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The applicability of the Selectivity Relationship to the electrophilic substitution reactions of the halobenzenes has been 
examined. For substitution meta to  the halogens, the ratios log n?ix/log pi"e  are m-F, -0.96 i 0.14; m-C1, - 1.22 + 0.26; 
and m-Br, - 1.14 zt 0.25. The u+-constants calculated from these ratios are in good agreement with the values based on 
t-cumyl chloride solvolysis. Graphical analysis of the data for mptn substitution indicates substantial agreement with the 
expectations of the Selectivity treatment. For substitution pura to the halogens, the ratios log pix/log PiMa are p-F, 
0.07 f 0.14; p-C1, -0.41 zt 0.17; p-Br, -0.48 i 0.18 and p-I, -0.43 i 0.27. The u+-constants calculated from these 
ratios are also in agreement with the predictions of the solvolysis studies. Graphical analysis of these data for p-Cl, p-Br 
and p-I indicates the substitution reactions involving the replacement of 111-drogen adhere to the relationship satisfactorily. 
On the other hand, substitution reactions involving the rupture of a carbon-metal bond exhibit more serious deviations 
from the correlation line. The results, hoxever, provide reasonable agreement with the expectations of a first-order free 
energy correlation. The large variations found in the logarithmic ratio are revealed 
as random deviations by the graphical analysis. The magnitude of these deviations is not greater than that  found for 
the p-C1 substituent in Hammett side-chain reactions. Moreover, the application of second-order treatments does not 
provide a better correlation of the data or an understanding of the deviations. It is suggested that the observations are 
compatible with the expectations of the Selectivity Relationship. The random discrepancies are considered to be the conse- 
quence of the operation of other factors, e.g., association of reagent and substrate, which introduce variations in reactivity 
hut cannot be introduced into free energy treatments. 

For p-F, the situation is less certain. 

Introduction 
The original proposal that  the electrophilic sub- 

sitution reactions of the monosubstituted benzenes 
might be correlated satisfactorily by a modified 
Hammett treatment was made in 1953.3 In  the 
past few years data have been obtained providing a 
test of this suggestion by an examination of the 
adherence of the results to the Selectivity Relation- 
ship.4 The partial rate factors have been examined 
for the substitution reactions of tolueneJ5 t-butyl- 
benzene,6 anisoleJ7 biphenyl8 and fluorene.8 

Investigations in this and other laboratories have 
shown the treatment to apply satisfactorily to m- 
methylJsf p-methyPf and p-t-butyl6d substituents. 
For the m-t-buty16d and p - m e t h ~ x y ~ ~  groups, the 
limited experimental results indicated the appli- 
cability of the Selectivity treatment to be somewhat 
less precise but no less satisfactory than for the 
other substituents. On the other hand, the electro- 
philic substitution reactions for biphenyl did not 
yield a satisfactory correlation.8e The utility of 
the treatment for kubsti tution in planar fluor- 
enese suggested the intrusion OF a steric effect in bi- 
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phenyl causing serious variations in the electronic 
contributions of the p-phenyl group.8e 

Other interpretations have been advanced con- 
cerning the discrepancies exhibited by the phenyl 
substituent. The opposing resonance and induc- 
tive roles of the p-phenyl group have been argued 
to interfere with the achievement of a correlation 
based on the simple first-order Hammett equation. 
A discussion of certain electrophilic substitution 
reactions of biphenyl and the halobenzenes led 
Norman and his associates to this conclusion. lo 

Similar views had been expressed earlier by de la 
Mare and Hassan.11 Indeed, this viewpoint has 
been made the basis of second-order, three-param- 
eter correlation equations for electrophilic reac- 
tions. 10.12 

The detailed investigations of selected substituent 
groups6 -8 have not included a substituent group 
with large and opposing electronic influences. 
Clearly, the halobenzenes were ideally suited for 
this purpose. Accordingly, the mercuration, 13a 

ethy1ation,l3b acety1ationl3c and ~ h l o r i n a t i o n ' ~ ~  
reactions have been studied. The experimental 
results O C  these investigations and other studies are 
summarized and examined for adherence to the 
Selectivity Relationship in this paper. 

Discussion 
Summary of Data for Substitution Reactions of 

the Ha1obenzenes.-The partial rate factors and 
associated quantities for the substitution of fluoro-, 
chloro-, bromo- and iodobenzene are summarized 

(9) I n  view of the rapidly expanding literature concerning multi- 
parameter p u  treatments i t  appears desirable to  refer t o  the proposed 
Selectivity Relationship and the original Hammett  equation as first- 
order treatments. 

(10) J R .  Knowles, R .  0. C. Norman and G. K.  Radda. J .  Chrin 

(11) P I3 0 de la \ lare  and RI. Hassan, i b i d  , 3004 (1957). 
(12)  'i Tukawa and Y .  Tsuno, Ridl. C h e m  S o r .  Japan, 32, 071 

fl959) 
(13)  (a) H.  C .  Broan and G Coldman, J .  A n i .  Cheni.  S o < ,  84, 

1630 (1962); (b) H C Br<,wn and A. Neyens, i b i d . ,  84, 1655 (1962); 
(c) H. C. Brown and G. Marino, i b i d . ,  84, 1658 (1982); (d) L. h.I. 
Stack and F. W, Baker, i b i d , ,  04. 1661 (1962). 

SOC. ,  4886 (1960). 
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TABLE I 
PARTIAL RATE FACTORS FOR meta AND para SUBSTITUTION IN THE HALOBENZEXES 

,---Fluoro-- --Chloro-----. -Bromo------. ---Iodo- 
Reaction, conditions' Sf mi Pr mi $1 mr 9f mt Ref. 

Bromination(P), Brz, HOAcCHaNOz, 25' 2.05 O.OOIOb 4.62 0.00057b 0.145 0.00053b 0.0618 0.002Zb 0.0802 14 

Acetylation, AcC1, AICls, CIH~CI?, 25' 2.19 1.51 ,0003 
T exchange, ArT, H + ,  HzO-CFaCOzH, 25' 1.88 l , 7 9  ,0015 .ltil .00ld ,090 ,003" ,112 15 
Nitration, " 0 8 ,  CHaNO?, 2 5 O  I . X V  . . . . . . .  0 . 7 7  ,00084 ,130 ,00098 ,103 ,0112 ,776 16 
Bromodeboronation, ArR(OH)?, Br?, 20% 

HOAc, 25' 1 37 ,039 2.81 ,0349 ,539 ,044 ,413 ,072 .498 17 
Bromodesilylation, ArSiMea, Brz, 98.5% 

HOAc, 2 5 O  1 . 2 3  . . . . . . .  0.68 ,0030 ,092 . . . . . . .  ,071 . . . . .  ,088 18 
Mercuration, Hg(OAcz)z, HOAc, 2 5 O  1.01 .04 2 .98  ,000 .3G .054 . 2 7  . . . . . . . . .  13a 
Protodeboronation, ArB(OH)z, HzSOrHz0,25'  1.38 ,032 2 . 1  ,025 . . . . . . . . . .  .30 . . . . . . . . .  19 
Protodesilylation, ArSiMes, HClOa. MeOH- 

H?0,51.2' 0.96 . . . . . . .  0.75 ,012 .13 . . . . . . .  .IO . .10 20 
Destannylation, ArSnMes, HClOa, EtOH-Hz0, 

50 .47 . . . . . . .  . 6 2  ,039 ,187 ,145 21  
D-germanylation, ArGeEts, HClOa, MeOH- 

Hz0, 50' ,813 . . . . . . .  .92 ,017 ,167 . . .  ,127 .13 22 
Ethylation, EtBr,  GaBrs, CzHaCIz, 25' .58 ,116 ,738 . lo2  ,538 ,087 ,433 . . . . . . . . .  13b 
Solvolysis, ArCMezCl, 90% Acetone, 25' 1.114 .025 2.14  .0lG , 305  ,014 ,208 .b23 ,244 23  

Chlorination, Clz, 60% HOAc, 25' 2.10 .005Gb3C 3.93 .0023bc ,406 .0032b,C ,310 . . . . . . . . .  13d 
,126  . . . . . . .  ,084 . . . . . . . . .  13c 

. . . . . . .  . . . . . . . . .  

. . . . .  

a Electrophilic reagent, catalyst, solvent and temperature. Average value of two approximate methods; see ref. 14. 
e Value for Sf in doubt;  Based on kinetic data for p-halotoluenes; see ref. 13d. d Approximate values; see ref. 15. 

see text. 

in Table I. For convenience the ortho partial rate 
factors are not included in the table. 

The partial rate factors assembled in Table I are 
not devoid of errors or uncertainties. The bromina- 
tion data are based on the polymethylbenzene ap- 
proach14 and are subject to the limitations imposed 
by the possible failure of simple additivity in the 
influences of substituent groups. Similarily, the 
mr-values for chlorination are based on rate data 
for disubstituted compounds. 13d The tritium ex- 
change, acetylation, mercuration and ethylation 
studies appear to be free of significant error. 

Unfortunately, the results for the nitration reac- 
tion are subject to rather large uncertainties. At 
the present i t  is not possible to compare the in- 
fluence of substituents under similar conditions. 
Values for Sf in the range 1.22 to 1.66 have been 
reported for the nitration reaction. These varia- 
tions reflect the real change in selectivity of nitra- 
tion reagents and the experimental uncertainty in 
the analyses for small concentrations of metu iso- 
mer in the presence of large concentrations of the 
other products. A recent study revealed Sf for 
nitration with acetyl nitrate in acetic anhydride a t  
25' to be 1.36.16c These conditions are very 
similar to those employed by Bird and Ingold to 
measure the relative rates of nitration of the halo- 
benzenes. 16a The isomer distributions obtained 
by Roberts and his associates, however, are for re- 

(14) G. Illuminati and G. Marino, J .  A m .  Chem. Soc., 7 8 ,  4975 

(15) C. Eaborn and R. Taylor, J .  Chem. Soc., 2388 (1961). 
(16) (a) M. L. Bird and C. K .  Ingold, ibid., 918 (1938); (b) J. D. 

Roberts, et al.,  J .  A m .  Chem. Soc.,  76, 4527 (1954); (c) L. M. Stock, 
J. Org. Chem., 26, 4120 (1961); also ref. 10. 

(17) H. G. Kuivila and A. R. Hendrickson, J .  A m .  Chem. Soc., 74, 
5068 (1952). 
(18) C. Eaborn and D. E. Webster, J .  Chem. Soc., 179 (1960); 4449 

(1957). 

(1956). 

(19) K. V. Nahabedian and H.  G. Kuivila, J .  A m  Chem. Soc., 85, 
2167 (1961). 

(20) C. Eaborn, J Chem. Soc , 4858 (1956); F. B Deans and C. 

(21) C. Eaborn and J. A. Waters, ibid., 542 (1961). 
(22) C. Eaborn and K. C. Pande, ibid., 297 (1961). 
(23) H.  C. Brown. Y .  Okamoto and G .  Ham, J .  Am.  Chcm. Soc., 79, 

Eaborn, ibid., 2299 (1959). 

1906 (1967). 

action with fuming nitric acid in nitrornethane. 16b 

Indications that acetyl nitrate is possibly a more 
selective reagent than pure nitric acid are provided 
by the variations in relative rate observed for these 
reactions. The iodobenzene to benzene rate ratio 
was found to be 0.13 for the reaction of the ester in 
acetic anhydride and only 0.22 by reaction of the 
acid in nitromethane.IGb The large uncertainty in 
this reaction is indicated in the diagrams. 

The model reactions studied by Eaborn and Kui- 
vila and their associates also appear to have been 
carefully examined. However, an examination of 
the experimental results for the bromodeborona- 
tion reaction indicated the existence of uncertain- 
ties of 10-15yo in the rate constants.24 Rloreover, 
the large changes in relative rate involved in these 
studies required the adoption of different conditions 
for the comparison of diverse substituents. The 
variations in relative rate introduced by this proce- 
dure appear to be small. However, caution appears 
advisable in discussions centering on minor varia- 
tions in reactivity in these series. As pointed out 
by Eaborn and \\7aters,21 the destannylation reac- 
tion does not adhere to the treatment and these 
data are not considered in the discussion. 

Electrical Influences of Halogen Substituents.- 
As has been pointed out, the halogen substituents 
exhibit a remarkable sequence of reactivity. The 
results summarized in Table I indicate the p-F and 
H substituents have approximately the same effect 
on the rate of electrophilic reactions. The other p -  
halogens deactivate the aromatic ring with p -  
chloro less deactivating than p-bromo. The in- 
fluence of the p-iodo substituent is quite variable 
but apparently intermediate between the p-chloro 
and p-bromo groups. 

911 the nz-halogens decrease the reactivity of the 
benzene nucleus. For this position, the reactivity 
sequence is very similar to that found for para sub- 
stitution. The observations indicate H >> m-F 
> m-C1 = m-Rr. This order is reflected in the 
Hammett a-constants for the halogens, u m - ~  

(24) We are indebted t o  Professor Kuiviln for providing US with tha 
original observations. 
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1 Brornodesilpatian-- 

I Protodeboronotion 
- 4  0- Bromodeboronation ’ 

I 1  1 I 
O C  10 20 3 0  

S f  

Fig. 1.-Relationship between log m? for m-F, m-C1 and 
Arrows on the corre- 

The guide lines 
m-Br and the Selectivity factor, Si. 
lation lines indicate the proper ordinate. 
are defined by the Sr value for each reaction 

0.337, Um-Cl 0.373, 0.391 and the u+-con- 
stants based on the solvolysis reaction,25 u + , ~ - F  

In each case 
the m-fluoro group deactivates less than the other 
halogens. For the solvolysis of t-cumyl chlorides, 
i t  was suggested that the m-fluoro group was cap- 
able of electron release by conjugation coupled 
with inductive relay as shown in structure IC. 

352, u ‘m-CI 0.309 and U+m-& 0.405. 

H3C,i,CH3 H3C\ ,CHJ HsC\+,CH3 c C c 

- (j+, -E& F- 
Ia Ih  IC 

The finding that a similar order of reactivity exists 
for electrophilic substitution requires a modification 
of this interpretation. Structures of the type IC 
are not possible in the u-complex. In  the transition 
state for direct substitution reactions, as approxi- 

IIa I Ih  IIC 

(25) H. C. Brown and Y. Okamoto, J .  An. Chcm. Soc.. 80, 4929 
(1958). 

mated by the u-complex, resonance interaction is 
permissible only through structure IIc. Another 
interpretation for the meta sequence is based on the 
polarization of the aromatic by an electrophilic 
reagent (Z+). In  this situation, the latent reson- 
ance effects of the m-fluor0 substituent are induced 
as in IIIb. 

‘/ t 

I I Ia  IIIb 

The role of p-halogen substituents on reactivity 
has already been the subject of much qualitative 
discussion in the literature. For emphasis, how- 
ever, i t  is pertinent to remark that the resonance in- 
teraction in the para position is large. Using 
Taft’s a’-values as an estimate of the inductive 
component for each halogen yields the resonance 
factors as: u+~-F-cF’  = -0.57; u+p-cc-uc~’ = 

The resonance stabilization of the p-fluoro group is 
comparable with that available from p-acetylamino 
or p-phenoxy. 

Applicability of the Selectivity Relationship to 
m-Halogens.-The experimental results for the 
electrophilic substitution reactions of the highly 
deactivated meta position are tested for adherence 
to the treatment by eq. 1 and 2 

-0.36; U + ~ - - ~ - U B ~ ‘  = -0.30; u + ~ - I - u ~ ’  = -0.24. 

Graphical analysis of the data for the m-fluoro 
m-chloro and m-bromo substituents is provided in 
Fig. 1. The log mfx values, excluding the three 
observations for m-I, are plotted against Sr. 

Inspection of the diagram reveals substitution 
meta to the halogens appears to follow the predic- 
tions of the Selectivity Relationship. Certain seri- 
ous deviations are detected. However, these dis- 
crepancies are small in view of the difficulties in ob- 
taining accurate estimates of the extent of substitu- 
tion a t  the deactivated meta position. In particu- 
lar, the deviations for non-catalytic chlorination are 
large. This observation is presumably the conse- 
quence of the failure of the additivity principle in 
the evaluation of the m t - v a l ~ e s . ’ ~ ~  

It should be noted, however, that these deviations 
are considerably less than an order of magnitude. 
Other random variation is observed in the reactions 
involving the cleavage of carbon-metalloid bonds 
The reactions involving the replacement of hydro- 
gen yield an excellent correlation with the predic- 
tions of the relationship. 

A more detailed examination of the mt results is 
obtained by a test of the adherence of the data to 
eq. 2. The logarithmic ratios, log mrx/log pfMe, are 
summarized in Table 11. The u f m - x  constants ob- 
tained from these ratios are presented and compared 
with the values based on t-cumyl chloride solvoly- 
s ~ s . ~ ~  

The logarithmic ratios, Table 11, are sensibly 
constant exhibiting a standard deviation of 
approximately 20%. Notwithstanding the experi- 
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TABLE I1 
LOGARITHMIC RATIOS ASD SIGMA COTSTANTS FOR mela 

SUBSTITUTION 13 THE HALOBENZESES 
Suh- C - - u +  m- x- 

stituent 11" [%3 * Subst S01v.d 
7n-F 7 -0.96 =k 0.14 0.30 f 0.04 0.352 
m-Cl 12 -1.22 f .26 .38 f .08 .399 
9n-Br 7 -1.14 =t , 2 5  .35 f .OS ,405 

a Number of reactions studied. * Based on eq. 2. 

mental limitations of these data, the variations in 
the ratio are probably real. The randomness ob- 
served for these reactions is not greater than found 
for the simple Hammett equation (see following dis- 
cussion). Importantly, the u + ~ - - x  constants cal- 
culated from the substitution data are in agreement 
with the predictions of the solvolysis experiments.?' 

Applicability of the Selectivity Relationship to p -  
Halogens.-The experimental results for electro- 
philic substitution para to the halogens are ex- 
amined in terms of eq. 3 and 4. 

I?$-I 3 -0.87 f .1S .27 f .05 ,359 

Based on eq. 2 with u + ~ - M ~  -0.31, ref. 25. Ref. 25.  

The results are presented graphically in Fig. 2 by a 
diagram of the log pfx values against Sr. A more 
complete analysis of the data is provided through an 
examination of the observations by eq. 4, Table 
111. 

TABLE 111 

SUBSTITUTIOS IN THE HALOBENZENES 
LOGARITHMIC RATIOS AND S I G M A  COXSTANTS FOR p U i U  

Sub- I- c +m-X 

p-F 13 0,069 =k 0.139 -0.021 i 0.048 -0.073 
P-Cl I %  - ,409 i . I66 .126 + ,052 ,114 
p-Br 13 - ,481 =t ,179 ,149 ?c ,055 ,150 

Number of reactions. * Based on eq. 4. Based on eq. 
4 with c f C p - ~ l e  -0.31, ref. 25. 

Consideration of the results for p-C1 arid p-Br 
indicates the agreement of the data with the predic- 
tioiis of the Selectivity Relationship (3) is equiv- 
alent to that obtained for the m-halogens. The 
graphical evaluation of the results, Fig. 2 ,  reveals 
the reactions involving the replacement of hydrogen 
are correlated with good precision by the relation- 
ship. The reactions involving the rupture of car- 
bon-metalloid bonds exhibit serious, but apparently 
random, variations. For p-Cl the ratio, log pfC1/ 
log pfMe, is -0.319 f 0.065 for seven hydrogen re- 
placements but increased to -0.534 =t 0.157 for 
five cleavage studies. The results are, as pet, too 
meager to yield a final test of this point. As has 
been pointed out by Eaborn and Pande,22 the nature 
of the transition state for the breaking of carbon- 
hydrogen and carbon-metal bonds may prove to 
be fundamentally different. 

The results for the p-iodo substituent yield an 
even greater scatter than observed for p-C1 and p-  
Br groups. The limited data now available do not 
allow a test of the Selectivity treatment. Even 
more unfortunate has been the failure to examine 

stituent na [I-]b Subst .0  So1v.d 

+-I 6 - ,432 =k ,274 ,134 i .US4 ,135 

Kef. 25.  

1 6 rcrnodesi ly la t lon~ I 
~ Frotodeboronatsov": 

Ersrrcaeb3ronotion' 

3 0  1.0 2 0  3 0  
L-1 I I I 

S f  

Fig. 2.-Relationship between log p? for p-F, p-Cl, p-Br 
and p-I and the Selectivity factor, Sr. Arrows on the corre- 
lation lines indicate the proper ordinate. The guide lines 
are defined by the Sr-value for each reaction. 

the consequences of the observation that the cleav- 
age of the carbon-iodine bond is competitive with 
the substitution reactions.z6 

The analysis of the data on the basis of ey. 4, 
Table 111, reveals the values of u+~-cI,  u + p - ~ ~  and 
u+*-I obtained on the basis of substitution data to 
be in agreement with the predictions of the solvoly- 
sis of t-cumyl ch10ride.*~ 

In contrast to the results for the other halogens, 
the p-fluoro substituent yields relative rate data 
exhibiting serious deviations from a linear treat- 
ment. At first glance, the discrepancies appear 
far greater than should be tolerated in a simple first- 
order treatment, Fig. 2 .  More careful inspection 
indicates that the absolute magnitude of the aver- 
age discrepancy is no greater than for the other halo- 
gens. It is only the fact that the partial rate 
factor for p-fluoro is so close to unity (log pfF = 
0) that causes these discrepancies to appear to be so 
large in comparison with the data for other sub- 
stituents. 

The situation may be clarified by a slightly dif- 
ferent treatment of the data, based on eq. 5. 

(26) Several examples of the replacement of I in the course of nitra- 
tion are discussed by A. F. Holleman, Chcm. Reus., 1, 186 (1824). 
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Although the data still exhibit considerable scatter 
(Fig. 3), i t  is evident that  the discrepancies are of 
the same order of magnitude as those of the other 
halogens (Fig. 2) .  A point of particular interest is 
the randomness of the variations. The electrophilic 
reactions involving the replacement of hydrogen 
fall on either side of the line. X similar randomness 
is found for model substitution reactions in which 
groups other than hydrogen undergo displacement. 
There does not appear to be any dependence on 
rho. In this situation the first-order Selectivity 
treatment, although subject to the limitations indi- 
cated, is as satisfactory as other more complicated 
analyses. 

-I 

I 

I  

\ 
Acety la t ion 

Nitrat ion- 

I Bromodesilylotion 

Frotoaesily1a:ion 

1 Degermylation 

2ot 
I 

i 

‘ O r  
‘Bromodeboronotion 

solvolysis 
/ Ethylat ion Mercuration I 

I/ 
I I I 

0 0  I .o 2 0  3.0 
S f  

l?ig. :;.--1<elatioiisliip between log (fi:/p’{‘) aiid t11e Selec- 
tivity factor, Sf. 

Applicability of First-order Treatments to Aro- 
matic Substitution.-Relevant to the behavior of 
the halogen substituents is the precision to be 
cxpected from a first-order treatinelit. B previous 
exaniiiiatioii of the utility of the Selectivity Re- 
latioilship and Haiiiiiiett equation for the correla- 
tioii of the data for substitution and side-chain 
reactioiis of toluene aiid tolyl derivatives, respec- 
tively, revealed the greater precision of the Sf pro- 
cedure.3r I t  appeared desirable to re-examine 
this problem for the halogen substituents. Fortun- 
ately, the p-chloro substituent had been studied in 
almost all the reactions which had been employed 
for the examination of m- and p-tolyl. The log 
$fC’ values obtained for these reactions are plotted 
against log (pfMe/nzflrTe) in Fig. 4. 

From this diagram i t  is apparent that  the devia- 
tims encountered in the Selectixrity treatinelit are 
i i o t  sigiiificantly different from the observations for 
the Haininett relationship. Indeed, the deviations 
from the diagram for p-F, Fig. 3, are not substanti- 
ally greater than observed for @Cl in the side-chain 
reactions. The limitations of the Hammett equa- 
tion have recently been pointed out by Wepster and 
liis associates.” These investigators have also 

( 2 7 )  1%. \-an Bekkum, P. E. Verkade and B. ’AI. Wepster, K e c .  
vav. c h i m . ,  78, 815 (1959). 
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Fig. +.-Relationship between log $2’ and log (ph:e imye)  for 
Hammett side-chain reactions. 

concluded that the p-halogens were subject to coii- 
siderable variation in their influences on side-chain 
reactions. 

Two recent attempts have been made to devise a 
better correlation for the treatment of reactions in- 
volving electron-deficient intermediates.10,12 One 
theory argues that additional parameters should 
be added to the pa  relationship to accommodate 
greater stabilization by the donor groups.12 Super- 
ior correlations are reported. It is possible that the 
interpretation presented by Yakawa and Tsuno is 
meaningful. It is equally possible that the superior 
correlations achieved are the result of the intro- 
duction of two additional parameters. 

Norman and his associates have atteiiiptetl to 
account for the reactivities of monosubstituted 
benzenes in terms of a three-parameter equatioii 
(f i). ’” This relationship was devised as a rneaiis 

to relate the reactivity oi a substituent to its ground 
state electron density, UG, and polarization proper- 
ties, UP, with qb a measure of the electron demand in 
the transition state. Data are now available which 
allow a more complete test of this equation. Adop- 
tion of the UG and up values reported‘O permits the 
calculation of qb for several reactions not available 
to Norman and his co-workers. The results for 
pfC* are typical, Fig. 5 .  

Although this treatiiieiit iiitroduces ail adtlitioiial 
parameter, the deviations from the predicted cor- 
relation line appear to be even greater than ob- 
served in the first-order pu+ approach. The failure 
of the Norman equation to yield a better correlation 
is presumably the consequence of an incorrect 
assumption. The view that p [ +  in the Norman 
treatment) is indicative of electron deiiiaiid is not 
entirely correct. Yire had shown previously that 

log ptr  = u G - ~  + ap”+s ( t i )  
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the contribution of a p-Me group in electrophilic 
side-chain reactions was variable.5f For example, 
in several solvolytic reactions the p-values deduced 
for m-substituents were of similar magnitude. The 
u + # - - ~  values, however, exhibited almost 2-fold 
v a r i a t i ~ n . ~ ~  Behavior of this nature is not con- 
sidered in the Norman approach. Yukawa and 
Tsuno, on the other hand, specifically provide for 
this effect and introduce their third and fourth 
parameters to account for it. 

Apparently, there are limitations in the utility of 
a first-order treatment for electrophilic side-chain 
reactions which are not encountered in substitution 
reactions. Although random deviations from the 
Selectivity Relationship are found, this treatment 
yields reasonably satisfactory correlations. Several 
suggestions have been made concerning the origin 
of the deviations. For example, the consequences of 
changes in the nature of the transition state for car- 
bon-metal bond rupture apparently lead to real 
deviations for certain substituents. The involve- 
ment of the properties and stabilizing factors im- 
portant in rr-complexes in the activated complex for 
the substitution process has been suggested pre- 
viously. In  addition to these influences, specific 
interactions between substituent groups in the aro- 
matic nucleus and electrophilic reagents are also 
frequently ~ ign i f i can t .~~  The rather large devia- 
tions exhibited in the non-catalytic chlorination re- 
rtction are probably the result of such interactions. 
For iodobenzene, the association is sufficiently im- 
portant to lead to bond rupture and the formation 
of iodobenzene dichloride. The halo substituents 
interact with acceptor molecules in the order I > 
Br > C1 > F.29 It is pertinent that the chlorina- 
tion reaction exhibits a larger deviation for bromo- 
benzene than for chlorobenzene and no deviation 
for fluorobenzene. The increase in reactivity de- 
tected for p-Br and p-Cl is presumably the conse- 
quence of a mild polarization of the reagent and the 
aromatic. In  contrast t o  the results for the chlori- 
nation reaction, study of the bromination of the 
polymethylbenzenes yields partial rate factors in 
good agreement with the predictions of the Selec- 
tivity treatment. The apparent unimportance of an  
association between bromine and the substituent 
128) This problem has brrii rxaniinerl fur srveral n-substituted 

benzyl halides; Y. Okamotc,, Ph.1). Thesis, Piirdiir 'Ilniversity, 
1957. 

(29) I . .  J. Atldrews, Cheiu. K e c A . ,  54, i 5 0  (1!454), 
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Fig. 3.-Relationship between log P?' for substitution re- 

actions and +, the electron-demand constant. The solid line 
is predicted by the UG-  and up-constants assigned to the p- 
chloro substituent, ref. 10. 

halogens in the p~lyniethylbenzenes'~ is considered 
to originate in the well-known sensitivity of charge 
transfer complexes to steric ei'fects. It is our sug- 
gestion that the importance of the association is 
considerably reduced by the methyl groups flanking 
each halo substituent. This interruption of the as- 
sociation provides results in fine agreement with 
expectations of the relationship. 

In conclusion, the application of a first-order 
linear free energy treatment to substitution reac- 
tions appears to be reasonably satisfactory for a 
variety of substituent groups. For the p-halogens, 
the scatter is somewhat greater than encountered 
for other substituents. LT-e suggest these observa- 
tions are largely the consequence of molecular in- 
teractions leading to variations in the eiiergy of the 
trailsition state. Clearly these factors which are 
iniportant it1 the detailed uiiderstatitiing of reactiv- 
ity canriot be incorporated into any free energy 
treatment. This reservatioii does not detract 
significantly from the utility of  the simple first- 
order Selectivity Relationship. 


