66 
95 
91 
12 
30 
56 

.917 4.05 

.815 3.40 

.762 3.55 

3.29 
4.66 
4.04 
4.72 
2.80 
2.68 
4,39 
3.84 
2.66 

— p 

12.39 
11.40 
10.32 
10.24 
9.66 
10.28 
9.88 
10.00 
10.07 
8.71 
8.89 
8.54 
9.35 
7.42 
10.14 
5.45 
5.69 
6.05 
7.77 
7.17 
6.04 
7.05 
6.47 
5.63 
4.97 

6.68 
5.26 
5.38 
5.00 

5.00 
4.72 
4.95 
4.17 
3.78 
3.84 

4.10 

35 
06 
66 
54 
39 
21 

3.59 
3 64 
4.39 

1.10 
0.68 
.18 
.17 
.08 
.15 
.01 
.01 
.19 
.64 
.48 
.54 
.06 
.30 

1.71 
1.40 
0.73 
.27 
.94 
.40 
.26 
.95 
.53 
.31 
.32 

.03 

.51 

.46 

.27 

.15 

.38 

.87 

.06 

.14 

.10 

.91 

Ref. 

50 
18 
40-42 
19 
43 
20 
21 
22 
23 
44,29 
38 
51 
5 

45-47 
48 
9 
17 
24 
25 
39 
20 
27 
27 
27 
28 

33 
29 

.65 

.16 

.17 29 

.04 29 

.26 34 

.07 35 

. 09 30 

. 13 30 
30 
30 

36 

4.53 .41 37 

4.06 .27 37 

12,31 
12,31 
32 

53 
54 

" An asterisk indicates that the partial rate factors are known with some confidence. b Electrophilic reaction is given 
first, then the molecule examined if other than toluene followed by the electrophilic reagent, catalyst, solvent and tempera
ture in that order. c Partial rate factors calculated from rate data for the polymethylbenzenes. 

16 and 17) for the exchange reaction carried out 
under similar conditions.917 

The second group was gathered by the critical 
examination of the substitution data in the first 

(17) L. Melander and S. Olsson, Ada Chem. Scand., 10, 879 (1956). 

series. Those included in the selected second 
series are substitution reactions whose partial 
rate factors have been obtained through a careful 
examination of the isomer distribution and for 
which either a kinetic or thoroughly tested com-
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TABLB II 

SlDE-CHAIN ELECTROPHILIC REACTIONS 

Reaction 

Ionization, Ar3COH, H2SO4, 25° 

Ionization, Ar3CCl, SO2, 0° 

Migration aptitude, (Ar2COH)2 

Rearrangement, A r C H O H C H = C H C H 3 

Solvolysis, ArCMe2Cl, 90% acetone, 25° 

Solvolysis, Ar2CHCl, 66.7% acetone, 0° 

Solvolysis, Ar2CHCl, 70% acetone, 0° 

Solvolysis, Ar2CHCl, 80% acetone, 0° 

Solvolysis, Ar2CHCl, 90% C2H6OH, 0° 

Solvolysis, Ar2CHCl, C2H6OH, 25° 

Solvolysis, ArCH2OTs, HOAc, 40° 

Solvolysis, ArCH2OTs, 76.6% acetone, 25.3° 

Solvolysis, ArCH2Cl, 4 8 % C2H6OH, 30° 

Solvolysis, ArCH2Cl, 4 8 % C2H6OH, 83° 

Solvolysis, ArCH2Cl, 50% acetone, 30° 

Solvolysis, ArCH2Cl, 50%, acetone, 60° 

Solvolysis, ArC(CH3)2CH2OBs, HOAc, 75° 

" Calculated from log pi/log mi with am-_cH3 
ref. 13. 

petitive procedure has been employed to determine 
the relative rate, toluene to benzene.18-32 Further 
data included in this group are derived from kinetic 
studies of replacement reactions, detrimethylsilyl-
ation,33-37 entries 26, 30, 31, 36-39; deuterium 
exchange,38 entry 11; and brominolysis of aryl-
boronic acids,39 entry 20. On the other hand, 
those reactions whose relative rate or equilibrium 
constants depend on the calculation of partial 
rate factors from observations on the higher 
methylbenzenes,40-48 entries 3, 5, 10, 14, 15; 

(18) H. C. Brown and L. M. Stock, T H I S JOURNAL, 79, 1421 (1957). 
(19) H. C. Brown and L. M. Stock, ibid., 79, 5175 (1957). 
(20) H. C. Brown and H. L. Young, J. Org. Chem., 22, 719 (1957). 
(21) H. C. Brown and F. R. Jensen, T H I S JOURNAL, 80, 2296 (1958). 

C. Brown and G. Marino, ibid., 81, 3308 (1959). 
C. Brown, G. Marino and L. M. Stock, ibid., 81, 3310 

Ol 

20.2 

2.00 

3.63 

2.9 

4.95 

4.78 

4.36 

4.11 

mt 

1.24 

2.32 

1.94 

1.21 

2.00 

1.72 

1.76 

1.79 

1.93 

2 .1 

2 .6 

1.79 

1.30 

1.39 

1.24 

1.20 

1.93 

Pi 

10.5 

22.4 

15.7 

8.99 

26.0 

32.1 

32.5 

32.9 

30.9 

16.2 

56.5 

29.8 

9.37 

10.6 

7.7 

8.7 

7.27 

Sf 

0.927 

.984 

.908 

.871 

1.113 

1.280 

1.266 

1.265 

1.204 

0.888 

1.337 

1.221 

0.858 

.877 

.794 

.860 

.576 

log pt 
log Wf 

10.97 

3.69 

4.15 

11.49 

4.70 

6.40 

6.20 

6.02 

5.21 

3.76 

4.22 

5.83 

8.53 

7.26 

9.50 

11.86 

3.01 

( T + P - C H B 0 

- 0 . 2 4 6 

.26 

.29 

.73 

.31 

.44 

.43 

.42 

.36 

.26 

.29 

.40 

.59 

.50 

.66 

.82 

.21 

Ref. 

13,57 

58 

59 

60 

61 

62 

62 

62 

62 

63 

64 

65 

66 

66 

67 

67 

68 

0.069 unless otherwise indicated. h Published value of Deno and Evans, 

(22) H 
(23) H 

(1959). 
(24) P. B. D. de la Mare and J. T. Harvey, J. Chem. Soc, 36 

(1956). 
(25) P. B. D. de la Mare, J. T. Harvey, M. Hassan and S. Varma, 

ibid., 2756 (1958). 
(26) H. Conn, E. D. Hughes, M. H. Jones and M, A. Peeling, Nature, 

169, 291 (1952). 
(27) C. K. Ingold, A. Lapworth, E. Rothsteinand D. Ward, J. Chem. 

Soc, 1959 (1931). 
(28) H. C. Brown and F. R. Jensen, T H I S JOURNAL, 80, 4046 (1958). 
(29) H. C. Brown and C. W. McGary, ibid., 77, 2300 (1955). 
(30) H. C. Brown and C. W. McGary, ibid., 77, 2306 (1955). 
(31) H. C. Brown and C. R. Smoot, ibid., 78, 6349 (1956). 
(32) H. C. Brown and S. U. Choi, ibid., 81, 3315 (1959). 
(33) C. Eaborn and D. E. Webster, / . Chem. Soc, 4449 (1957). 
(34) C. Eaborn, ibid., 4858 (1956). 
(35) R. A. Benkeser and R. A. Hickner, unpublished results. 
(36) R. A. Benkeser and H. R. Krysiak, T H I S JOURNAL, 75, 4528 

(1953). 
(37) R. A. Benkeser and D. I. Hoke, unpublished results. 
(38) W. M. Lauer, G. Matson and G. Stedman, T H I S JOURNAL, 80, 

6433 (1958). 
(39) H. G. Kuivila and A. R. Hendrickson, ibid., 74, 5068 (1952). 
(40) F. E. Condon, ibid., 70, 1963 (1948). 
(41) P. B. D. de la Mare and P. W. Robertson, J. Chem. Soc, 279 

(1943). 
(42) E. Wertyporoch, Ann., 493, 53 (1932). 
(43) G. Illuminatl, RU. Sci., 26, 2752 (1956). 
(44) M. Kilpatrick and F. E. Luborsky, T H I S JOURNAL, 75, 577 

(1953). 
(45) D. A. McCaulay and A. P. Lien, ibid., 73, 2013 (1951). 
(46) F. E. Condon, ibid., 74, 2528 (1952). 
(47) H. C. Brown and J. D. Brady, ibid., 74, 3570 (1952). 
(48) R. M. Keefer and L. J. Andrews, ibid., 78, 5623 (1956). 

where serious steric factors or the relative stability 
of x-complexes may be important,18'48'49 in addition 
to other deuterium exchange reactions,9'17'60'51 

entries 1, 12, 16, 17; and those reactions which are 
subject to major kinetic errors due to difficult 
experimental problems,62-66 entries 43-47, have 
been omitted from this preferred group. These 
restrictions result in the selection of 32 reactions 
for which the partial rate factors are known with 
considerable confidence. These selected reactions 
are indicated by an asterisk in Table I. 

The third series of reactions is composed of those 
side-chain reactions of m- and ^-tolyl derivatives 
in which an electron deficient intermediate or 
transition state may be expected to have a signifi
cant role in the determination of relative reactivity, 
Table II.56-68 

The fourth sequence of reactions was from typical 
side-chain reactions of the Hammett type. For 
this purpose, the reactions of m- and ^-tolyl deriva-

(49) H. C. Brown and C. W. McGary, ibid., 77, 2310 (1955). 
(50) A. I. Shatenshtein, V. R. Kalinachenko and Y. M. Varshavskiy 

Zhumal Fizicheskoi Khimii, 30, 2098 (1956). 
(51) E. L. Mackor, P. J. Smit and J. H. van der Waals, Trans. Fara

day Soc, 53, 1309 (1957). 
(52) H. C. Brown and H. Jungk, T H I S JOURNAL, 77, 5584 (1955). 
(53) H. Jungk, C. R. Smoot and H. C. Brown, ibid., 78, 2185 (1956). 
(54) H. C. Brown and B. A. Bolto, ibid., 81, 3320 (1959). 
(55) These reactions are typified by alkylation studies. 
(56) The greater portion of these data and that for other substituent 

groups have recently been examined with regard to the applicability 
of o-j,+-substituent constants, ref. 14, 15. 

(57) N. C. Deno, J. J. Jaruzelski and A. Schriesheim, T H I S JOURNAL, 
77,3044(1955). 

(58) N. N. Lichtin and M. J. Vignale, ibid., 79, 579 (1957). 
(59) W. E. Bachmann and F. H. Mosher, ibid., 54, 1124 (1932). 
(60) E. A. Braude and E. S. Stern, / . Chem. Soc, 1096 (1947). 
(61) H. C. Brown, J. D. Brady, M. Grayson and W. H. Bonner, T H I S 

JOURNAL, 79, 1897 (1957). 
(62) V. J. Shiner and C. J. Verbanic, ibid., 79, 369 (1957). 
(63) J. F. Norris and C. Banta, ibid., 50, 1804 (1928). 
(64) A. Streitwieser, Jr., and R. H. Jagow, quoted in Chem. Revs., 56, 

571 (1956). 
(65) J. S. Kochi and G. S. Hammond, T H I S JOURNAL, 75, 3445 

(1953). 
(66) S. C. J. Olivier, Rec Iran, chim., 41, 301 (1922). 
(67) S. C. J. Olivier, ibid., 49, 697 (1930). 
(68) R. Heck and S. Winstein, T H I S JOURNAL, 79, 3432 (1957). 
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TABLB I I I 

HAMMETT SIDE-CHAIN REACTIONS OF m- AND ^>-TOLYL DERIVATIVES 

Reaction log mi log pt (Pi/mi) log mi Ret. 

1 Solvolysis of benzyl fluorides in ethanol at 76° 
2 Decomposition of benzoyl peroxides in dioxane at 80° 
3 Acid hydrolysis of arylsulfuric acids at 78.6° 
4 Ionization of anilinium ions in water a t 25° 
5 2-Methylbenzoic acids with phenyldiazomethane at 30° 
6* Anilines with formic acid in pyridine-water at 100° 
7* Hydrolysis of formanilides in pyridine-water at 100° 
8* Ionization of benzoic acids in water at 25° 
9* Benzoic acids with cyclohexanol at 65° 

10* Phenolate ions with propylene oxide in 98% ethanol at 70° 
11 Anilines with dinitrochlorobenzene in ethanol at 25° 
12* Alkaline methanolysis of i-menthyl benzoates at 40° 
13* Hydrolysis of benzoyl chlorides in acetone-water at 0° 
14 Anilines with dinitrochloronaphthalene in ethanol at 25° 
15* Anilines with formic acid in pyridine-water at 100° 
16 Anilines with dinitrochlorobenzene in ethanol at 100° 
17* Ionization of phenols in 4 8 % ethanol at 20-22° 
18* Ionization of 2-methylbenzoic acids in 50% ethanol at 25° 
19* Phenolate ions with sodium methylsulfate in water at 100° 
20* Phenolate ions with ethyl iodide in ethanol at 25° 
21 Ionization of phenols in water at 25° 
22* Alkaline hydrolysis of benzamides in water at 100° 
23* Ethanolysis of benzoyl chlorides at 25° 
24* Hydrolysis of ethyl benzoates in 5 1 % acetone at 25° 
25* Ionization of pyridinium ions in water at 25° 
26* Ionization dimethylanilinium ions in 50% ethanol at 20° 
27* Ionization of thiophenols in 9 5 % ethanol at 20° 
28* Alkaline hydrolysis of ethyl phenylacetates in 56% acetone at 25° — 
29* Alkaline hydrolysis of benzyl acetates in 56% acetone at 25° 
30* Ionization of thiophenols in 48.9% ethanol at 20-22° 
31* Phenolate ions with ethylene oxide in 98% ethanol at 70.4° 
32* Ionization of phenylpropionic acids in water at 25° 
33 Decomposition of benzoyl peroxides in acetophenone at 80° 
34 Acetophenones with bromine in 75% acetic acid at 25° 
35 Ionization of phenylboronic acids in 2 5 % ethanol at 25° 
36 Alkaline hydrolysis of formanilides in pyridine-water at 100° 
37 Alkaline hydrolysis of ethylbenzoates in 87.36% ethanol at 25° 
38 Acid-catalyzed esterification of benzoic acids in ethanol at 25° 
39 Acid hydrolysis of benzyl acetates in 56% acetone at 25° 
40 Acid hydrolysis of phenyl acetates in 56% acetone at 25° 
41 Methanolysis of benzoyl chlorides at 0° 
42 Acid hydrolysis of benzamides in water at 100° 
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tives tabulated by Taffe" have been utilized.69 known. In order to examine the data in critical 
Taffe" lists 42 reactions for which both nts and pt are detail those reactions involving radicals, poly-

r *, „, „ ,,-.< „r>, « • . L J substituted aromatic compounds, nucleophilic sub-
(69) H. H. Jaffe\ Chem. Revs., 53, 191 (1953). We are indebted to . . . , . , , , , , • r < • . „ „_ „ „ „ Aif 

Mr. A. Tsukamoto for the compilation o/ the original data from the St l tUt lOnS a n d d a t a o b t a i n e d IU tWO Or m o r e dlf-

iiterature cited by taffe. ferent laboratories were rejected prior to further 
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examination. These considerations eliminated 10 
reactions. Surprisingly, for the remaining re
actions the log pi /log mi ratio varied from 37.5 
to —1.92. This variation is due in part, if not 
entirely, to the errors accompanying the determi-
nation'of small differences in the rate of equilibrium 
constants in these systems. In order to provide 
a series of reactions which would agree reasonably 
well with an equation of the Hammett type, we 
have arbitrarily discarded those few results for 
which the log pi/log mi value is greater than 4.0 or 
less than 1.0. The selected reactions are indicated 
by an asterisk in Table III. 

Each reaction series has been examined statisti
cally for fit to equations 2, 3 and 4. The results of 
the least squares analysis and the cr-constant 
calculated from the slope are reported in Table IV. 

TABLE IV 

STATISTICAL CONSTANTS FOR INDICATED REACTION SERIES 
Corre
lation 
equa
tion Reaction series0 

1 All electrophilic sub
stitution reactions 

2 Thirty two selected 
substitution reac
tions 

3 Electrophilic side-
chain reactions 

4 Hammett side-chain 
reactions 

bb rc s<* ne CTVCHJ/ 

2 4.026 0.916 0.320 47 - 0 . 2 7 8 
3 1.316 .999 .102 47 - .287 
4 0.316 .978 .103 47 - .283 
2 4.019 .999 .208 32 - .277 
3 1.325 .999 .069 32 - .282 
4 0.325 .990 .068 32 - .281 
2 4.858 .853 .408 17 - .335 
3 1.223 .997 .099 17 - .378 
4 0.223 .929 .098 17 - .378 
2 1.724 .976 .076 23 - .119 
3 2.052 .963 .094 23 - .134 
4 1.054 .874 .093 23 - .134 

° See text for basis of selection. b Least square regression 
line slope. c Correlation coefficient. d Standard deviation 
from regression line. « Number of reactions examined in 
each series, f Calculated from slope, b, and am-cju —0.069. 

The correlation coefficient may be unambiguously 
interpreted and following Jarre's suggestion r > 
0.99 indicates excellent, > 0.95 satisfactory and > 
0.90 fair fit to the developed regression equations.69 

However, the standard deviation, s, does not lend 
itself to simple interpretation since it depends on the 
absolute magnitude of the data included in the cor
relation.69 I t appeared desirable then to examine 
the precision of the equations by another method. 
This was accomplished by the adoption of the <r-
values, o-m-0.069and o>+ -0.280, and the compu
tation of p for both the m- and ^-positions. 

Pm = ( log mi) IHn (5) 

PP = ( log PfVtTp+ (6) 

The p-values for each reaction were averaged and 
the percentage difference determined. This varia
tion in p is then a direct measure of the variation 
in the log of the appropriate partial rate factor or 
in the difference in free energy for the process. 
The percentage error in p was then averaged over 
all the data in the reaction series. This value is 
reported in Table V together with the <r-values 
utilized for the computation. 

Discussion 
Evaluation of the Linear Free Energy Relation

ship.—On the basis of the statistical constants 
developed from the least squares analysis in accord 
with the conditions (stated above) as specified by 
Jaffe\69 the second series of 32 critically selected 

TABLE V 

PERCENTAGE ERROR IN p FOR EACH REACTION SERIES 
Aver
age 
% 

error 
dm nf> in p 

-0.069 47 7.25 
Reaction series0 

1 All electrophilic substn. - 0 . 2 8 0 
2 Thirty two selected 

substn. - .280 - .069 32 5.36 
3 Electophilic side-chain - .378 - .069 17 17.2 

- .280 - .069 17 24.9 
4 Hammett side-chain - . 129 - .069 23 18.5 

- .170 - .069 23 20.8 
" See text for basis of selection. b Number of reactions 

in each series. 

electrophilic substitution reactions indicates excel
lent agreement with a linear free energy relation
ship for each equation (2, 3, 4), Table IV. The log 
pt/log mi ratio is quite constant 4.04 ± 0.37. 
A plot of the data, log pi vs. \og{pi/mi) Fig. 1 

Fig. 1.—Relationship between log pj and Selectivity 
Factor, Sf, for electrophilic substitution reactions of toluene. 
Points which are established with confidence are indicated 
by closed circles. 

(closed circles), also reveals this excellent agree
ment. This treatment is equivalent to a plot of 
log pt against log mi. As Gold and Satchell have 
pointed out, the linearity of such a diagram provides 
an excellent test of a linear free energy relation
ship.9 Furthermore, the average percentage error 
in p is only 5.36. These 32 reactions then fulfill 
all the requirements by which a free energy re
lationship may be tested. It is clear that such a 
relationship does apply to the experimental ob
servations. 
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Consideration of the complete first series, com
prised of all the electrophilic substitution data, 
reveals tha t equations, 2, 3 and 4 provide fair, 
excellent and satisfactory agreement with a linear 
free energy relationship as measured by the cor
relation coefficient. When the experimental dif
ficulties and potential errors involved in the eval
uation of mi are considered, the agreement must 
be regarded as somewhat more than satisfactory. 
For the purpose of this discussion, the ratio log 
pt/log mt provides a valuable measure of the ad
herence to the Selectivity Relationship. For the 
entire series this ratio is 4.04 ± 0.55 and identical 
to the value obtained for the selected reactions. 

The higher limit for this ratio, 6.88, was obtained 
by Gold and Satchell9 for the deuterium exchange 
reaction, entry 16, Table I. Indeed, the various 
measurements concerning these exchange reactions, 
entries 1, 11, 12, 16 and 17, provide varying ob
servations, log pt/log mi ratio ranging between 6.88 
and 4.52. I t would be highly desirable to establish 
whether these variations are real or merely the 
consequence of the relatively difficult technique 
involved in these measurements. 

The minimum value for log pf/log ms has been 
obtained in the reaction of toluene with benzyl 
bromide catalyzed by gallium bromide,54 entry 47. 
Low values of this ratio also are reported for other 
alkylation experiments.62 '53 A characteristic of 
such reactions is their sensitivity to isomerization 
and disproportionation under the influence of the 
electrophilic catalysts. The relative rate data 
established for the systems noted above could be 
determined only through the employment of com
petitive flow reactor techniques. Furthermore, in 
the case of methylations, the competitive procedure 
was complicated by the presence of toluene as both 
a reactant and a product. These iifnculties present 
a barrier to the achievement of precise experimental 
data. Other alkylations, entries 40-42, methyla-
tion,31 ethylation3 1 and isopropylation,32 in which 
these experimental difficulties were not encountered, 
provide partial ra te factors which are m agreement 
with the linear relationship. The values of log 
pt/log mi for the above reactions are 4.66, 4.04 and 
4.72, respectively. 

Other data which have been discarded from the 
selected series were developed from polymethyl-
benzene substi tution or equilibrium data, entries 
3, 5, 10, 14, 15. Although much of this information 
conforms to the relationship, it has been discarded 
on a formal basis, since the full applicability of the 
approximations utilized has not yet been estab
lished. 

When the probable experimental deviations are 
recognized, the agreement realized must be con
sidered highly satisfactory. The average percent
age error in the reaction constant for this series, 
7.25, is only moderately larger than the value ob
served in the series of selected reactions. 

On a theoretical basis, serious deviations from 
the relationship might have been anticipated for re
actions which were either highly selective (large 
absolute p) or relatively non-selective (small ab
solute p) due to the change in resonance contribu
tion of the ^-methyl group as a function of the 

energy requirements of the reactants. I t is ap
parent tha t the highly selective reactions, e.g., 
halogenation, Friedel-Crafts acylation, obey the 
relationship, as do the less selective reactions, 
mercuration and Friedel-Crafts alkylation. Since 
the scatter throughout the range of activity thus 
far examined is random, a relation between the 
reaction constant and the log pt/log mi ratio is 
not substantiated. 

Examination of the available data on electro
philic side-chain reactions reveals a much less 
satisfactory fit to the Selectivity Relationship 
(Fig. 2). Experimental uncertainties and dis
crepancies exist in several cases and a portion of the 
apparent deviations may be a t t r ibuted to this fac
tor. Indeed, re-examination of some of the systems 
listed in Table I I has yielded values of log pt/log 
mt in far better agreement with the values for this 
quant i ty which are observed in aromatic substi
tution70 (Table I ) . We hope to report these results 
shortly. 

Least squares analysis of the data (Table II) 
yields a regression line significantly different from 
tha t obtained for the aromatic substitutions, Table 
IV. In the case of the side-chain reactions, the 
average value of log pt/log mt is both larger and 
more variable, 6.64 ± 2.33, than in the former 
series, 4.04 ± 0.55. Utilizing a er+-value for p-
methyl of —0.378 results in an average error in the 
reaction constant, p, for these reactions of 17.2% 
(Table V). Adoption of the value derived from the 
substitution reactions, —0.280, gives rise to an 
average error of 24.9% in p. 

These errors would appear to be greater than 
could be tolerated in a really satisfactory quanti
tat ive relationship. In view of the discrepancies 
tha t we have already observed in certain of the 
data used in this analysis, it is probably desirable 
to reserve judgment for the present as to the de
gree of the correlation which may be realized 
utimately between side-chain electrophilic reactions 
and the Selectivity Relationship. 

The side-chain reactions of m- and />-toly] deriva
tives typical of those reactions correlated by the 
Hammet t equation have also been examined for 
their fit to the correlations utilized for the electro
philic reactions. Somewhat unexpectedly, the 
fit realized in the Selectivity plot (Fig. 3), reveals 
considerable scatter, easily as large as tha t observed 
with the electrophilic side-chain data (Fig. 2). 
The statistical analysis (Table IV) confirms this 
conclusion. The correlation revealed by these 
data is far less satisfactory than tha t exhibited by 
the electrophilic substitution results, and even less 
satisfactory than tha t shown by the electrophilic 
side-chain reactions. Utilization of the best value 
of o-̂ s-Me, —0.129, results in an average error in the 
reaction constant of 18.5%. This is increased to 
20.8%; if the value, —0.170, based on the ionization 
of the benzoic acid is used. I t is therefore apparent 
tha t the effects of methyl substituents on electro
philic reactions are correlated more satisfactorily 
than are the effects of these groups on the so-
called normal side-chain reactions. 

Evaluation of Electrophilic Substituent Constants. 
("O) Unpublished results of Dr. V. Okamoto and research in progress 

by Dr. S. Nishida. 
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Fig. 2.—Relationship between log pj and log pf/tn/ for 
electrophilic side-chain reactions. 

—The available data on the substitution of toluene 
clearly follow the Selectivity Relationship. Con
sequently, iT+p-Me/(T+M-Me must be a constant. It 
has been observed that excellent linear relation
ships are realized between log k for w-substituted 
derivatives and the Hanimett a constants for these 
substituents. On this basis, it is reasonable to 
equate o-+

m-Me with am-Me (-0.069). It follows 
that the electronic contributions of p-methyl in 
electrophilic substitutions can be represented by a 
constant with a high degree of precision. 

Ideally, such electrophilic substituent constants 
should be based on substitution data. An attempt 
to derive these constants from substitution data 
proved unsatisfactory because of the paucity and 
uncertainty of the available data.11 In the ab
sence of such data, the solvolysis of il-cumyl chlo
rides was adopted as a convenient alternative route 
to electrophilic substituent constants. I t results 
in the value -0.311 for p-methyl.14'15 

It is now possible to calculate CT+-P-Me from the 
substitution data. For these reactions, log pi/\og 
mi = (jVME/'crm-Me is 4.04 ± 0.55. Adopting 
the value, <rm-Me —0.069, this approach yields a 
value for ^ V M 6 of -0.280 ± 0.04. Consequently, 
in the case of the methyl substituent the value of 
the electrophilic constant from the i-cumyl series 
agrees with the value based on the many substi
tution results, within the experimental uncertainty 
in these data. 

The applicability of the Selectivity Relationship 
to the substitution reactions of toluene now ap
pears to have been established with considerable 
certainty. Moreover, the electrophilic substituent 
constant derived from substitution data appears to 
be in satisfactory agreement with the value based 
on the solvolysis of the £-cumyl chlorides. 

cTO.O • 

O 

-1.0 " 

Fig. 3.—Relationship between log pf and log p//ni/ for 
Hammett type side-chain reactions. 

The question as to whether this treatment can 
be extended to correlate the substitution reactions 
of other benzene derivatives with equal precision 
cannot now be examined satisfactorily, because of 
the paucity of the available data. In order to 
obtain such data, we are studying typical substi
tution reactions of /-butylbenzene, anisole and bi-
phenyl. These results should permit a decision 
as to whether this approach, which has proved so 
successful in the case of toluene, can be extended to 
other monosubstituted benzenes. I t should then 
also be possible to test rigorously the validity of our 
original assumption that the electrophilic constants, 
based upon the solvolysis of ^-cumyl chloride deriva
tives, should be applicable to the correlation of 
electrophilic aromatic substitutions. 

Although we are exercising caution in extending 
this approach to other substituents, the available 
data appear highly promising for the development 
of a truly quantitative treatment of aromatic substi
tution. 
LAFAYETTE, IXD. 


