
HOMOLYTIC AROMATIC ARYLATIOK 

D. R. hUGOOD1 
A fomic Energy Research Establishment, H a w e l l ,  England 

ANI) 

GARETH 13. WILLLiNS 

Chemistry Department, King’s College, University of Lorldou, Londou, England 

Received February 1 ,  1966 

CONTESTS 

. .  124 

128 
. . . . . . . . . . . . . . . . . . . . . . .  129 

129 
129 

, . , 130 

135 
. . . . . .  , . 135 

. . . . .  139 

I. Int,roduct,ion.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
11. Heterolytic and h o r d y t i c  aromatic substitution. . . . . . . . . . . . . . . . . . . .  126 

111. Homolytic arylation reactions.. . . .  . . . . . . . . . . . . . . . . . . . . . . . .  
A ,  Diazo compounds., . . . . . . . . . .  

1. Diazonium chlorides, etc., 1) reaction. . . . . . . . . . . . . . . . . .  

2. Diazonium hydroxides mid sc:J.larylnitrosamines. . . . . . . . .  
B. Diacyl peroxides, P react ion. ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  130 

1. Use in preparation reactions, . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2. Kinet,ics of the decomposition of diaroyl peroxides . .  . . , 131 

C. Lead tet.rabenzoate and phenyl iodosobenzoat,e, . . . . . . . . .  
D. Homolytic nat,ure of the react,ions., . . . . . . . . . . . . . . . .  

A .  Introduction.. . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  139 

(T.S.) Inet,hods.. . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  141 
C ,  Isolated molecule (I.M.) :tpproach. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  144 

1 .  Ideas of the English School. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  145 
2. Resonance theory. .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  145 
3 .  Molecular orbital (51.0.): the polarized &ate. . . . . . . . . . .  . . . . .  146 
4.  Valence l ibre , . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  147 
5. Free valence.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  14s 

. . . . . . . . . . . . . . . .  151 
1. Resonance theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  151 

. . 152 2. Atom localization energy treat,ment,. . . . . . . . . . . . . . . . . . . . .  
E. General discussion.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  154 

V .  Coxnpetit,ive reactions.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  156 
A .  The competitive method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  156 

. . 158 B. Experimental results and discussion. . . . . . . . . . . . . . . . . . .  

164 C. The presence of active hydrogen. .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

L). The substitution s t ,ep. .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  165 
E. Other radicals . ,  . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  168 

1. Radicals ot,her than dicals..  . . . . . . . . . . . . . . . . . . . . . . . . . .  168 
2. Aryl radicals other than phenyl, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  169 

VI. Ratio of isomers.. . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  171 
A .  Recent resul ts . ,  . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  171 

171 
C. Arylation: substitut,ion by aryl radicals other than phenyl .  . . . . . . .  174 
D. Hvdroxvlstion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  175 

IV. Theoretical aapects of aromatic sitbstitut’ion, . . . . . . . . . . .  

B. General assumptions of the isolated molecule (IJI.’! and tmnsition s ta te  

1). Transition s ta te  (T.S.) approach.. . . . . . . . . . . . . . . . .  

. . . . . . . .  

B. Phenylation: substitution by phenyl. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 Present address : E. I. dn Pont de Kernours 8: Company, Sshine R.iver Works, Orange, 
Texas. 

123 



124 n. E. AUGOOD AND GARETH H. WILLIABIS 

VII .  Partial rate factoi,s for phenylation at, 80°C. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  176 
A .  Results and discussion.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  176 
B. Additivity of energies of act.ivation . . . . . . . . . . . . . . . . . . . . . . .  , , , , , , . , , . , 179 

1 .  Experimental vcrification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  179 
2. Application of principle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  180 

V I I I .  Conclusions., . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  182 
TX. References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  181 

I. INTRODUCTIOX 
This article represents an attempt to  assemble the relevant data, much of it 

recent, associated with homolytic aromatic substitution reactions and to assess 
the progress that has been made towards the complete understanding of this and 
other types of aromatic substitution. Certain assumptions are made, and un- 
doubt,edly the simplified picture presented will be modified by further experi- 
mental and theoretical work. Examination of the available data on the subject 
reveals a number of anomalies, and these have been included to serve as criticism 
of the outlined suggestions and as pointers to future lines of thought. 

Ingold (195), in 1938, distinguished between two modes of bond fission : 

Heterolysis: X : B -+ A- + B+ (1) 

Homolysis: h:B -+ A -  + Be (2) 
where A and 13 are atoms or groups of atoms. The latter reaction is characterized 
by the production of neutral fragments, each possessing an odd unpaired elec- 
tron. The term “free radical” is applied in this sense and so includes some in- 
organic subst’ances, for example, nitric oxide. 

Since more energy is required to separate the charged particles of equation 1 
than the neutral fragments of equation 2, it would be thought that  the latter 
reaction would be favored, and in the gas phase this is certainly true. However, 
for the majority of reactions in solution, particularly with solvents of high 
dielectric constant, fission by reaction 1 predominates because the solvation of 
the resulting ions results in an energetic advantage being given to  this mode of 
fission. In  solution, therefore, homolytic reaction is the exception rather than 
the rule. 

The existence of organic radicals was experimentally demonstrated by Gom- 
berg (132) in 1900, when working with the hexaarylethanes. The idea of an 
anomalous valency for carbon was not a popular one, but the accumulation of 
facts from many fields has resulted in the establishment of the concept. Organic 
free radicals have been divided into two classes: ( I )  those of long life, like the 
triarylmethyls, which are stabilized by resonance; ( 2 )  those of short life, like 
phenyl and methyl, It is with the reactioiis of radicals of the second type that 
this article is concerned. 

The inference that short-lived radicals are unstable is erroneous; the contrary 
is the case. The reason why they cannot be prepared in large quantity is not that 
their molecules break down; indeed, a single radical completely isolated from all 
contact with other molecules would doubtless remain unchanged indefinitely. 
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The reason is instead that these substances are so extraordinarily reactive that 
each entity undergoes some sort of chemical change, in an attempt to satisfy its 
normal valency requirements, before it has made a large number of collisions with 
other molecules. Strictly speaking, therefore, the term “short-lived,” when 
applied in description of a free radical, means nothing unless the environmental 
conditions are also stated. It is very difficult to  demonstrate physically the 
existence of these radicals in solution, as t,he techniques usually applied to  the 
detection of radicals of the triarylalkyl type, e.g., color reactions and magnetic 
measurements, completely fail. The presence of radicals of short life is inferred 
from their reactions, on account of both the complex kinetics which they ex- 
hibit and the natures of the chemical products that are obtained. 

Free radicals react in three main ways: 
By dimerization, or cornhiriation of the radicals : 

1%. + R -  --+ I?Ii (3) 

(4) 

H *  + XR’ --+ RX + K’* (5) 

In the last reaction the nature of the final products is also dependent on the 
radical R’.. It may react as in equation 5 to give another radical R”., which 
may or may not be the same as R’. . If it is the same, then a chain reaction has 
been set up and the process repeats itself until the chain is somehow interrupted. 
If the radical R’., or R”., is relatively unreactive, then the transference (reac- 
tion 5 )  has resulted effectively in the termination of the reaction. 

In  many instances these reactions may occur simultaneously, and the total 
reaction may appear very complex. In  defined cases, however, certain of these 
reactions are favored relative t o  the others, and specific compounds preponderate 
in the product. This is illustrated by a comparison of the reaction medium of the 
gas phase with that of the liquid phase for, though the reactions may be initiated 
in the same way in both media, there are great differences in the types of reaction 
occurring. For example, in the photolysis of ketones and the pyrolysis of certain 
organomet’allic compounds, in the gas phase, where collisions between radicals 
can readily occur, reactions 3 and 4 predominate, m-hilst in solution, where the 
radicals are surrounded by solvent molecules, reactions bettween radicals are 
unlikely unless the life of a radical is for some reason prolonged. With labile 
radicals in solution the radical-solvent icteraction (equation 5 )  is the most 
important reaction, and i t  is clear from this equation that the product is deter- 
mined by both the radical and the solvent. 

With aromatic solvents, alkyl radicals behave differently from aryl radicals. 
Thus alkyl radicals, in general, react with aromat,ic solvents by reactions other 
than thatl of direct substitution. They do, however, effect substitution in some 
cases, and this will he discussed a t  a later stage. Similar considerations are valid 

By disproportionation, inrwlving mutual hydrogenation and dehydrogenation : 

2ItCII~CI-I~* --+ RCHZCH, + RCH=CHZ 

By radical transfer, which is expressed by the general equation: 
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in the comparison between the reactions of a given radical with either aliphatic or 
aromatic solvents, only the latter being susceptible to homolytic substitutioii. 

During the last few years these homolytic aromatic substitution reactions have 
been studied in considerable detail, and the results have been periodically dis- 
cussed. However, the data have not yet been assembled in a comprehensive 
review and the practical results have not been investigated as to their reliability 
and significance. 

Deriner and Edmison (92), in their review article, have summarized the ex- 
tensive practical work carried out over the whole subject field. The present 
review is concerned with a more limited field: namely, with the more recent 
quantitatire work carried out with aromatic solvents and, unless specifically 
mentioned, aryl radicals, particularly phenyl. The article consists of two parts : 
firstly, a critical discussion of the appropriate practical work, leading to presen- 
tation of the relative rates for homolytic reaction and the corresponding partial 
rate factors; and secondly, an examination of the theoretical treatments for 
aromatic substitution. The application of the theoretical treatments to the case 
of homolytic reactions is considered, and the quantitative predictions suggested 
by calculations based on mathematical results already available from these 
methods are compared with the new experimental data. 

11. HETEROLYTIC AXD HOMOLYTIC AROMATIC STJBSTITUTIOS 
Although the reactions of organic compounds are reactions of nonionic sub- 

stances when compared with those of inorganic compounds, i t  is accepted that 
the course of the majority of organic reactions is determined by the charge 
distribution within the molecule. Thus, owing to the fact that homolytic reaction 
is less frequently encountered, the so-called “normal laws” of aromatic substitu- 
tion, developed as the result of experiment, are laws governing the heterolytic 
react,ions in which the organic substances take part. 

Heterolytic reagents are of two kinds: those which seek out the centers of high 
electron density, i.e., electrophilic reagents, and those which react at electron- 
deficient positions, i.e., nucleophilic reagents. Hence, in the majority of aromatic 
substitution reactions, such as nitration, halogenation, sulfonation, and diazo- 
coupling, a proton is replaced by an electrophilic reagent capable of accommodat- 
ing a pair of electrons, e.g., the iiitronium ion, XO;, which is responsible for 
most aromatic nitrations. Many nucleophilic reactions of aromatic substitu- 
tion are also known, and these have been reviewed recently by Burinett and 
Zahler (43). 

The history of the development of the theories of heterolytic aroniatic sub- 
stitution is long and outside the scope of this review (8, 246). 

The more recent work of the so-called English School has resulted in the 
establishment of what may be called the “normal laws” of aromatic substitution. 
These are based mainly on studies of nitration (14, 15, 21, 185, 194, 197, 198, 
247), i.e., a reaction of electrophilic substitution. On theoretical and experimental 
grounds a directing group (X), attached to  the aromatic nucleus (C&) in the 
compound CsH&, may be placed in one of til-o main categories. Thus, for this 
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X 
IIko 

40.0 I 3 . 0  
0.0026 I 0.0079 

type of substitution [the rules are reversed for nucleophilic reactions (8, 19, 
42, 43, 113, 246)], the following X substituents are ortho-para directing and 
activate the nucleus for reaction relative to benzene : 

SHr! > OH > OCH, > OCOCHs > CH, > C1; Br > C6H5 > CHzCOOH (6) 

whereas the following groups are meta directing and deactivating : 
+ + 

T\T(CH3)3 > KO2 > SOaH > CHO > COCH, > COOH > XHa ( 7 )  
The situation is a little more complex in that certain anomalies, which are 

accommodated by the general theory, occur. Thus, for example, the halogens 
are deactivating groups but are ortho-para directing. 

The work of Ingold and coworkers in this field is well known (21, 194, 197, 198) 
and was important in providing quantit,ative data to describe the phenomena. 
The work resolved itself into two parts: (1) the determination of the quantities 
;I(, i.e., the ratio of the total rate of nitration of the monosubstituted benzene 
derivative, C&&, relative to that of benzene, C6Hs; (2)  the estimation of the 
proportions in which the three isomers r -SO2CsHZ ( r  = 0-, m- or p - ) ,  were 
formed in the nitration of C6H5X alone. 

The combined results of these experiments allowed the evaluation of the 
partial rate factors g k r .  Each of these factors expresses the change in the specific 
rate of substitution a t  any position T in the nucleus due to the presence of the 
group X, i.e., it  is the ratio of the rate of reaction at  the point r in the molecule 
CeH& relative to that at  any one position in benzene. It must be remembered 
that the quantities =K and $kT are pure numbers; they have no dimension 
in time. Table 1 presents some of the values obtained. 

For toluene the figures are greater than unity and show that the methyl 
group activates all the positions T ,  i.e., toluene is more readily nitrated than 
benzene. Moreover, the order of the &kr values, i.e., p > o > m, necessarily 
implies that this is the sequence of reactivities of the nuclear positions. The 
carbethoxy group, COOCnH5, shows general deactivation, with the meta 
position least affected, and the halogens show themselves to be exceptions to 
the rules, as mentioned above. Details concerning other groups, e.g., tert-butyl, 

X 

References ;kP ;K 

51.0 23.0 (197) 
0.001 0.0037 (198) 

X 

- - 
0.030 0.000 0.139 

0.000 ~ 0.108 0.037 
- - 

--CHI 
--C@OCzHa 
--F 
--c1 
-Br 
-1 

0.15 (21)  
0.033 (21, 246,  247) 
0.030 (21, 248, 247) 
0.18 I C21) 

TABLE 1 

-OH* - I - I - I -104 
-NOz* 0 . 2 4  X 10-6 1 2 . 7 5  X 10-6 1 0.03 X 10-6 1 -10-6 1 (185, 246) 

* .4pproximate figures only. 



are available (32,  60, 182). Data for halogenation (16, 1’7, 18, 28, 29, ($1, 6 2 ,  
90, 91, 223-228, 243) aiid sulfonation (107, 269, 278, 279) have been reported 
recently; e.g., for chlorination at ea. 25°C. the total relative rate values for all 
groups X fall into sequence (226) between the extreme figures of N(CET3)Ak - 
and ”oAF: - and the partial rate factors for toluene (61, G2, 227)  are 
&, = 600, cH&li,,a = 5 ,  and ”“$:, = 870. The differences between these figures 

and those of table 1 show the electron demands of the reagents to be different 
(29, 228) and illustrate that any set of partial rate factors applies only to the 
reaction for which they were determined. 

Although t’hese laws mere not so clearly defined at the time, it was the wpa- 
ration of the apparently anonialous substitution products arising from certain 
reactions that first indicated the possibility of another, i.e., nonionic, type of 
substitution. These reactions were those whereby the preparation of biaryls 
was accomplished, and it was suggested (141, 159, 174) by Hey and Waters, in 
1934 and 1937, that  in these reactioiis homolytic processes were occurring. In 
essence, the existence of short-lived free radicals of the type of phcnyl was 
postulated, arid these entities, being electrically neutral and therefore not subject 
to  the same electrical effects as the heterolytic reagents, effected substitution in 
the aroniatic molecule CsHsX without conforming to  the normal laws of aroniatic 
substitution. These reactions can be expressed by the general equation: 

( 8 )  

ivliere the radical Ar’., produced from the conipound ,4r’M, in reaction with the 
aromatic solvent ArH forms the biaryl Ar-lr’ and ejects a hydrogen atom which 
is incorporated in the product S. It was later found that in homolytic substitu- 
tion in ArX the general tendency was for all groups X, whatever their directing 
effect in heterolytic substitution, to  favor predominantly reaction at the para 
positmion. The meta position was thought to be least favored and the correspond- 
ing m-biaryl was rarely isolated. More recent work has, however, necessitated 
considerable revision of these ideas. 

A number of different aspects of the problem therefore present themselves 
for review. The reactions of equation 8 must be defined and their homolytic 
character clearly established ; the mechanisin by which the substitution is 
effected has to  be formulated; the reasons have to be ascertained for the erroneous 
conclusions, mentioned above, of almost inr-arisble para homolytic reaction ; the 
theoretical aspects of substitution have to be considered; and finally, the I~CTT’  

concepts of free-radical reaction have to be related to  theory and practice. 

CHB 

hr’3I + XrH -+ Ar’Ar + S (products) 

111. HojuordYix ARYLATION RE-ICTIONS 
Several main types of homolytic reaction, featuring interaction betweeii aryl 

radicals and aromatic solvents arid generally expressed by equatioii 8 above, 
may be considered. These and other reactions are reviewed by Dermer and 
Edmison (92). The reactions considered here are those which have been sub- 
jected to quantitative study. The biaryl Xrhr’ produced usually consists of a 
mixture of substituted biphenyls, and in the discussion which fo i low this niis- 
ture will be termed the “biphenyl fraction”. 
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A .  DIAZO COMPOUNDS 

1 .  D i a z o n i u m  chlorides etc., D reaction 
These reactions, designated by the letter D, are carried out by adding the 

solid diazonium chloride, or a similar compound, which is usually impure, to the 
organic solvent and heating the mixture. The primary reaction (241, 242, 282, 
284) is the first-order decomposition of the wholly covalent molecule, producing 
C1- and CGH5. radicals and liberating nitrogen: 

The addition of soine metals to  the reaction mixture has been shown (284) 
to result in the formation of met,allic chlorides or organometallic compounds, 
even in slightly alkaline media, and this demonstrates the existence of the 
highly reactive radicals. Clearly, the reactions of diazo compounds (267), 
l-aryl-3,3-dialkyltriazenes (1 1 1) , arylazotriarylmethanes (159, 181, 293-297), 
and stabilized diazonium compounds (181) are analogous. 

2. D i a z o n i u m  hydroxides  and  acylarglni trosamines 
(a) Goinberg reaction, G reaction 

The decomposition of diaxohydroxides (7) in ayueous/aroniatic systems was 
developed by Goinberg (133, 134) from the work of Bamberger (9, 10) and 
Kuhling (207-209). In  aqueous solution a t  temperatures of 0-5°C. the diazotized 
amine is converted t’o a covalent diazohydroxide, and in the presence of a liquid 
aromatic compound the following reaction ensues : 

Ar’N2C1 + NaOH + ArH -+ ArAr’ + K2 + KaCl + HzO (10) 

The reaction is essentially heterogeneous, and success depends on the ability of 
the aromatic compound to  extract the reactive covalent hydroxide from the 
aqueous phase as soon as it is formed by the hydrolysis (110, 142). This is neatly 
demonstrated (142) by the fact that  benzoic and anthranilic acids do not take 
part in the Gomberg reaction unless first esterified, Le., converted from easily 
ionized molecules, preferring aqueous solution, t’o typical organic esters. 

The reaction has been extended (142) to the employment of a solid aromatic 
compound ArH by using an organic solvent (chloroform, carbon tetrachloride) 
which is relatively inert towards the radicals involved and which in reaction forms 
compounds easily isolated from the desired substitution product XrAr’. 

The products of reaction are usually very tarry and the yields of biaryl are 
low, ea. 10-20 per cent of the amine, with the formation of large quantities of 
intractable tar. 

(b) Hey reaction, H reaction 

The decomposition of acylarylnitrosamines, a reaction largely developed by 
Hey (141), is closely related to the above Gomberg reaction. Kot only does this 
reaction yield the same products in reactions with the same aromatic solvent as 
the Gomberg reaction, but it also appears to react by a similar mechanism. This 
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is not surprising in view of the fact that, the acylaryliiitrosaniines rearrangc, 
giving diazo-est ers : 

Xr’S(SO)COCH3 --+ Air’Sz-SOCOCfI:, (11) 

The reaction is acconzplished by addiiig the (usually impure) nitroso compound 
to  the aromatic solvent a t  moderate temperatures. I t  is, therefore, a homogeneous 
reaction, unlike t’he G reaction, and has lent itself to investigation of the reaction 
kinetics. Thus, it  has been shown (47, 141, 171, 172, 187-191, 288) that the rate- 
determining step is the intramolecular rearrangement (equation l l). In  a non- 
ionizing solvent homolysis then occurs rapidly and reaction (93, 153) with the 
solvent gives the products indicated by equations 12a and 12b: 

This dual behavior, wit’h the Art radical either abstracting a hydrogen atom 
or combining with the nucleus to form a biaryl, is nox  well established. It will 
be met again, and much controversy has centered around it (Section V,C). 

Investigation of the reaction in a wide variety of solvents has shown that the 
solvent has little effect upon the decomposition kinetics (141, 171, 172) and 
indicates that  it is unlikely that the biaryl is produced by a chain reaction in- 
volving solvent radicals Are and the diazoacetate (see Section III,B,2). 

It was indicated in Section I that a free radical may react in any one of a 
number of different ways and that though a given mode may predominate, it 
does not do so exclusive of all others. It appears that the energy relationships are 
so balanced that many possible reactions have a definite and observable prob- 
ability dependent upon the properties of the radical and the solvent. Huisgen 
(190) has shown that for equation 12, where Art = C,&* and ArH = pyridine, 
the ratio of reactions (a): (b) - 1: 120, i.e., the aryl radical Art*,  from the diazo 
compound, prefers nuclear substitution of ,4rH to  hydrogen abstraction. It is 
conceivable that this relationship could be changed by suitable choice of ArH, 
e.g., if the Art* radical removed a hydrogen atom from the solvent to  leave a 
radical ,4r heavily stabilized by resonance. When an aliphatic solvent is used, 
reaction 12a is the predominant reaction (283). 

B. DIACYL PEROXIDES,  P REACTIOh- 

1 .  Use in preparation reactions 
This is undoubtedly the “cleanest” of the reactions considered. The purified 

peroxide, often crystalline, is added to the aromatic solvent and the decomposi- 
tion is effected by heating, usually to  ea. 70-80°C. Smaller quantities of tars are 
obtained in the product and the reported yields are higher than with the D, G, 
and H reactions. 
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Gelissen and Hermans (23, 122-129) showed that the decomposition of diatcyl 
peroxides in various solvents (RH) obeyed their “RH scheme” (cf. equation 12 
above) , though the mechanism was not clearly defined. 

Ar’H + COZ + CGHbCOOR 

Y7 
\ 

(Ar’C00)Z + RH (13) 

Ar’R + COZ + CsH5COOH 
( h Y  

The accumulated evidence of this and later work (5, 23, 93, 296, 298) shows that 
the decomposition of any peroxide (Ar’COO)2 in an aromatic solvent ,4rH gives 
rise only to  the formation of compounds of the type ,\rAr’; e.g., the decomposi- 
tion in benzene of a symmetrical disubstituted peroxide yields only the mono- 
substituted biphenyl. Similarly, the decomposition of benzoyl peroxide in a 
solvent other than benzene yields a biaryl with substituents in only one nucleus. 
Two conclusions follow: ( I )  the radicals from the peroxides (Art 0 ,  Ar’COO.) do 
not recombine, and (2) the abstraction of hydrogen atoms from the solvent by 
either hr’. or Ar’COO. is not the predominant reaction, since the radical Ar* 
so formed would yield the symmetrical biaryl :hAr by dimerization or solvent 
reaction (equations 1% and 13b). The main reaction with the aromatic solvent 
is therefore 

2. Kinetics of thc  decomposition of diaroyl peroxides 

Much recent work has been concerned with a study of the kinetics of the 
decomposit,ion of benzoyl peroxide. Several mechanisms have been proposed 
for this reaction, but some of these have not taken due account of the nature of 
the products formed in the different cases and have tended towards overgen- 
eralization. 

Brown (30) , in 1940, showed by measurement of carbon dioxide evolution that 
the peroxide decomposition could be expressed by parallel first - and second-order 
reactions; i.e., if C represents the concentration of benzoyl peroxide, IC: and 
1 7 : ~  are constants, and t is time: 

The approximate first-order kinetics was confirmed by some workers (11, $8), 
but rc’ozaki and Rartlett (235, 236), in investigating a whole range of solvents, 
showed that in addition to  unimolecular dissociation of the peroxide, now known 
(13, 9-1, 147, 148) to form tT1-o CBH5COO* radicals, there was also a chain de- 
composition induced by the radicals derived from either the peroxide P or the 
solvent SH. The chain termination was thought to be by the recombination of 
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(:I,) I’ -> 2R‘* 

(b) R’. + P + ?; (products) $- lt’. (16) 
(e) R’m + R’. + It: 

where R’. = radical from either peroxide or solvent, i.e., CGHS-, CJI&OO*, 
or S o .  Induced decomposition by So in stage (b) leads to the kinetic equation: 

Nozaki and Bartlett indicated that the induced decomposition, contributing 
the term JcIiC3’2 to the rate equation 1’7, was the main cause of variation in the 
observed rate of decomposition from oiie solvent t o  another, and that these rates 
were in the order: 

Aromatic solvents2 < ethers < alcohols < phenols < amines (18) 

Some workers (53)  believed that the similarity of the S. (Are) radicals, produced 
from a series of aromatic solvents, was the reason for the consistently small 
contribution that they made to the induced decomposition. Only in one instance 
(150) does it appear that the nature of the products from these aromatic systems 
has been considered and due reservation expressed concerning the solvent-radical 
mechanism. The significance of the solvent radicals (12, 22, 58, 210, 252) for the 
case of phenol is exceptional and is discussed at  a later stages3 In  an attempt to 
explain the kinetic behavior of the aromatic solvents, Kozaki and Bartlett (235, 
236) intimated that if the disappearance of the chain carriers (equation 16, 
R’. = R- = CsH6. or C&,COO-) was not due to the recombination of radicals 
(equation 16c) but resulted from reaction with the solvent to  give an unwnctiz’e 
radical (So = Ar. ) : 

R-  + XrH -+ ILH + Are (uiireactive) (19) 

then the kinetics could be described by the equation obtained earlier by Brown 
(equation 15). In  this event it is difficult to see hon7 an unsynimetical biaryl is 
formed a t  all (equation 1Gb precluded). In addition, the stabilit,y of Ar- would 
not only tend to increase the probability of reactions of the type shown in equa- 
tion 16c, but in so doing would result in the formation of the symmetrical biaryl 
XrAr (cf. Sections I and III ,B, l ,  above). 
h further scheme which has been postulated is that involving solveiit radicals 

which are considered to yield biaryl by attacking the peroxide (equation 20b). 

Exclusive of phenols and amines; e.g., hydrocarbons, nitro compounds, and chloro 
compounds. 

* See references 300 and 301. 
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Scheme 11 
(a) P -+ 2R.a 

(b) R* + P -+ I\T + R* 
(e) 

(d) 

Rm + ArH + RH + Are 

Ar- + P -+ ArR + Re 

arid,!or (e) Ar- + Re 3 ArR 

and/or ( f )  hr. + Arm -+ ,4r: 

where R-  = CsH&*, CsHGCOO-. 
This mechanism was also suggested independently (96) i n  an attempt to ex- 

plain the product's of the reaction even after the kinetic work had been reported. 
Scheme 11, however, cannot explain, either singly or together, why these solxrents 
show no induced rate, although t'his is necessitated by equation 20, for Ar- 
n-ill be similar to Re and must react in a similar fashion (equation 20b), and also 
why no dimerization products like ArAr (equation ZOf) are found. 

It is now possible to  clarify the situation, at least for the typically aromat,ic 
solvents, for a different explanation consistent with both the kinetics and the 
type of product obtained may be offered. The relevant experimental data are 
summarized in the folloming conclusioiis : ( 1 )  The dimerization reaction (equa- 
tion 16c) has been shown absent (see III ,B, l ,  above), and so chain termination 
must involve the solvent in a reaction of the type shown in equation 19. (2) In 
order to explain the low induced rate observed for these solvents an inactive radi- 
cal Ar* was postulated in equation 19. This is difficult to  reconcile with the facts 
that  (a) Ar- must be similar to  Re (=  CsH5*, CfiH5COO*) and so must take 
part in the reaction, and (b) the symmetrical biaryl ArAr is not formed. ( 3 )  
Evidence summarized in the preceding section (III,A,2; III,B,l), showing that 
hydrogen-atom abstraction was the minor reaction, must be considered. 

Thus the chain-termination step, that is, the interaction between the radical 
R-  and the solvent ArH, produces not an inactive solvent radical but the very 
highly reactive hydrogen atom. This hydrogen atom reacts immediately either 
with another radical R e  or with the solvent and becomes effectively lost, i.e.: 

Scheme I I I  
(a) P -+ 2R- 

(b) R* + P-+ K + R *  

(c> R- + XrH + XrR + H-  

(d) H* + R * + R H  

(e) Ha + ArH += reduced compounds 

where R-  = radical from peroxide, i.e., CsHb* or CBH&OO*. Hydrogen-atom 
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removal by reaction 21d leads to:  

a i d  hydrogen-atorn reiiioJ-nl by react ion 2 le  leads to : 

The most important feature of scheme I11 is that solvent. radicals play 110 

part in the chain decomposition, and it is a necessary corollary of such a scheme 
that these radicals are formed oiily in negligible amount. It is seen that thc 
hydrogen atom may be removed by one of the two processes, either by Re or by 
the solvent, and that for each separate case the overall kinetic equation is dif- 
ferent. Qualitative reasoning indicztes that the former is more probable (192, 
288) for in the solvent cage, containirig (2C6H5COO*, ,%rH), when substitution is 
effected by a CsHb* radical, formed by decarboxylation of one C6H5COO. radical, 
the hydrogen atom liberated is ahle to unite with the remaining CsH5COO- 
radical to form benzoic acid. Experimentally, in the majority of peroxide reac- 
tions, the quantity of benzoic acid produced does account for about half of the 
peroxide. Such pseudo-termolecular collisions are quite feasible in the liquid- 
phase system under discussion. This suggestion accounts for the difficulty of iso- 
lating reduced material from these reactions (192). If, however, an acceptor 
radical, R *  = CsH&OO*, is not available to absorb the hydrogen atom, then 
this may be accommodated by a solvent molecule (5). The kinetics will tend 
towards equation 23 and reduced compounds will appear in the reaction product. 

When phenols4 (12, 235, 236) and possibly amines (120, 121, 183, 238) (cf. 
equation 18) are used as solvents, hydrogen abstraction from the OH and NH2 
groups can take place and the high rate of induced decomposition, brought 
about by the important solvent radicals, leads to  scheme IT7, which is essentially 
that of equation 16: 

Sclievre I T '  
(a! P -7 "It. 

(24) 

where Re = radical from peroxide, i.e., CsH5* or CsH5COO*. 
Strong chain decomposition occurs (reactions 24b and 24c), and if this is 

sufficiently important all the peroxide P is coiisunied in the form of R. = 
CsH5COO , the benzoylosy radicals being unable to  lose carbon dioxide because 
of the high rate of their reaction with the solvent. This leads to the kinetic 
equation : 

4 See references 300 and 301. 



(25)  

This observation is relel-ant to later discussion. 
The foregoing argument demonstrates the dangers of o~-ergeneralxzatioii and 

the import,ance of considering bot’h the kinetics and the products together in 
presenting a reaction mechanism. The importance of both solvent and radical is 
emphasized (see Section I). Here, for a given radical, the change in solvent froin 
a nonphenolic aromatic compound to  phenol has produced a change in the nature 
of the decomposition. 

C .  IiE.ID TETR-%BENZO.kTE AND P H E S l L  IODOSOBESZOhTE 

Recent work (169, 170) has shown that these compounds decompose in a 
manner analogous to benzoyl peroxide, yielding benzoyloxy and phenyl radicals 
(equations 25a and 25b). 

The phenyl radicals are capable of effecting the phenylatioii of the aromatic 
compound in whose solution the decomposition is carried out, and the phenyla- 
tion reaction has been subjected to quantitative study. 

D. HOMOLYTIC S A T U R E  O F  THE REACTIONS 

The inclusion of free-radical intermediates in some of the above reactions 
has been questioned by Hodgson ( B O ) ,  who proposed that they were not present 
in reactions in aqueous media, i.e., the G reaction, and that the substitutions 
effected by them could be explained on an ionic basis. Some of these criticisnis 
have been answered by Hey and Waters (175). It is now certainly true that, 
dependent on conditions, both ionic and radical mechanisms can take place in 
some cases (95, 96, 154, 155, 160, 161, 163, 165, 255) ,  e.g., the Pschorr react,ion, 
but the following considerations show that all the reactions discussed abol-e are 
essentially hornolytic in character. 

In  Section 111,A,2 it was slio~s-XI that, in the G reaction, benzoic acid 
does not undergo substitution unless it is first esterified, i.e., the reac- 
tion takes place in the nonaqueous phase, where covalent molecules 
may be expected to  decompose to yield free radicals. 
Similar chemical products are derived from all the above cases, i . ~ . ,  
G, H, and P reactions. The H and P reactions are knon-n to  be homo- 
lytic, as indicated by their kinetics, the insensitivity of the reaction 
rate to  the polarity of the solvent (33), the absence of any corre- 
spondence bet’nreen decomposition rate and acid dissociation constant, 

(i) 

(ii) 
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etc. In this contest it may be noted that the phrase "similar products'' 
does not bear close scrutiny if applied to  work done before 1951 (table 
3). The more recent work, however, justifies its use. 
Arising from the more recent investigations, mentioned under para- 
graph (ii) above, it has been shown ( 5 ,  97, 161, 164, 170) that a given 
aromatic compound, ArX, gives identical proportions of the three 
isomers, r-CsH&sHdX, Then it reacts with radicals derived from 
any of the four main sources. Thus, since the H and P reactions are 
homolytic, the G reactions must also be so. These isomer percentages 
are given in table 2. 

The values (table 2) indicate that for all these reactions it is the aryl radical 
itself, usually CsH5, and no other entity, such as XrSs- or Ar'COO- for the G 
and P reactions, respectively, which effects the substitution, for this is the only 
intermediate which is common to all the reactions employed. 

For the restricted field of discussion (aryl radicals with aromatic solvents) 
the evidence is in favor of homolytic reaction in all the D, G, H, and P reactions. 
The substitution is effected by the aryl radical with expulsion of a hydrogen atom 
(equation 14). 

Returning to the historical development of free-radical substitution, it was 
stated above (Section 11) that Hey and Waters (140, 159, 174) iii 1934-37 had 
indicated that the apparently anomalous products isolated from these reactions 
could be explained by the existence of free radicals of the type of free phenyl. 
Before 1951, many reactions of this kind were carried out and it was believed 
that the general tendency was for the group X, xhat'ever its directing effect in 
heterolytic substitution, to  direct a homolytic reagent primarily to the para 
position. The meta position was least favored and the corresponding product 
rarely observed. These conclusions were based on a considerable volume of ex- 
perimental evidence, which is summarized in table 3, They are, however, now 
known to  be largely incorrect. This situation has arisen (286) as a result of several 
factors: 

(i) It should be appreciated that many free-radical processes go to make 
up the overall homolytic reaction (Sections I arid 11). Since each inde- 

(iii) 

TABLE 2* 
Ratios of isomers for  arylation with various radical sources ( c f .  table 15) 

I 
Solvent 
ArX 1 Radical Source Reaction 

Isomer Percentages 

Ortho 1 Meta 

CsHaC1. . . .  
CsHsNOn 

. . . .  

. . . .  10 i 2 
60-70 0-10 

I 12.1 

i 8.6 

" See Section VI,B for relevant discussion. 
t Spectroscopic values. 

Para 

13.8 f 2 
32 f 4 
30-40 



HOMOLYTIC AROMATIC ARYL4TIO1; 

TABLE 3 
Isomers obtained in preparat ive  ary la t ion  reactions 

Reagent 
(Ar’ Producer) 

CeHaNHz . . . . . . . . . . . . . . . . .  
C6HaNHz . . . . . . . . . . . . . . . . . . . . . .  
CsHsNHg . . . . . . . . . . . . . . . . . . .  

4-CH3CsH4NHz . . . . . . . . .  
r-OzPU‘C6H4NHz . . . . . .  
3-BrC6HaNHz . . . . . . . . . . .  
4-NHzCaHtcsHs . . . . . . . . . . . .  
@-Naphthylamine . . . . . . . . . .  
( C ~ H ~ C O O ) ~  . . . . . . . . . . .  
CbHsNHz . . . . . . . . . . . . . . . . .  
CsHsNHz . . . . . . . . . . . . . . . . .  
Methyl 4-aminophthalate . . .  
(CsHsCO0)z . . . . . . . . . .  
4-CHsOOCCsHdh-Hz . . . . . . .  
4-CH3CeHdNHz . . . . . . . . . . . . . .  
Xethyl anthranilate . . . . . . . . . .  
4-NHsc~HtCaHs . . . . . . . . . . . . . .  
C6HaNHz . . . . . . . . . . . . . . . . .  
C6HsX”z . . . . . . . . . . . . .  
Ce HsN H? . . . . . . . . . . . . . . . .  
4-0zNCsH4NHz . . . . . . . . .  

4.ClCeH4NHz . . . . . . . . . . . . . .  

4-CHaC6H4NHz . . . . . . . . . . . . .  
2-BrCeH4NHz . . . . . . . . . . . . . .  

4-BrCeHaNHz . . . . . . . . . . . . . . .  
4-N HzCe HtCsHa . . . . . . . . . . .  
(C6H5COO)Z . . . . . . . . . . . . . . . . . .  
CeHsNHz . . . . . . . . . . . . . . . . .  
CeHsNHz . . . . . . . . . . . . . . . . .  
CaHsNHz . . . . . . . . . .  
4-BrCsH4NHz . . . . . .  
4-ICeH4NHz . . . . . . . . . . . . . . . .  

Methyl 4-aminophthalate . 
4-NHzc6H1CsHs . . . . . . . . . . . .  
CbHaNHz . . . . . . . . . . . . . . . . . . .  
CeHaNHn . . . . . . . . . . . . . . . . . .  
(C6HaC00)z . . . . . . . . . . . . . .  
(~-OZNC~HICOO)Z . . . . . . . .  
CeHsNHz . . . . . . . . . . . . . . . . . .  
C 6 11s N Hz . . . . . . . . . . . . . . . . . . . . .  
C6HsN Hz . . . . . . . . . . . . . . . . . . . .  
CsHbNHz . . . . . . . . . . . . . .  
CeHsNHz . . . . . . . . . . . . . . . .  
CsHsNHa . . . . . . . . . . . . . . . . .  
T-OZNCEHINRZ . . . . . .  

~ - O Z N C ~ H ~ N H Z  . . . . . . . . . . .  

. . . . . . .  

8-Naphthylamine 
4-Aminophthalimide 

4-HOOCCsHdNHz 
(CaHsCOo)? 
(CsHsCOO)? 
(r-OzNCsHtC00)~ 
(4-c1CeH4C00)z 
14-CH~OC~H~COO)r 

~ - C Z H S O C ~ H ~ N H Z  

. . .  

. .  

. . .  

. .  

Solvent 
ArX Substitution 

P 
P 
P > @  
P, 0 

P. * 
P 
P 
P < O  
p > o a n d p < o  
P > O  
Mixture 
P .  @ 

P. 0 

P 
P .  * 
P .  0 
P. 0 

p > o > m  
0. P 
0. P 
0 > P  
* > P  

O > P  

O > P  
0 > P  
O > P  
O > P > n C  

(0. P)’ 

O > P  

0 > P  
0. P 
O > P  
0 .  P 
0. P 
P 

P 

P .  0. m 
P .  ?n 
P .  m 
P 
P 
p t o  NO2 
a. Y 
a > @ > r  
a. Y 
U > @ > Y  

a. Y 

a. Y 

a.B . T 

a. 8. -, 
a. Y 
a. Y 
Q. Y 
a > @ .  r 
No reaction 
a. Y 
Q !  T 

Reaction 

G 
D 
G ,  H 
D 
G 
G 
G 
H 
G. H 
P 
G. H 
G 
G 
P 
G 
G 
G 
H 
D 
D 
G.  H 
G. E. D 

G 
G 
G 
G 
H 
P 
G.  H 
G. H 
G 
G 
G 
G .  H. D 
G 
H 
G 
G 
P 
P 
H 
G 
G. H 
D 
G. H 
D 
G. D 
G 

G 

D 
D 
G 
G 
P 
P 
P 
P 
P 
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CsHaNHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
CsHaNHz. . . . . . . . . . . . . . . . . . . . . . . . .  

CeH5N32 . . . . . . . . . . . . . . . . . . .  " 
CeHaKHz . . . . . . . . . . . . . . . . . . . . . . . .  
CeHsNHz . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . .  Cs Ha N Hz 

TABLE 3-Conclzided 

CaHsNITn 
CioH8 

2-CHsCioH7 
2,6-(CIls)zC10Hti 
2-CzH:OCioH; 

ClOH8 

Reagent 
(Ar'* Producer) 

I Solvent 
I ArX 

Substitution 

Q ,  8,  Y 
P > O  
P 
p t o  OH 
O > P  

0 

P ,  0 

1 > 2  
1 > 2  
1 
1 
1 > 3 > 0  
1 
1 
P 
P 
P 

Reaction 
~- 

P 
G 
G 
G 
G 

D 

G 
€1 
G 
H 
H 
H 
D 
G 
D 
G 
G 

Reference 

P G 

* Letters 0 ,  p in parentheses indicate substitution ortho to  one group in the solvent and para to  the other, 

pendent reaction has some probabilit'y of occurrence, the final product 
is often complex and intractable. Highly substituted compounds such 
as quaterphenyl (1, 5 ,  122, 125, 174) are sometimes present and tars 
are usually formed. Since these tars and resins have often been ig- 
nored, the isolated yield, represented by the biphenyl fraction, has 
been low and subject to uncertainty (cf. Dermer and Edmison (92, 
table 2)).  
In  the prepared biphenyl fraction, the para isomer, being the most 
symmetrical, is usually the least soluble and most easily crystallized 
and is, therefore, the isomer most readily identified. This gave rise to  
the concept of para reaction, noted above. As pointed out, by Hey 
(160) in 1948, the predominance of the ortho isomer in reactions with 
anisole is significant, and it may be seen from table 3 that  this is also 
true of toluene (299). 
The reactions have most often been used (7) solely as a means of pre- 
paring the p-arylated compounds ArAr', and residues have been dis- 
carded without identification. 

In table 3 the columns give, in order, the reactants, i.e., the producers of Ar' 
radicals (in this column T-KO?CGH~NH?, for example, indicates that all three 
nitroanilines were used wit'h similar results) : the solvents ArH (usually CsH&, 
where X is the directing group); the position of substitution relative to  the 
directing group; the type or types of reaction; and the appropriate literature 
references. In  designating the reaction the scheme above is used. 

Where possible the isomer formed in greatest yield is indicated. This informa- 
tion should, however, be treated with caution for the reasons stated above. 

Table 3 is not fully comprehensive. It does not include the work carried out 

(ii) 

(iii) 
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on furan, thiophene (133), or quinoline (173), n-hich is sinall in quantity and not 
directly relevant. The results receive confirmation from other work: e.g., ( I )  the 
electrolysis of benzoic acid in pyridine (1 14) gives a- and y-phenylpyridines, and 
(2) the decomposition of diphenyliodoiiium hydroxide in pyridine (253) yields 
all three isomers. (See references 131, 164, 253, and 299; also Section V1,A.) 

Consideration of table 3 confirms a mode of substit,ution different from the 
normal ionic one and suggests invariable ortho-para-directing effects for the 
group X. It is necessary to turn to the years since 1951 to  see how these ideas 
have become modified. 

IV. THEORETICAL ASPECTS OF AROMATIC SUBSTITUTION 

A. INTRODUCTION 

I n  order t o  orientate the theoretical aspects of free-radical substitution with 
those for ionic substitution it is necessary to  present the development of the vari- 
ous treatments and the relationships between them. 

Any reaction involving a given molecule can be described (41, 70, 130) by a 
reaction path ABC (figure l), n-herein an energy barrier, the height of which is 
equal to the energy of activation, has to  be surmounted in the process of move- 
ment along the reaction coordinate towards the reaction product C. In order t o  
predict the relative rates of reaction a t  two sites, it  is necessary to possess a means 
of evaluating both the reaction paths ABC and A’B’C’. Owing to  inherent, diffi- 
culties of calculation, it is usually impossible to  carry out these estimat,ions 

8’ 

REACTION CO-ORDOMATE 
FIG. 1 .  Reaction pathq for a given molecule 



140 D. R. AUGOOD AND GXRETH H. WILLIAMS 

rigorously, and certain assumptions have to be made in order that some result 
may be obtained. In heterolytic reactions the electrically charged entities taking 
part in the reaction engage in strong long-range Coulombic interaction and here, 
therefore, the electrical charge distribution in the initial molecule (A, figure 1) 
plays the dominant role and decides the products of the reaction. I t  will be re- 
membered that the early experimental data were concerned only with heterolytic 
substitutions (Section 11), and thus the earlier theoretical treatments describe 
this form of reaction alone, i.e., they are concerned with a description of the 
charged ground state of the molecule. Unfortunately, the perturbations caused by 
approach of the electrically charged reagent to  the molecule produce difficulties 
in mathematical description of the reaction and these early treatments were not 
able to progress far towards a truly quantitative understanding of aromatic 
substitution as it was then known. 

In  homolytic reactions, on the other hand, where the electrical perturbations 
are small, the order of reactivity of a number of given positions might be de- 
scribed by a sequence of “residual affinities.” Any atom in a lower order of 
bonding would then, because of its “residual affinity,” be more amenable to  
reaction than any other atom. This implies that  the differences in energies be- 
tween the initial molecules and certain ideal states determine the reaction 
products and that the order of relative rates is independent of the attacking 
reagent. 

From the above it follows that a broad classification of the topic may be made 
and three groups of theories are distinguished : 

Methods involving consideration of the electrical charge configura- 
tions of the isolated molecules A, referring qualitatively to heterolytic 
react ions. 
Methods based on the evaluation of the aforementioned “residual 
affinities” which are applicable, not only qualitatively but probably 
quantitatively, to  homolytic reactions. 
Methods based on the possibility of calculating, for each type and 
position of reaction, the energy of activation or the height of the 
energy barrier (M3, figure 1) involving the corresponding activated 
complex. These results are applicable, in a quantitative sense, to  both 
homolytic and heterolytic substitution. 

It is customary to  consider (i) and (ii) together, as the “isolated molecule’’ 
(I.M.) method of approach, and (iii) separately as the transition state (T.S.) 
method (41, 54, 70, 73, 74,76, 100-105, 136, 137). Thus, the first treatment con- 
siders the reaction path in the neighborhood of A (figure 1) and involves the as- 
sumptions that the outcome of the reaction is decided by the molecule itself and 
that the relative positions of A and A‘ decide the relative rate of reaction between 
the two positions considered. The second method, on the other hand, is con- 
cerned with the relative heights AB, A’B’ of the corresponding reaction paths. 

(i) 

(ii) 

(iii) 
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B. G E S E R A L  ASSUMPTIONS O F  T H E  ISOLATED MOLECULE (I.M.) AND TRASSITION 

ST=ITE (T.S.) METHODS 

The general met,hods, assumptions, and equations used in the I.M. and T.S. 
treatments and in the interpretation of experimental results must now be con- 
sidered. 

1. Since the mobile p-T electrons in aromatic systems are more easily polarized, 
and are also delocalized over a much larger area than the a-bond electrons, the 
contribut,ion of the latt'er to the variable part of the activation energy may be 
ignored. Thus, each theory operates on the p-T electrons alone and the a-bond 
effects are assumed negligible. 

2. At the present stage, the complicating effects of steric hindrance are as- 
sumed absent. These effects can only be explained qualitatively in systems of 
this complexity and must be left untreated in any current mathematical appreci- 
ation. Likewise, experimental data which are free of the uncertainty arising from 
steric effects must be used in testing the theoretical work. 

3. For any reaction, the theory of absolute reaction rates (130), in considering 
the reaction path of figure 1, indicates that the rate of reaction is 

A S * / R  - A H ' I R T  k c c e  .e 

If the entropy of reaction A S t  is incorporated into the frequency factor P,  
and if AH', the heat of activation, is replaced by the energy of activation AU (AB, 
figure l), the equation degenerates (70) to that of Arrhenius: 

(27)  -A U / R T  IC = Pe 

The reasonable assumption is now made that in a series of similar reactions, 
employing similar molecules in reaction with a stated reagent, the entropy term 
ASs and/or t,he frequency factor P remains constant. This has been observed 
to  be true in many instances (27, 3440 ,  200, 201, 246). Thus, the application of 
equation 27, with the replacement of the term AU by an energy difference evalu- 
ated by any of the theories, should allow the corresponding value of k to  be 
obtained. 

represent actual rates of reaction for any position in benzene 
and the position T in C s H a ,  respectively, then two equations similar to equation 
27 give the partial relative rate factor gkr as 

4. If =Fi and 

where the terms AHU and AxUr are the energy differences calculated for the 
r e a d o n  using CsHs and the rth position of CsHX, respectively. 

5 .  Consider predictions made by the 1.M. and T.S. methods for heterolytic 
substitution. The former treatment assumes that the course of the relat'ive 
reaction for two different sites or compounds may be predicted from a knowledge 
of the distribution of the ground state charges alone. The T.S. method, which 
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involves evaluation of the corresponding energies of activation (figure 1) , might 
predict a reverse order of reactivity if the reaction paths for the different sites or 
compounds crossed. ,4 review which includes a discussion on the effects of such 
crossing has recently been published (41). The follou-ing generalizations may be 
made : 

The possibility of crossing is greatest for the ionic reactions where 
time-variable perturbation effects, dependent on the Coulombic inter- 
action between the reagents, are present, Qualitative considerations 
are introduced into the theories to allow for this (Section IV,C,l). 
Reliance may be placed on the prediction for heterolytic substitution 
if the results of both 1.31. and T.S. methods agree. 
Homolytic substitution is decided by energy-diff erence relationships 
(Section IV,A), and therefore the predictions of the 1.M. and T.S. 
met'hods might be expected to be in agreement and to have more 
significance than those for heterolytic reactions. Such an agreement 
mill become apparent at  a later stage (Section IV,C,5; Section 
IV,D,2), 

6. Partial and total rate factors relative to benzene are obtained as follows 
(21): If the absolute reaction rates are considered, then for substitution of 
CGHZ, where there are two ort,ho positions, two meta positions, and one para 
position available for reaction, the total absolute rate is given by: 

(i) 

(ii) 

(iii) 

"K  = 2xik, + F ~ c ,  + "k ,  (29) 

HK = 6"x; (30) 

For benzene, with six equivalent positions, the corresponding rate is 

By measuring relative t,otal rate rat'ios, an arbitrary value may be assigned to  
one compound so that numerical significance may be given to the other terms. 
Benzene is taken as the reference molecule and the total rate of substitution in 
benzene (equation 30) is taken to be equal to  six, rrhereby Hk is unity. From 
equations 29 and 30 we then have: 

6 3 C  = 2Ek0 + 2gk ,  + Zk, (31) 

The value of GI< can be measured experimentally by the competitive method, 
using mixtures of CsH& and CsHs. 

The partial relative rate factors are obtained if the proportions in which 
the isomers are formed are measured; thus, if the ortho isomer forms the fraction 
(0) of the productJ mixture, theil: 

X 

i.e., 

Similar equations can clearly be derived for the riiet8a and para cases, due allow- 
ance being made for the statistical number of these positions alrailable for re- 
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action. The process is likewise extended to  t)he treatment of molecules like 
biphenyl, naphthalene, etc. 

Several very important points arise from these considerations: 
X (i) The rate ratio H K  niay be obtained (1) indirectly by experiments 

using a third substance, e.g., C6H5Y, since 
X =K = ;K.:K (33) 

Thus, once the value of ZK is established, the molecule CsHsY can 
be used as the experimental reference compound and competitive 
work may be carried out by using mixtures of C6H& and C ~ H L Y  
rather than mixtures of C6Hs and CsHjX. This may be desirable on 
account of a possible simplification of the experimental procedure. 
Moreover, by comparing the directly determined value of gkr with 
that obtained by the use of equat,ioii 33, a check on the experimental 
accuracy niay be obtained. 
If, from calculations based on any theory, the total reaction rate is 
desired, then equation 31 must be employed, i.e., the individual partial 
rate factors zkT are obtained, perhaps by equation 28, and are summed 
by the use of equation 31. This follows from the Arrhenius equation 
(equation 27), which shows that addition of energy ternis, appearing 
as indices in the exponential, leads to multiplicatioii rather than ad- 
dition of the rate constants. Thus, for example, it is not allowable 
(176) to  employ the summation of the free valence numbers for the 
various positions in a molecule in order t o  assess the total reactivity 
of the niolecule [see Sections IV,C,5,(iii) and Y,B,6]. This comment 
applies rigorously to all cases, even those where one or two positions 
have very largely enhanced reactivities, e.g., in the polynuclear hydro- 
carbons (203, 206). 

7 .  If p-diX-substituted, or s-triX-substituted benzene is considered ( 5 ) ,  then, 
for both instances, all the nuclear positions available for substitution are equiva- 
lent, e.g., for p-diX-subst'ituted benzene, any position is ortho to  one X and meta 
to  the other X group; hence, 

(ii) 

where the subscript o,m indicates that the relative rate for this individual position 
has some dependence on the positions of the two directing X groups. 

It has been shown for heterolytic substitutioii and for some homolytic reactions 
(21, 27, 200, 201, 240) that the effect of the substituent is concerned mainly 
with the energy of activation for reaction a t  any positmion in the nuc!cus, i.e., 
it  may be assumed that the frequency factor, P in equation 27, will remain 
sensibly constaiit in the competitive reaction involving either C 6H5X or p-diX- 
benzene. This was seen to  be a requirement for the validity of the conrpetitive 
method (see Sections TV,B,3 and IV,B,4). 

The experimental evidence shows that t,he energy of activation a t  an available 
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position is formed by addition of the corresponding energies of activation con- 
tributed by all the directing groups. If this is true of homolytic substitution 
reactions, then noting from (ii) above that addition of activation energies implies 
multiplication of rate constants, the partial rate factor &,,, from equation 34 
is given by the product of g k ,  and H k m ,  where each of these latter factors 
corresponds to t,he effect produced a t  the attacked position T by one of the X 
groups, either ortho or meta to r. Hence, 

X 

X 

and 

Similar consideratiom are valid for s-triX-benzene, where each nuclear po- 
sition is ortho totwo X groups and para to  the third, i.e., 

6s-xgI< = 3($k0)' g k ,  (37)  

From the experimental values of gK,  P-XzK,  "xgK, the three unknowns 
=ko, H k m ,  and &kp may be obtained by solution of a cubic equation derived 
from equations 31, 36, and 37. If these values agree with those obtained using 
the data of the isomer proportions and EK (equation 32), then the postulate of 
the additivity of activation energies will be verified. It is to be noted that this 
method assumes the absence of steric hindrance (see Section IV,B,2). 

8. The effect of temperature upon the relative rates and isomer proportions 
may be evaluated by consideratmion of equations 27, 28, 31, and 32. It is clear 
that  the effect can be observed directly only via the partial rate factors &, 
and not through the total ratme values $I<. The effect on the latter can be found, 
however, by finding the changes in the HkT values and employing equation 31. 
Using the Arrhenius equation, equations 27 and 28, and the temperatures 7'1 and 
T2, we have: 

x x  

X 

Further, by inclusion of equation 32 and putt,ing T1/Tz = 7, the relationships 
between the isomer proportions are given by equations of the form: 

By these and similar relationships, the partial rate factors, isomer proportions, 
and total rate factors may be obtained a t  any temperature. The inherent assump- 
tion that has been made is that t,he P-factor remains constant (see Section 
IV,R,3). 

C. ISOLATED MOLECULE (1.hf.) APPRO?ICH 

Each of the following theories represents an attempt to describe substitution 
phenomena. In each case, the possibility of application to homolytic substitution 
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is discussed. It will be seen that the first three methods described are applicable 
mainly to  heterolytic substitution, while t’he last two have been developed 
specifically for the free-radical reactions. 

1 .  Ideas  of the English School 

The electronic interpretation by the English School (8, 21, 194, 196-198, 246) 
of the “normal laws” of substitution (see Section 11) is as follows: In  general, 
according to  the classification of group X, the group is assigned a =I= I (inductive) 
and a i M (mesomeric) effect. Thus, the KO2 group is said to exert the effects 
- I ,  i.e., withdrawal of electrons from the ring by a mechanism analogous to  
electrostatic induction, and - M ,  i.e., withdrawal of electrons by the tautomeric 
mechanism. Both mechanisms affect the ortho and para positions to  a greater 
extent than the meta position and, in this sense, the tautomeric mechanism 
is considerably the more selective. The result, in nitrobenzene (I), for example, 

0 To 
\ + /  

N I 

I 

is such that an electrophilic reagent (e.g., SO;)  finds difficulty in attacking the 
ortho and para sites, and so the NOa group is said to be deactivating and meta 
directing. 

In  some cases the approach of the reagent causes electrical perturbation of the 
molecule with consequent modification of the expected results. Time-variable 
eff ects-namely, the &Id (inductomeric or dynamic inductive) and &E (elec- 
tromeric) effects-were therefore postulated to allow for this. These effects are 
called into play only on the demand of the approaching reagent, and thus they 
can only aid reaction and never inhibit it. 

These descriptions are essentially qualitative and unable to  explain frce- 
radical suhstitution effects (Sectmion 11). 

2. Resonance theory 

Directing effects observed in ionic substitution are explained by the charge 
distribution exist,ing in a hybrid molecule constructed by the summation of 
contributions from a number of separate canonical forms, which can be repre- 
sented by classical valence-bond formulae (239, 291). Thus, for example, for 
nitrobazene the following structures (11, 111, and IV) are among those which 
contrbite to  t’he hybrid structure. 
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\ 

I1 I11 l T T  

The stri ctures indicate that electrophilic substitution (for example, by NO:) 
mill be rendered more difficult compared with benzene, and the substituent will 
be directed to  the meta position. 

The theory is capable of mathematical treatment (48, 54, 88) by the valence- 
bond method but has served mainly as a means of semiquantitative description 
of heterolytic reactions. In the form presented, the method is inapplicable to 
free-radical substitution, but with certain modifications (Sections IV,C,4 and 
IV,D,l) can attempt such description. 

+ 

3. illolecular orbital (M.0.):  the polarized state 
This treatment, which was developed in an attempt t o  explain the facts of 

heterolytic substitution, departs somewhat from the strict 1.11, procedure, since 
points slightly displaced from A (figure 1) arc considered (41, 70, 7 3 ,  74, 130, 
292). If an ion, e.g., NO;, approaches a molecule a t  position r ,  electrons will 
tend to congregate at  this site. This results in a decrease in the electronegativity 
of T and a change in t'he Coulomb integral of the carbon atom occupying position 
T from a? to (ar + &a,.), where &ar is negative. The resulting change, SU, in the 
energy of the system is given by a Taylor series of the form: 

I 
i 

I 

where the quantity Q. is termed the n-electron charge densi ty  and r,.,? the self- 
polarizability of the rth carbon atom. It is to be noted that this assumes that 
long-range Coulombic forces are dominant and exchange forces are not present. 
If these latter forces were engaged, then equation 40 should contain terms like 
aU/ap,, to allow for effects brought about by changes in the bonding of the 
T carbon atom. 

The first term in equation 40 is the most important and, since 6 a r  is negative, 
the most reactive posit'ion for heterolytic substitution is that where qr is largest, 
i.e., that of the greatest electronic charge. This is in accord with th:: above 
treatments, in all of which the charge distribution in the ground state determines 
the products. 

If all the qr's are identical (e.g., in urisubstituted hydrocarbons like na?htha- 
lenp), the difference in reactivity is given by the second term involving (Sar)*. 

th 
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In this instance, the substitution depends only on the magnitude and not on the 
sign of 6a,. Hence, both electrophilic and nucleophilic substitution will take place 
preferentially at  the same site. 

If all the quantities of equation 40 were known, including bonding terms, 
then some attempt might be made to  obtain the corresponding partial rate factors 
by means of equation 28. The difficulties involved in carrying out such calcu- 
lations are, however, prohibitive. The method is important in treating the 
electron configuration as a whole by mathematical argument, and the inherent 
inclusion of the polarizability effects is significant. The experimental facts can 
be explained in a qualitative sense but quantitative prediction cannot be made. 

4, Valence libre 
This concept, which was developed by French theorists (48, 54, 85-88, 244, 

245) from an idea of Svartholm (270), was an attempt to adapt the resonance 
theory (Section IV,C,2) to the treatment of homolytic substitution. Since 
canonical forms containing electrical charges in the nucleus are of no apparent 
importance in free-radical reactions, these structures, which occur in the nornial 
resonance theory (formulas 11, 111, and IV), are replaced by structures bearing 
formal bonds (formulas V and VI). The “valence libre” of a given atom is then 
defined as the weighted sum of all structures in which the chosen atom is not 
joined by a double bond to  one of its neighbors. Some possible structures for 
nitrobenzene are shown in formulas T’ and VI, wherein the ortho and para PO- 

- - 
0 0 0 0 
; \+/  ; \ + /  : N  [,,G V ‘“(I T’I 

sitions are the only oiies for which formal-bond structures of this type can be 
written. Structures containing more than one such bond, when suitably weighted, 
are included in the treatment. The total weight of these structures for a given 
atom is then a measure of the residual affinity of the atom concerned. The 
weighting is carried out, by using suitable experimental data referring to bond 
lengths (48, 245). The structures (V and VI) for nitrobenzene show that prefer- 
ential ortho-para reaction should take place in homolytic substitution. 

The treatment has been applied (245) to  linear and condensed polynuclear 
hydrocarbons and appears satisfactory in explaining the reactivities of selected 
positions and the corresponding carciiiogenic activity of such compounds. KO 
calculations for the case of a monosubstituted benzene (CsHz)  haye been pub- 
lished except for an attempt to treat toluene (245). It is doubtful whether the 
method should be applied to heteroinoleculcs (99). The treatment suffers from 
its rsrher pictorial approach (99, 232). 
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An interesting point, which does not, appear to have been expressed, is that  
whatever the nature of the group X, provided there is some conjugation or 
hyperconjugation with the benzene ring, the ortho and para positions will always 
appear more reactive than the meta position in homolytic substitution, owing to 
the inclusion of st'ructures of the type illustrated in formulas T- and VI. More- 
over, since these structures are additional to  any containing formal bonds within 
the benzene ring itself (e.g., the Dewar structures), the treatment suggests that  
homolytic attack should be facilitated, relative to benzene, by the presence of 
the group X in the molecule C s H S .  If conjugation is small as, for example, in 
tert-butylbenzene, this activating effect should be of minor importance (see 
Section VII7A,4,(v)). 

5 .  Free valence 

The idea of free valence was introduced by Coulson (68, 69). Using the 
molecular orbital (31.0.) theory, the mobile bond order p , ,  betn-een the nuclear 
carbon atoms r and s is defined by 

where c,j and c,i are the coefficients of the molecular orbitals of the electrons in 
the bonds r-j and s-j. The tot8al bonding A', exhibited by the atom r is then 

AT, = ZpTs f C, (42) 

where C, is the contribution from the u-electrons. The free valence, F,, of r is 
then given by 

F,  = (Armax - X,) (43) 
where ATmax is the maximum bonding that a carbon atom of the type T can attain 
(76, 136, 137). The value of (LV,a, - N , )  is a measure of the amount of additional 
bonding which this atom r could show and provides an index for homolytic 
reactivity . 

Each reactivity is associated with the difference between a k e d  bonding 
value, calculated for the initial molecule (A, figure l) ,  and that idealized maxi- 
mum of which the carbon atom concerned is capable. This change F,  in bonding 
must be associated with a corresponding energy difference, ("E: - XE') ,  where 
XE' and "E: are the r-electron energies of the corresponding initial and r-sub- 
stituted molecules. This difference may be taken as determining AXU, in equation 
28. (It is the evaluation of this energy difference which suggests a parallelism 
with the method of Whelaiid (see Section IV,D),  where the energy difference 
between the ground state and the transition complex is calculated.) 

A qualitative relationship between X F ,  and Ax LTr has been demonstrated by 
Burkitt, Coulson, and Longuet-Higgins (44: cf. 143). The contribution of atom 
r to the mobile electron energy of a system can be shown to be 2p2p,,. If, during 
the course of a reaction, it is assumed that this atom is removed from the area 
of delocalization, then the energy change will have this value 2pT;p,,, provided 
there is no rearrangement of the rest of the molecule. (This system may be com- 
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C6H6.  . . . . . . . . . . . . . . . .  
CsHsF..  . . . . . . . . . . . . . . . . . . . . . . . . .  
C&sCl., . . . . . . . . . . . . . . . . . . . . . . . . . .  
CsHsBr..  . . . . . . . . . . . . . . . . . . . . . . . . .  
C ~ H ~ I  . . . . . . . . . . . . . . . . . . . . . . . . .  
CsHsOH . . . . . . . . . . . . . . . . . . . . .  
CsHsNH,. 
CsHsN . . . . . . . . . . . . . . . . . . . . . .  
CsHsN’ . . . . . . . . . . . . . . . . . . .  
CioHs . . . . . . . . . . . . . . . . . . . . . . . . . .  
CioHs . . . . . . . . . . . . . . .  
CeHsCsHs. . . . . . . .  

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

pared with the activated complex of TVheland, where a covalent bond is assumed 
to  be formed between the radical and the atom attacked.) Thus, taking /3 as 
positive : 

(44) 

= 2/3[Y’,,, - c, - X F , ]  

= constant - 2PF, (45) 

AXU, = (XE’l. - ,E’) = 2/32pr, = 2,8(S, - C,) 

This equation is a mathematical statement of the fact that the greater the free 
valence available the greater the reactivity, since the larger XFr, the smaller 
AXU, and, by equation 28, the more reactive the position. 

The rest of the molecule cannot remain unaffected when atom r is removed 
from the delocalization area and all the other mobile bond orders p,, must 
change. Relationship 45 will therefore be correct only if the sum of these changes 
is zero. Brown (41) uses a modified equation: 

AxU, = const. - 2xpXF,  

where zp is a similar change in all the resonance integrals pr8  between atom T 

and its neighbor s, and where 0 5 x 5 1. 
Using calculated bond orders in conjunction with equations 4143 ,  the partial 

rate factors may be evaluated by equation 28. Thus, 

(46) 

0.358 
0.412 
0.410 
0.413 
0.432 
0.422 
0.431 
0.420 
0.495 
0.448 
0.452 
0.536 

X ( X F ,  - =F) 
RT =kr = exp 2(z)/3 (47) 

Tables 4 and 5 present some of the data, together with the calculated values 

It is seen that: 
of XF,, Zk?, and ZK (see Section IV,B). 

(i) The ( X F ,  - =F) values are very small, causing the predicted rates to  

TABLE 4 
Free valence numbers  XF, 

Nuclear Positiont I 
Aromatic Compound 

1 Ortho or a 
[ References 

Meta o r 8  1 Para or 7 1 

0.398 
0.398 
0.400 
0.400 
0.397 
0.395 
0.396 
0.354 
0.390 
0.400 
0.404 
0.355 

0.398 
0 .401 
0.404 
0.404 

0.406 1 
0.412 1 
0.412 

0.412 i 

0.412 

(73, 176, 254) 
(254) 
(254) 
(254) 
(254) 
(254) 
(254; cf. 74) 
(254) 
(74, 7fi) 
(254) 
(44, 74, 76) 
(44; cf. 2 3 ,  257) 

* See Section IV,C,5,  (iv) 
t These values are calculated using Nmax = 3 + 4 (equation 43). Provided the same value for A \ ~ ~ ~ ~  is used 

in all the calculations its actual value is unimportant, aa the  difference (xF, - = F )  is used (equation 43) to  calcu- 
late the relative rates given in table 5 .  
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TABLE 5 
Homolyizc relative role constants calculated from f ree  calence numbers, assuming 

x = I ,  T = SZ?'R.,  p = 17 kcal. (equations 44-47) 
I 1 

Aromatic Compound 1 z k u  or ck, 1 :km or c k f l  
I 

1.97  
1.79 
2 .07  
5 .12  
3 . 2 0  
4.95 
2 . 9 1  

110.25 
11 .29  
13 .71  

604.95 

* See Section I V , C , 5 , ( i v )  

1 . 6 0  
1.10 
1.10  
0 .95  
0.91 
0.91 
0 . 8 2  
0 .02 
1 .10  
1 . 3 4  
0 . 8 8  

1 .34  
1 . 3 4  
1 .34  
1 . 9 i  
1.97 
1.97 
1 .97  

15.11 
- 
- 

1.97  

2 
1 . 2 1  
1 .19  
1 . 2 8  
2 . 3 5  
1 . 7 0  
2 . 2 8  
1 .57  

39 .28  
8 .26  

10.03 
538.53 

be highly subject to the accuracy of cvaluation of the individual F ,  
values. 
The possible fluctuation of the value of z in equations 4447  and, 
indeed, the questionable validity of these equations, implies that no 
great reliance should be placed in the Eli, figures. Strictly, this also 
applies to any qualitative predictions based on " F ,  values for positions 
within a single molecule for unless, in every case, the rest of the 
molecule either remains unchanged or alters to the same degree (i.e., 
.2: = 1 or is constant) during the reaction, the "F,  sequence cannot be 
assumed to indicate the order of reactivities. In the past these as- 
sumptions have been rather too readily accepted. 
The dangers inherent in taking the summations of the " F ,  values 
(176) for comparing reactivities of molecules [see Section IV,B,G, (ii)] 
are demonstrated for the halogens. Thus, addition of the X F ,  values 
leads to the incorrect order of "reactivities" I > Br > C1 > F when 
compared with the sequence given by EK of table 5 .  These orders 
should be compared with those for heterolytic reactions (222). 
The values for pyridine, naphthalene, and biphenyl are important, 
as the corresponding calculations can be made with some accuracy. 
There is no heteroatom in naphthalene, and consequently no arbi- 
trary parameter need be introduced when calculating X F ,  or, alterna- 
tively, to calculate XF,. It is noticed in these cases that the ortho 
positions give rise to very high values. Experimentally, these may not 
be observed, owing to steric hindrance at  ortho sites. The values 
marked with an asterisk in tables 4 and 5 seem out of harmony, per- 
haps owing to the neglect of overlap integrals, and are rejected. 
In all the cases quoted in tables 4 and 5 it is seen that the ortho and 
para positions are activated to  a greater degree than the meta position, 
which, having an $k,  - 1.0, is little different from any one position 
in benzene. The effect is an alternation in reactivity round the ring 
from the group X. Approximate treatment (7G, 138) has shown the 
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possible reason for this selected activation. A hydrocarbon niolecule 
is considered, e.g., benzene, and the Coulomb term a ,  of one atom s 
is changed; [this may be considered as being effected by replacement 
of a =CH group by a hetero =N atom or by the influence of group X 
on SI. Neglecting any changes in the values of the bond integrals, the 
change in the bonding Xr of atom r is given by 

The first, and any other odd term, can be shown to be zero, and thus: 

This implies that whatever the sign of dcr,, the change in bonding of 
atom r will be determined by the sign of d2Nr/aaf .  It was shown in 
addition that when r to  s is odd, azN,/aai is negative and ortho and 
para sites are activated, and when r to s is even, a 2 N , / d c u ~  is positive 
and meta sites are deactivated. The effects follow from the fact that 
a decrease in causes an increase in F ,  (equation 43) and hence an 
increase in the reactivity of atom r.  The effect a t  the meta position is 
much dampened (76). 

In  view of the assumptions made, these results should be accepted with some 
reservation (75, 77),  but they are nevertheless of considerable significance, as 
has recently been pointed out (136). 

D. T R X S S I T I O S  S T A T E  (T.S.) APPRO.\CH 

I .  Resonance theory 
In  Section IV,C,2 an account has been given of ho\v the resonance method is 

applied to  heterolytic substitution, and how modification of the treatment 
enables the subject of homolytic reactions to bc treated (Section ITT,C,4). 
Wheland (290-291), breaking away from the then current treatment of the 
ground state alone, suggested that the reagent-molecule relationship should be 
studied. Thus, the ortho-para-directing effect of X in free-radical substitution 
was thought to be determined by the greater ease of formation of the o- and p-R- 
substituted CEH& molecules, compared with that of the meta compouud. The 
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ineta complex (IX), containing a formal bond between the ortho and para po- 
sitions, should possess greater energy then the corresponding ortho (VII) and 
para (VIII) structures. 

This method again implies (see Section IV,C,4) attack in the ortho and para 
positions whatever the nature of the group X, provided some conjugation or 
hyperconjugation with the ring exists. This approach has been employed in a 
recent qualitative discussion (251). 

2. Atom localization energy treatment 
These considerations were also initiated by Wheland (290) and have been 

discussed and extended by many workers (34-41, 98, 99, 260, 286). The method 
is an attempt to  calculate the height of the potential energy barrier which has 
to be surmounted in order that the reaction should take place (AB, figure 1) 
and is known as either the transition state or atom localization energy method. 
The possible relation between this method and the other treatments has been 
discussed (Sections IV,A, IV,B, and IV,C,5). It is not the charge distribution in 
the initial molecule or the difference betxeen the ground state and an idealized 
state of bonding, but rather the difference between the ground state and the 
activated complex, which decides the products. 

For electrophilic, radical, and nucleophilic substitution the assumption is 
made that the transition state is that in which 2,1,  or 0 7r-electrons, respectively, 
are completely localized at the point of attack r and are, therefore, effectively 
removed from conjugation. Figure 2 shows how the various quantities are de- 
rived for homolytic substitution of C e H a  by a radical R. a t  the para position. 
Similar diagrams can be set up for substitution at  any other position of C6Ha.  
The dot represents an odd electron and the area enclosed indicates the area over 
which the delocalization of the n or (n  - 1) electrons takes place. 

.-- - - ----. * - - -  -----. 

. - -  - -  _ _ _ _ . #  

A B 

FIG. 2. Derivation of various quantities for homolytic substitution of C6HSX by a 
radical R* a t  the para position. (A) Ground state;  energy XE. Delocalization over the 
whole molecule of its n r-electrons. (B) Transition s ta te  for para substitution. EneryyXE,. 
Restricted delocalization of the (n - 1) electrons. 

The a-electron energy for each of these structures may be calculated by 
molecular orbital methods and the difference 

(XE, - X E )  = XA, = AXU, (50) 

is taken to  represent the variable portion of the heat of activation for the radi- 
cal substitution (cf. Section IV,B). The atom localization energy x,4, may be 
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Aromatic Compound ~ :k,, or g k a  ' g k m  or 3 8  

~ ~ 1 1 ~ ~ 0 ~  . . . . . . . . . . . . . . . . . . . . .  0.088 0.821 
CsHaCl . . . . . . . . . . . . . . . . . . . .  1.068 0.059 
C6HaCHa . . . . . . . . . . . . . . . . . . . . .  4 2 . 8  13.87 
CaHaOH . . . . . . . . . . . . . . . .  37 X lo5 0 . i 2  
CaH6x . . . . . . . . . . . . . . . . . . . . .  0.040 0.029 
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:kp or ck., 

0.454 
0.268 

34.83 
59 x 106 

0.021 

TABLE 6 
Electrophilic relative reaction rate calculated from atom localization energies 

( T  = 291°K.) 

4 
_ _ ~  

0.38 
0.42 

24.57 
1.5 X 106 
0.03 
4.46 x 105 

identified with AxU, (Section IV,B) and compared with the energy difference 
determined by the XF, values (Section IV,C,5, equation 44). 

The method is as easily applied to heterolytic substitution, and table 6 pre- 
sents the relative rate values, calculated from the published data for electro- 
philic substitution (290). In  the calculations the bond integral was taken to be 
equal to -38 kcal., and the following parameters were used: was included for 
CsHsC1; 61 = 0.2, 62 = 0.1 for C5H5N, and 6, = -0.1 for C6H5CH3. 

The figures in table 6 should be compared with the experimental ones of table 1, 
when the correspondence is seen to  be rather poor. This lack of quantitative 
agreement was fully appreciated by Wheland. The high rate for phenol, or 
aniline, is predicted, but the very low values for other compounds, e.g., nitro- 
benzene, are not. Electrical perturbation, caused by the approach of the KO: 
ion, cannot account for this because this time-variable effect can only facilitate 
reaction (cf. Section IV,C,l), i.e., tend to increase the predicted figures. 

For homolytic reaction, similar calculations have been made and the results 
are given in table 7 .  

Similar difficulties arise in these calculations to those already discussed (Sec- 
tion IV,C,5) in connection with the evaluation of free-valence numbers; e.g., 
the rate figures are again determined by small energy differences. The general 
prediction is again of slight activation with ortho-para direction. The figures for 
naphthalene, obtained without the use of any parameter, are very high (cf. 
table 5). 

TABLE 7 
Homolytic relative reaction rate calculated f r o m  atom localization energies 

(T  = 3'63°K.) 
, 

CsHsNOz . . . . . . . . . . . . . . . . . . . . . . .  2.25 
CsHaCl . . . . . . . . . . . . . . . . . . . . .  5.81 1.42 1.92 2.73 
CsHaCHa . . . . . . . . . . . . . . . . . . . . .  2.61 0.86 2.14 1.48 
CsHaOH . . . . . . . . . . . . . . . . . . . .  32.10 0.76 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  4.39 x 104 
CaHaN.. 2.33 1.95 
c ~ ~ H ~ .  87.79 x 103 19.71 I - 

. . . . . . . . . . . . . . . . . . . . .  
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C .  GENERAL DISCUSSION 

The above survey is not complete; for example, it does not include suggestions, 
frequently made (160, 285-287), that all free radicals are electrophilic. Othei 
treatments are the electron spin or “residual valency” concept of Moffitt (234), 
which is related to  the ideas of free valence and valence libre, and the “frontier 
electron” method of Fukui (118, 119, 138), which attempts to treat all forms of 
substitution by consideration of the densities of the frontier electrons present in 
the isolated molecule. 

Reference to the above sections shows that the methods lvhich are capable 
of A more than qualitative picture are based on the molecular orbital ( R 1 . 0 . )  
treatiiient. Although there is abundant evidence that these 31.0. approximations 
(for the M.0. method is inherently an approximation) are consistent when applied 
to cyclic alternant hydrocarbon systems, it cannot be assumed that the same 
result will be obtained when they are applied to  ionized systems, free radicals, 
or heteromolecules (41, 72). 

Of thc treatments available, the one most likely to be a reliable guide is 
Wheland’s atom localization theory. DerTar (98, 100-105) believes this method 
to be the only valid one. The assumptions made about the transition state are 
reasonable, and the results, for any of the three forms of substitution, may be 
expressed directly in terms of an observable quantity: namely, the energy of 
activation. The method has been used very successfully by Brown (3440) in 
attempts to  predict the results of Diels-Alder and similar reactions. 

Unfortunately, whenever heteromolecules are treated, whatever the theory 
employed (48, 290), certain parameters must be introduced into the mathe- 
matics. The choice of values for these is somewhat arbitrary, though in some 
cases rough figures are available (-28), and in others attempts have been made to  
obtain the relevant experimental data (216-221). Since the number of parameters 
is usually three, then by suitable choice of values, the two types of substitution, 
heterolytic and homolytic, may be qualitatively described. For quantitative 
prediction, accurate values for the parameters are essential and the importance 
of possessing such data cannot be overemphasized. It is to be noted that the 
parameters used in the calculations for chlorobenzene (290) (table 6) had to be 
very carefully chosen in order to explain the ortho-para-directing, but deacti- 
vating, effect of the chlorine atom in electrophilic substitution (cf. table 1). 
The ease of naphthalene is very important, for the predictions of the two methods 
(tables 5 and 7), each based on calculations which do not involve the use of 
arbitrary parameters, do not agree. Thus, free valence predicts a much lower 
reactivity than the method of I+‘heland. The reason for this may be that the 
partial ha t ion  of the bonds in naphthalene (246, 259) was neglected, and all the 
carbon atonis m r e  treated as if they were identical. Alternatively, it may be 
argued that the high reactivity predicted by the atom localization energy treat- 
ment is due to a gross exaggeration by this method of the degree of localization 
which takes place in the transition state and that a factor should be introduced 
to allow for this somrwhst restricted localization. It is difficult to see, however, 
why this should affect only calculations on condensed nuclear systems. 
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The anticipated agreement among some of the theories has been dcnion- 
strated in a qualitative sense, although this correspondence does not prove 
any one of the theories correct. For all the cases considered, small energy differ- 
ences arc involved. Any small errors in the corresponding calculations, caused 
by neglect of overlap integrals, incorrect parameter values, etc., will be magnified 
in the evaluation of the reaction rate through the application of the exponential 
formula (equation 28). The employment of energy differences, however, has 
some recommendation, for consistent errors are eliminated when the diff ercnces 
are considered. 

In  all the treatments, particularly for honiolytic reactions, the predictions 
have been made regardless of any other form of possible reaction. For example, 
the free-radical attack on a inolecule could give rise to a heavily stabilized solvent 
radical, and nuclear substitution would then not take place at  all. The figures 
obtained indicate the nuclear reactivities only and, although perfectly legitimate, 
are not to  be assumed to indicate that the corresponding type of substitidion 
vi11 necessarily be observed. 

It must also be pointed out that in none of the methods described ahovc is 
any account taken of the influence of the reagent on the course of substitution 
reaction. Thus, for example, identical relative rates are predicted (table 6) for 
nitration, or chlorination, or, indeed, for any electrophilic substitution of a given 
compound, However, wide differences exist between the experimentally deter- 
mined values of these rates (Section 11). Since relative rates are under consider- 
ation, these differences cannot be due to variation in the P-factor (equation 27). 
This implies that the energies of activation for attack, at the same position T 

in CeHZ,  by the entities causing nitration and chlorination, respertively, must 
be different. In  the field of honiolytic substitution, too, the relative rates and 
ratios of isomers have been found (51, 79, 146) to  be dependent on the nature of 
the radical effecting substitution. Thus the introduction of substituents of an 
electron-attracting character into the para position of the phenyl radical results 
in the assumption by the radical of a measure of electrophilic character, while an 
electron-repelling substituent has the opposite effect of conferring upon the 
radical the properties of a nucleophilic reagent ( c j .  tables 12 and 13 in Section 
V,E and Section V1,A). 

It is perhaps unfortunate that in testing quantitative theories of aromatic 
substitution attention has been directed largely to  heterolytic reactions, since 
the homolytic reactions, being free from strong “Coulombic” effects, are probably 
more amenable to  quantitative treatment. For homolytic substitution i t  is seen 
that all the treatments are in agreement in predicting that substitution by a 
neutral free radical into the nucleus of CeHZ (where there is no restriction on the 
group X within the previous relevant discussion) will be somewhat faster than 
the corresponding substitution in benzene, and that tlic activation is greatest in 
the ortho and para positions. In  the following sections the recent csperimental 
data are discussed in the light of these predictions, which could ha1 e brru made 
largely before these data berame available. 
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T7. COMPETITIVE REACTIOXS 
.I. T H E  COhfPEl’ ITIVE METHOD 

Relative rates of homolytic substitution are best determined by the competi- 
tive method, and a number of such determinations have been reported recently. 
The idea embodied in the use of the competitive technique (197) is to  allow 
two molecular species to compete with each other for reaction with a grossly in- 
sufficient quantity of the reagent, and to determine the relative amounts of 
product formed from each compound. From this, the ratio of total reaction rates 
for the two compounds may be calculated (see Sections I1 and IV,B). 

In  order that the application and validity of the technique may be appreciated, 
it is necessary t o  consider the following points: 

1. The foregoing evidence (Section 111) shows that it may be assumed that 
in homolytic bimolecular aromatic substitution the substitution is effected by 
first-order attack of the phenyl radical upon the aromatic solvent molecule. The 
actual kinetics of this substitution step cannot be directly studied ( 5 ,  286), 
since in all the above D, G, H, and 1’ reactions (Section 111) this is not the 
observable rate-determining step. Thus, for example, in the H reaction the rate- 
determining stage is the intramolecular rearrangement (equation l l), The com- 
plicating circumstances of the production of the radical by preliminary change, 
either slow or reversible, or simultaneous interaction Kith other substances in 
mutually independent side reactions can be overcome by the competiti1-e 
method. The essential requirement, which is satisfied, is that the attack of the 
active entity upon each of the two soivcnts should be of the same kinetic order 
(cf. Wegscheider’s test for simultaneous reactions of the same order). 

2 .  The reaction employed in the competitive experiments must be honiogene- 
ous, for otherwise physical or mechanical differentiation, e.g., the relative solu- 
bilities of the organic compounds in the phase where reaction takes place, may 
become important. This implies that the Gomberg reaction cannot be used and 
renders less reliable the only early experimental work available. This work is 
that of Hey (141), who found that nitrobenzene was approximately four times 
more reactive than toluene in phenylation. 

3. The decomposition of benzoyl peroxide (Section II1,B) is the most useful 
reaction for competitive experiments, since the simple phenyl radical is ulti- 
mately produced, the reaction medium is homogeneous, the peroxide can be ob- 
tained in a good state of purity, and the reaction product is relatively clean. 
In the reaction mixtureusing the two solvents CsH& and CsHsY, the benzoyloxy, 
phenyl, and possibly solvent radicals can be expected to form some or all of 
the compounds shon-n in Chart I by successive substitution reactions : 

Chart I :  Some possible products f r o m  competitive reaction 
( a )  S imple  products: 

C J L  CsHsCOOH 
Benzene Benzoic acid 

(usually negligible; cf. Section 111) 
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( b )  Monosubstitution products: 

c 6 & 0 X ( Y )  - C I H , C O O o X ( Y )  - CeH5CaH4COOH 

X(or Y)-Biphenyls X(or Y)-Phenyl Biphenylcarboxylic acids 
benzoates 

( c )  Polysitbstitution products: 

Dimerization products (usually 
negligible; cf. Section 111) 

From a mixture of reaction products derived from the initially equimolecular 
mixture of solvents, the ratio of the weights of the monophenylated solveiits, 
i.e., the ratio of X-biphenyl to T-biphenyl, has to  be obtained. This molecular 
ratio is not directly the ratio of the reaction velocities of the respective total 
substitutioils, since the molar composition of the solution has changed during 
the course of the reaction. By using a large excess of mixed solrent, however, 
this error is minimized and the product ratio gives $K directly. 

The formation of large quantities of polysubstitution products like those 
shown under (c) above must be avoided, as differential removal of any one of the 
products of monopheiiylatioii may invalidate the value of $K obtained. The 
dilution mentioned in the previous paragraph tends to minimize this occurreiice 
but, if such highly substituted products are found in the product, their quantities 
must be determined and ally necessary corrections applied. In the past, poly- 
substitution has been observed in many (1, 5 ,  169) free-radical reactions with the 
isolation of quaterpheiiyl ancl similar compounds. This was thought to be the 
reason for the production of large quantities of tar in these reactions and the low 
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Ti'rBLE 8 
A .  Relative rates of phenylat ion of compounds C6HsX 

X 

- __ 
NO2 
F 
C1' 
Br 
1 
CN 

__ __._~ 

4.0 I 

1 .44  ' 1 .35  
1.75 ~ 1 .35  
1.80 1 1.65  

1.35 ~ 

~ 3 . 7  

(3) 

IT 
Reaction 

ZO'C. 

3 . 0  

1 . 5  
1 .G  

CHat 1 . M  1 9  
CzHst 1 1 2 4  1 I 

* ~pproxi rna tc  value (97 )  for %K - 2 o 
t Corrected for side-chain attack (CJ'. Section V,B,7). 
f Data of Rondestvedt and Blanchard (251). 

I 
P I H  

Reaction Reaction 
7O0CC. 1 20°C. 

, 3 . 0  

! 2 . 0  1.5 
0.99t  
I .06t  ' 

B. Relative rates of phenyla f ion  of miscellaneous compounds 
- _ _ _  

(1) I (2) (3) ~ 1 (1) (2)  1 (3)  
I 

P I P  
Reaction ! Reaction Compound 

1 80'C. I 70°C. 

II Compound P I H  
Reaction ! Reaction Reaction ~ Reaction 

20°C. 1 1 SO". 1 8 0 T .  , 20°C 

Pyridine 
Naphthalene 
p-Xylene 
Mesitylene 

1.0 

2 . 7  
G.7 

20 
p DI felt-butslbenzene 0 63 
p-Dichlorobenzene 2 69 
9 Tiichlorobenzene 5 02 

t Pee equation 56 

yields of biaryl obtained. The presence of such high-boiling residues has hec.11 
typical of these reactions (Section 111, D). 

€3. E X P E R I M E N T A L  R E S U L T S  r l S D  D I S C U S S I O S  

1. The results of competitive reactions, using phenyl radicals, arc shou 11 in  
tables 8A and 813. 

The results obtained by Hey and his coworkers (1-6, 19-51, 161, 167, 168) 
are given in column (1). Two reference solvents, nitrobenzene and pyridine, n ere 
used and, in many cases, different indirect determinations of the relative rates 
by the method described in Section IT',B,6 (equation 33) served to  check the 
values obtained and to demonstrate that the results obtained with solvent pairs 
in which one component T ~ S  pyridine were not affected by complicating phe- 
nomena, e.g., solvent complexing (81). The benzoyl peroxide was allowed to 
decompose in dilute solution (6 g. per 200 g. of mixed solvent; mole fraction 
0.01) at 80°C. for 7 2  hr. Procedures and analyses were independently checked 
as t o  their quantitative accuracy. The products isolated and identified generally 
accounted for about 85 per cent of the peroxide used. 

Column ( 2 )  contains the results obtained by Dannley, Gregg, I'helps, and 
Coleman (80, 81) and by Rondestvedt and Elanchnrd (231), based on the use of 
pyridine as reference solvent and with rather higher peroxide concentrations 
(mole fraction 0.03-0.06) than those employed by Hey et  al. 
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The results obtained by Huisgen and Sorge (186, 192), who eniployed the 14 
and not the 1’ reaction and who used pyridine as reference compound, are given 
in column (3). 

2. The final reaction mixture for all column (1) experiments in which nitro- 
benzene was present as solvent was always dark-colored. This n-as never ob- 
served in any other case, e.g., using benzene and/or chlorobenzene as solvent, 
and indicates that reduction of the nitro group has taken place with further 
interaction of these reaction products with the peroxide to give colored iiitrogen- 
containing compounds. 

3. In certain column (1) reactions high-boiling residues were obtained in 
quantitie.: approaching 50 per cent of the yield of biaryls ( 2 ,  5). Thcse were 
identified as mixtures of terphenyls and quaterphenyls. Residues were not ob- 
tained in reactions in which one coniponerit of the mixture was nitrobenzene, 
except for the reactions with mixtures of nitrobenzene with anisole and iiaphtha- 
lene (1). hpart  from these exceptions, which are considered separately below, it 
appears that polyphenylation products are produced only in the absence of a 
“fast” solvent, such a5 nitrobenzene (1, 50) (”‘GK = 4). Moreover, in Dannley’s 
n7ork (80, 81) high-boiling residues were always encountered when “slow” 
solvents were used. 111 the one case where a “fast” solvent xvas employed 
(C6H&x), only a small residue was obtained. The explanation of this is probably 
that in the presence only of relatively unreactive solvents (% - l ) ,  a phenyl 
radical collides with a sufficient number of molecules for there to be a fairly large 
probability of its eventual reaction with an already phenylated molecule, since, 
although such molecules are present only in low concentration, their reactivity 
is considerably greater than that of the solvents (cf. the relative rate for biphenyl 
itself, ‘‘%K = 4.0). However, in the presence of a “fast” solvent such as nitro- 
benzene, whose reactivity is equal to that of biphenyl, the probability of reaction 
of the phenyl radical with an already phenylated molecule is very much reduced. 
The nonoccurrence of polyphenylation products in the phenylation of biphenyl 
(19) (cf. Section V,B) further demonstrates that prohibition of polysubstitution 
is not confined to nitrobenzene but is dependent only on the relative rate of 
phenylatioii of the solvent. On this basis, the occurrence of a high-boiling resin 
in the product of the reaction with a mixture of pyridine and mesitylene (1) 
appears anomalous, since mesitylene is a “fast” solvent. Other considerations 
are relevant in this instance, however, which are considered below (Section$ 
V,B,7 and V,B,8). However, simple polysubstitution is not a complete explana- 
tion of the formation of compounds of high molecular weight, as has been shown 
by Dannley (81), who isolated a very small quantity of a basic bromine-contain- 
ing substance from a mixture of C6H5Br and C5H5K. This could be explained 
by the generation of small quantities of solvent radicals, a possibility which has 
already been discussed (Section 111). 

4. In  those cases where resins are obtained, corrections should be made to  allow 
for the possible differential removal of biphenyl-type products by further substi- 
tution (see Section V,B,3). This could be done in two ways: firstly, by accurate 
isolation and analysis of such residues to  estimate the weights of the respective 
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grams 
CaHaNOz 1 2.3 
CdHahT 
C6H6hT i 

biphenyls affected; and secondly, by measuring the ratio in which the biphenyls 
are removed from a solution by phenylation. 

The first method was used in the determination of the figures in column (1) 
of table 8. It was found (1, 5) that, to a first-order approximation, the X- and 
ET-biphenyls were removed by further phenylation in that ratio in which they 
were formed by phenylation of CsH5X and CsHsY, i.e.: 

(52) $K - YO,"& 
If this were rigorously correct, then no correction need be applied to the value 
of $K to allow for polysubstitution effects. Dannley made no correction to the 
column (2) figures for the selective removal of these compounds. It is, however, 
shown in Section VII,B,2 that this effect is present and that corrections are there- 
fore necessary. The near equality for equation 52 which is observed in many 
cases is explained by the fact that resins are obtained only in mixtures of low 
reactivity, e.g., CsHe and CaH5C1, where the directing groups X and Y are of 
similar power (table 8). 

However, from the point of view of the competitive experiments it is most 
desirable to keep polysubstitution to a minimum by the use of dilute solutions. 

5. In general, the amount of benzoic acid formed in reactions with benzoyl 
peroxide corresponds roughly to  one mole of benzoic acid per mole of peroxide 
(see table 9). 

This is consistent with the simplest possible stoichiometric picture of the 
reaction. However, in certain cases such a simple picture is obviously not suffi- 
cient to explain the facts. The most notable of these exceptions is the case of 
naphthalene. In the competitive experiment in which benzoyl peroxide was de- 
composed in an equimolar mixture of nitrobenzene and naphthalene, and in de- 
compositions of benzoyl peroxide in naphthalene alone (l), considerably more 
benzoic acid was formed after hydrolysis of esters than is required by the stoichi- 

XC H 

grams grams 1 grams grams I grams grams 

Column (1)t 

Column (2)$ 

3 .1  3 . 6  1 2.8 4.9  I 5 . 2  ) 

TABLE 9 
Benzoic acid isolated from competitive reacfion mixtures, us ing  6 g. of benzovl 

peroxide 

* Reference solvents used in competitive reaction. 
t 80°C.; figures include free acid and acid resulting from the hydrolysis of esters (see chart I on page 156). 

70°C.; only free acids included, containing about 7 per cent of phenylbenzoic acids. 
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ometry of the simple phenylation reaction. However, the excess of benzoic acid 
is accounted for by the acid present as 1- and 2-naphthyl benzoates, since a 
sufficient quantity of mixed naphthols was isolated after hydrolysis. Thus it 
appears that the very reactive solvent, naphthalene, is susceptible t o  attack by 
CcH5COO radicals (benzoyloxylation) which, though less active homolytic 
reagents than phenyl radicals, are probably present in higher concentration 
(cf. Section 111,B,2). Again, a larger amount of benzoic acid is produced when 
pyridine is used as the reference solvent. This was thought (80, 81) to be due to 
the formation of reactive complexes between pyridine and benzoic acid or other 
substances present in the mixture. Variation in the quantity of phenylbenzoic 
acids isolated with different solvent pairs was also attributed to this complexing 
action but is, however, capable of simpler explanation. The amount of these 
compounds formed depends upon the reactivity of benzoic acid relative to that 
of the other substances present. From table 12, benzoic acid might be expected 
to have a rate value of CooZK - 3.7, and it follows, therefore, that in mixtures 
of solvents of low reactivity large amounts of phenylbenzoic acids will be formed. 
The problem is complicated with these mixtures, however, by the formation of 
high-boiling residues (Section TT,B,3 and T’,B,4). 

hnisole is exceptional, for it gives rise to mutually untenable conclusions. 
According to table 9 and the foregoing, anisole should be a very reactive molecule, 
and this is contrary to the GK rate data of table 8. This is discussed further 
below (Section V,B,8). 

6. The halogen series of relative rates ( 2 )  

X = F  C1 Br I 
X BK = 1.35 1.44 1.75 1.80 

(53) 

illustrates the effect of moving doiw a group of the Periodic Table. Though t,he 
differences are small, the values have been obtained by cross-checked experi- 
ments and are confirmed by the various groups of workers. It would have been 
unwise to  place complete reliance in the data, however, until the fluctuation in 
the amount of acid and resin obtained in each case had been explained and b -h o m  
to  have no effect on the ZK value (see Sections F’,B,5, V,B,7, and V,B,8). 
This series should be compared with the values predicted (tables 5 and 17) and 
related to  the discussion in Section IV,C,5,(iii). 

7. The methylbenzenes (I)  are extremely interesting. The progressive intro- 
duction of methyl groups gives: 

X = CH, p-(CH3)2 s-(CHB)S 

GK = 1.85 3.29 6.17 
(54) 

but the situation is not clear-cut. 
With nitrobenzene as the reference solvent it was found that nitro group 

analyses on the biphenyl fraction did not agree with those for elementary nitrogen 
from combustion analyses. This was attributed to  the presence of already re- 
duced nitrogen compounds not estimated by the former method, and this postu- 
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late was substantiated whcii u very sinal1 quantity of hasic xnaterial \vas isolated 
from the s - ( C H ~ ) ~ C ~ H ~ , /  ChH6S02 product-mixtures. 

Investigation (1, 3) of the cumposition of the neutral reaction products re- 
sulting from the p-(CH3)2CsH,,/C6HbS and s-(CH3)&~H,/CsHbN reactions 
showed that they consisted of biphenyl fraction and resin. (From Section V,R,3 
above, this resin should not have been formed, since s - (CHa)J  I IK > 4.0; the 
explanation will become apparent in what follom.) The biphenyl fraction was 
observed to solidify partially and the crystals which formed were removed and 
identified as the dimers of the corresponding methyl-substituted benzyl radicals. 
Thus, for example, in the case of mesitylene the corresponding radical is stabilized 
by resonance, and the dimer 3 , 5 , 3 ‘ ,  5’-tetramethyldibenzyl results: 

CH3 CH3 CHs 
\ \ / 

/ 
CH3 

The presence of this radical is the probable cause of resin formation in these 
compounds. 

These results were the first to show side-chain attack by aryl radicals. The 
weights of the substances involved in the above cases allow the calculation of the 
percentages of side-chain attack to  total attack. These figures are inherently 
approximate, owing to the experimental Tvork and the assumptions which have 
to  be made. Thus it has to be assumed that the substitution and hydrogen 
abstraction are effected by the same radical, i.e., free phenyl. This is somewhat 
justified, since the quantity of‘ benzoic acid obtained from these experiments is 
normal. Moreover, mesitylene is known to behave as a typical aromatic molecule 
in peroxide decomposition, i.e., there is no induced decomposition of peroxide by 
the benzyl-type radical (see Section II1,B and Section T’,B,8). Furthermore, it is 
reasonably assumed that this dimerization also occurs in the competitive experi- 
ments using nitrobenzene as reference. Correction to the apparent relative rate 
values (equation 54) for the occurrence of side-chain attack gives the folloiving 
figures : 

(56)  

2 0 - c ~ ~ .  - --f C>-CH* - CH+Q - (55)  

CH3 
/ 

CH3 

s = CR, p-(CH3)2 S-(CH3)3 

211- = 1.68 0.23 4.2 

Thus, for the first time, a group X has been found which deactivates the nucleus 
for radical phenylation. Further work has since shown that tert-butylbenzene, 
p-di-tert-butylbenzene, and isopropylbcnzeiie (50, 1GS) emulate this behavior. 
Explanations for both this order, assuming it to  be a true one, and the effects 
observed with tert-butylbenzene and isopropylbenzene are given later (Sections 
VII,A,4 and VII,B,2). 

Ilannley and Zaremsky (83, 8%) have confirmed the existence of simultaneous 
side-chain and nuclear rextions by using mixtures of a single solvent and 
peroxide. It is reported that both ethylbenzene and isopropylbenzene give 
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T-IBLE 10 
Sidc-chain attack iii the  reaction of alkylbenrenes with bC?l?OY/ peroxide 

Alkylbenrene Dannley and Zaremsky 1 Rondestvedt and 
(83, 84) 1 Blanchard (250) 

-- _________ , per  cent by weigh1 per cenl by wezghl 
Toluene - >15 
Ethllbenzene 67 

I I 

I I - 

Isopropylbenzene 33 59 

Hey Pengilly and 
LVilhams (167: 164) 

per cent by  weighr 
13 
55 
60.5 

stabilized benzyl-type radicals which dimerize, but that toluene undergoes s 
unique reaction to form a very small quantity of diphenylniethane. This result 
has been disproved by the more recent work of Rondestvedt and Blanchard (250) 
and of Hey. Pengilly, and Williams (167, 168). Both groups of workers agree 
that no diphenylmethane is fornied, but that a small quantity of bibenzyl (ca. 10 
per cent) results from dimerization of benzyl radicals. In addition, all these 
groups of workers have measured the amount of side-chain attack which takes 
place in the phenylation of ethylbenzene and isopropglbenzene, resulting in the 
formation, respectively, of dl -  and meso-2,3-diphenylbutane (in equal amounts) 
and 2,3-dimethy1-2,3-diphenylbutane (dicumyl). The results obtained for the 
relative amounts of side-chain and nuclear attack on these hydrocarbons art’ 
given in table 10. In addition, Rondestvedt and Blanchard measured the relative 
amounts of the products of side-chain and nuclear attack on toluene and iso- 
propylbenzene by phenyl radicals derived from S-nitrosoacetanilide and 3 ,3-di- 
inethyl-l-phenyltriazene. Substantially the same results were obtained with these 
sources, except in one cnse-the decomposition of S-nitrosoacetanilide in toluene 
-in which the temperature was maintained below 25°C. throughout. In this 
experiment no side-chain attack was observed. 

It is seen from table 10 that, as night have been predicted, the substitutioii of 
methyl groups a t  the a-carbon atom of the side chain renders hydrogen atorxis 
attached to  this atom more susceptible to removal by homolytic attack. 

8. In  the preceding discussion certain solvents have appeared to give rise to 
anomalous reaction products. The observations are difficult to explain and the 
possible suggestions conflicting. Table 11 presents the facts. The columns iiidi- 
cate in order the values of the total relative rate (Koalc.)  predicted by the mathe- 
matical theoretical treatments (Section IV) and the observed ( K o b s . )  values of 
the free-radical reactivity for nuclear phenylation, the production of resins with 
the solvent mixtures using reference solvents C6H&O2, C6&, and C5€IsN, 
whether or not induced decomposition is shown in the P reaction (Section 
III,B), and the quantity of benzoic acid which is recovered from the products. 
Phenol is included in the table as it is important in the discussion (see 300,301). 

In  Section V,B,5 above, the acid-recovery figures were discussed, and it was 
pointed out that a high reactivity of the niolecule in allowing benzoyloxylation 
mould give rise to  a large amount of benzoic acid. Thus, the total recovery of 
acid from the reaction with phenol (table 11) could be explained by the very 
high solvent reactivity, Kcnlc , facilitating bcnzoyloxylation and inhibiting 
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Aromatic Compound 
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Induced Del ~- I 
Kcalo, ~ Kobs.  ~ C ~ H ~ S O ~  , G H ~ .  C ~ H ~ N  composition$ 

('able 8) ~ (Sections 
V,B,3 and ~ V,B,3and II1,B) 

~ V,B,4) 

CaHsOH.. . . , . . . . . , . , . . . , , . 
CsHsHal., , . , , 
CaHsOCIls 
s-(CHa)rCaHs.. . . . , , , , . . . . . 
c ~ ~ H ~  

, . . , , , , . . . , 
. . . . . , . . . . , . . . . 

. . . . , . . .  , . . . . .  . . . . . . . 

11.95 , ? ? 

6 . i 4 *  4 . 2 - 6 . 2 *  ~ n ( ? )  + 
f + 2 . 7  1.6 

? ~ 2 . 5  

4 x 104 ~ 2 3 . 9  + 

decarboxylation of the CGH~COO radicals. This, however, neglects the fact that 
phenol does not behave as a typical aromatic solvent in the P r e a ~ t i o n . ~  Owing 
to  the production of stabilized aryloxy radicals (12, 65, 66, 233, 236) a very high 
rate of induced decomposition is exhibited. The presence of such solvent radicals 
is proved by the isolation of the corresponding dimerization products in certain 
instances (65, 66). These radicals possess a high specific activity in promoting the 
chain decomposition of the peroxide (steps (b) and (e), scheme IV, equation 24, 
are very fast). Thus, here the Kcxlc ,  value is misleading; some other reaction 
takes precedence over iiuclear substitution (see Section IV,E). 

Anisole, in distinction to  phenol, does not show induced decomposition (235, 
236). It does, however, produce resin and sho\y high acid recovery in competitive 
reactions with nitrobenzene (1). It is suggested that an alkyl hydrogen atom is 
removed by CoH5COO-, to give the acid and the stabilized aryloxy-alkyl radical 
CGH50CHz*. It must be assumed that this radical does not promote induced 
decomposition of the peroxide, but does contribute to  the formation of high- 
molecular-weight compounds. To some degree, the occurrence of resins when 
mesitylene is used in these experiments supports this viewpoint (Section V,B,7). 

It is impossible, as yet, to  suggest the reason for the occurrence of the resin 
with the CloHs/CGHsNOs mixture (1). Using the former solvent alone in the P 
reaction, the resin has been shown to consist mainly of unidentified hydrocarbons. 
This suggests the formation of solvent radicals but is opposed to the knonm fact 
that this solvent has a high free-radical substitution reactivity, as evidenced by 
R o b s .  and the fact that extensive benzoyloxylation occurs (79, 249). 

C.  T H E  PRESENCE O F  ACTIVE HYDROGEK 

Previous discussion (Sections I11 and V) has indicated that hydrogen atoms, 
or other labile forms of hydrogen, may be formed in homolytic arylation. Much 

&See references 300 and 301. 
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controversy has centered around this point (287, 288) and i t  is necessary to  clarify 
the issue. The fact that molecular hydrogen was not evolved in the P reaction 
(78) gave some support to  the solvent-radical decomposition mechanism (scheme 
11, equation 20), though this should have been rejected for other reasons (see 
Section 111,B). The absence of hydrogen, however, does not preclude the presence 
of free hydrogen atoms which, being very reactive, n-ould never be able to 
dimerize. 

Confirmation for the existence of hydrogen atoms arises from the following: 
The negative argument (Section 111) based on the fact that no 
appreciable quantities of solvent radicals are formed in these reactions, 
the ratio of hydrogen-atom ejection to  solvent-radical formation being 
about 120: 1 (190) (equation 12). 
The isolation of quantities of quinhydrone from some of the typical 
free-radical reactions (Section 111) when quinone was present in the 
mixture (59, 190, 293-298). 
The qualitative observation from competitive and preparative experi- 
ments (see Section V,B,2) that whenever nitrobenzene was used in 
the P reaction a very dark-colored reaction mixture was obtained, 
whereas relatively colorless products were obtained froin a nitrogen- 
free solution, e.g., chlorobenzene or a C6H6/C6HSC1 mixture (1). 
This is attributed to reduction of the nitro group. 
Using the decomposition of benzoyl peroxide, with both nitrobenzene 
alone and the competitive mixture alkylbenzeiie/CsH6?;Oz, the pro- 
duction of primary amine mas suspected (see Section V,B,6). Further- 
more, in a similar competitive experiment with C10HB/CBH6NOz, 
aniline has been identified (1, 5 ) .  

Of these facts the last is vitally important, since it immediately aids the 
rejection of reaction scheme I1 (Section 111). Moreover, reference to  the proposed 
mechanism (scheme 111, equation 21) and the relevant discussion indicates why 
the amine was found in reasonable quantity in this mixture and not in any other 
case (190, 102). In the normal situation, the most efficient acceptor of hydrogen 
atoms present in the reaction mixture is the benzoyloxy radical; hence, normally, 
the ejected hydrogen atoms appear in the product as benzoic acid. However, 
naphthalene is an unusually reactive compound and is therefore susceptible to  
benzoyloxylation. Since this reaction results in the consumption of benzoyloxy 
radicals with the production of the same number of hydrogen atoms, the nitro- 
benzene present in the mixture must be called into play as an oxidizing agent 
or acceptor for the excess of hydrogen atoms. This must result in an increased 
production of the products of reduction of nitrobenzene. 

D.  T H E  SUBSTITCTION S T E P  

The “RH scheme” of Gelissen and Hermans (122-129) (Section 111,B; 
equation 13) was the first clear attempt to explain the substitution step in the 
arylation of aromatic solvents with acyl peroxides. The same scheme was ad- 
vocated subsequently by other workers (26, 112, 297, 298). More recently, 
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Huisgen and Horeld (190) and Huisgeri and Sorge (192) have advanced the so- 
called “kryptoradical” theory, in which the radicals are never actually free but 
in which the dissociation of the radical source and the attack on the aromatic 
compound are synchronous processes. Such a scheme is akin to the R H  scheme, 
lyhich envisaged the formation of solvent-acyl peroxide complexes. In  an attempt 
to  establish the degree of “freedom” of aryl radicals the losses of configuration 
have been measured when opt i d l y  active 2-methyl-6-nit rodiphenyl-2’-carboxylic 
acid peroxide and the diazohydroxide derived from nitro-2’-aminodiphenyl ~ e r ~  
decomposed in benzene (181). Since some racemization and some retention of 
configuration occurred, a mixed mechanism was indicated in this case. 

Other theories have considered the activated complex in the reaction to ~ J C  

formed betn-een the radical itself and the solvent (20, 24, 251). For phenylatiori, 
i t  is obvious that the phenyl radical is the prime mover in the reaction (Section 
III,C), but it has to  be decided whether the hydrogen atom is removed syn- 
chronously with the attachment of the phenyl group, or in a fast reaction, which 
is not of kinetic significance, subsequent to the addition of the phenyl radical. 
In  developing the suggestions made by some workers (285, 289) it is proposed 
that the attack of Re on ArH results in the formation of an intermediate 
R-l&-H. By assuming stability of the quinonoid forins, this intermediate 
might be expected to  possess increased free valence at positions ortho and para 
to the group R.  (An additional effect may be produced by the exaltation of the 
homolytic substitution reactivities of these sites, owing to  the presence of the 
R group and the small aiiiouiit of conjugation it possesses with the nucleus.) 
On approach of a second radical R’.. three overall results are possible (equation 
57) : 

ArR’ + R H  via Ar- R’* (a )+  

, (b) I l l r ~  + R’H via H- 

R’ Ti (57) 
R* ..v< - 

ArH - 
( C b )  , a, via addition 

.-’ __ 
, 
I H‘ I? 

The K--?;r--H intermediate niiiy he thought of as a ri-complex (289) or as 
a u-complex in the formation of which a 7r-complex is intermediate (251). Signifi- 
cant evidence is available to show that this complex formation takes place in 
reactions inrolving radicals other than phenyl, and that the reaction does 
take place in two stages. Hence, when ArH = anthracene, a compound of type 
(e) can be obtained where R = 2-cyano-2-propyl- (20), C1 (26) and R’ = ArRH, 
i.e., the p-quinonoid form possessing free valences at  the 9,lO-positions is very 
stable. This type of reaction for anthracene is well known, e.g., keto-enol 
tautomerism, addition reactions. bromination, etc., and is expected, since the 
two side rings may take up the benzenoid form. Theoretically, the 9,lO para 
localization energy has been shown (3340)  to  be small. When simple aromatic 
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solvents, C6H& and hydroxyl radicals are eniployed, the favored reactions are 
(a) and (c), and we have seen that aryl radicals react via (b). This behavior can 
be explained by a consideration of the stabilities of the solvent radicals i t  is 
possible to form and the strengths of the bonds involved. 

Szmarc has shown (199, 271-274, 277) by a study of the bond-dissociation 
energies involved, that although the biphenyl-coupling resonance energy is 
gained in the phenylation reaction (b) (additional energy amounting to 14-25 
kcal. relative to  CH,CH, is obtained), this is still not sufficient t o  explain the 
substitution. Szmarc postulated a hot-complex C&,---A’r-H (cf. the intermedi- 
ate in equation 7 )  with (T-n) electron interaction in the C6H6-A.r “bond” and 
another radical taking off the hydrogen atom. It is difficult to explain the nuclear 
arylation of toluene, rather than exclusive side-chain attack (a) (equation 57;  
cf. Section V,B,7), without invoking the presence of this second radical. It is 
significant that, in most substitution reactions with benzoyl peroxide, the yield 
of benzoic acid accounts for half of the original peroxide (table 9). This implies 
a pseudo-termolecular collision, wherein the phenyl radical effects substitutioii 
and the “liberated” hydrogen atom combines with the C6&,C00* radical re- 
inaining (see Section 11,B). Returning to reaction scheme I11 (Section III,B), 
which describes the observed kinetic and preparatire work, i t  is seen that this 
process is the one described. If the solvent readily induces substitution (e.g., 
naphthalene) and sufficient hydrogen-atom acceptors in the form of radicals R’. 
(equation 57), and in particular COH&OO*, are not available, then the solvent 
may take up this role with the production of reduced compounds in the mixture 
(Section V,C). Whether or not the “liberated” hydrogen atom is ever free, as 
such, it is impossible to  say (cf. the “kryptoradical” theory (192)). Stockmayer 
and Peebles (268), Bickel and Kooyman (20), and Boozer and Hammond (24) 
have concluded that the formation of a radical-solvent complex, associated with 
a small activation energy, takes place. This formation of the complex must, in 
any case, be the slow stage in the substitution reaction, since Sheppard (258) has 
shown that there is no isotope effect when tritiated benzene is allowed to  react 
with benzoyl peroxide and triphenylmethyl. This indicates that the removal of 
hydrogen from the complex is a fast stage, to  which no kinetic significance may 
be attached, and that, therefore, the activated process must be the formation of 
the complex. 

The favored reaction of the methyl radical would be expected to  be that of 
hydrogen-atom abstraction (a) with the formation of methane (276, 280). This 
is observed (275) with aliphatic-type solvents but not with benzene or pyridine 
(131, 275, 276, 280). Here the main reaction appears (275) to be substitution 
(b) with some double addition to  form unsaturated compounds of type (c), 
but these have not been isolated. The methyl radical has been reported not to  
attack the side chain of toluene (cf. Section V,B,7; 275). These results point to  
the fact that the addition complex for this reaction may have some stability and 
therefore a finite life in solution, so that addition of a further radical can take 
place. If the activating group were of stronger power, e.g., as in nitrobenzene 
(115), then direct substitution by the first methyl radical n-odd be facilitated. 
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On the other hand, if the attacking radical, instead of methyl were more nucleo- 
philic, e.g., *OH, then hydrogen abstraction would be favored. The reaction of 
polycyclic hydrocarbons and certain other aromatic compounds with methyl 
radicals has recently been studied by Levy and Szwarc (211), and their results 
have been discussed by Hey and Williams (177) and by Coulson (71). These 
results are further discussed in Section V,E. 

Mayo (229) has indicated that solvent-radical complexes may be formed be- 
tween a styrene polymer molecule and bromobenzene. This is not relevant to 
the case under review, for the benzyl-type radical of the polymer is able to 
resonate among various forms (c f .  equation 55) and will possess a smoothed free 
valence over the whole molecule. This radical might, therefore, be expected to  
form a loose p-a complex with aromatic molecules, e.g., bromobenzene. With a 
more highly reactive solvent, e.g., m-dinitrobenzene, the polymer radical may be 
induced to  react, and such a solvent should show a moderately good inhibition 
effect, as observed (139). 

The evidence must be carefully assessed before any concrete conclusion can be 
arrived at  concerning the nature of the substitution stage in the phenylation of 
an aromatic molecule. By analogywith nitration (230), where the addition mecha- 
nism is known to occur, and acceptance of gradation between radical and solvent 
natures and interactions (see Section VI,D), it may be said that the substitution 
is most probably effected by the addition process. This is consistent with the 
lack of a kinetic isotope effect. Within this statement are included the various 
possibilities dependent on the extreme properties of the reactants. Thus, with 
phenyl radicals, phenol reacts via equation X a ,  owing to  the stability of aryloxy 
radicals, whilst chlorobenzene acts via equation 57b. 

E. OTHER RSDICrlLS 

1 ,  Radicals other than aryl radicals 
Competitive experiments using radicals other than aryl radicals are sum- 

Colzimn (1): Dannley and Gippin (79) used a series of a-X-substituted naph- 
marized in table 12. 

TABLE 12 
Relative rates of reaction w i t h  radicals other than  aryl  (79,  109, 139, 811) 

CaHoCOO.. T O T .  

CsHaCHa 1.4 

7 0  CeHsNOi 
CsHaCOCsHs 
CsRsOCsHa 
CsHaCaHa 
CaHaN 
CioHa 

CsHaCOOCHs I 3 7  
I 

i 1 7  

19.2 1 3.6 
I 1 . 6  

I 
11 

2 
5 
3 

22 
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thalenes in reaction with benzoyl peroxide. Substitution is effected by the 
benzoyloxy radical and results in the production of 2-, 4-, or 5-substituted 
naphthalene derivatives. The esters were isolated semiquantitatively and the 
ratios of the hetero- and homonuclear substituted compounds were determined. 
This was assumed to  represent the activation of one half of the molecule relative 
to  the other, i.e., is found for benzoyloxylation at 70°C. Owing to  the 
fact that the group X will affect both rings, and that there appears to be some 
peculiarity of the napthalene molecule itself (c f .  Sections IT',C and IV,D), these 
values should be accepted with reserve. It might appear that the COOCH, 
group has about half the activating effect of the nitro group, and from table 8 
this would result in a relative rate of cOOc%K = 2.0 for phenylation. This value 
seems to  be not unreasonable (cf. Section T,B,5). 

Column (2): These figures were obtained (109) using methyl radicals from 
diacetyl peroxide. Owing to the fact that free methyl will tend to abstract a 
hydrogen atom rather than effect substitution, the high rate for toluene is reason- 
able, since free benzyl radicals are formed. 

Column ( 3 ) :  Polymerization work using styrene (139) allows the ratio of rates 
of (chain transfer to solvent)/(chain propagation) to be measured. Sitrobenzene 
and m-dinitrobenzene are known to be good inhibitors and, on the results of 
table 8, naphthalene or s-trichlorobenzene should be as effective (see Section 
V,C). The efficiency of polynuclear hydrocarbons as inhibitors has been ob- 
served ( 2 5 ) .  

Column (4): Levy and Szwarc (211) have measured the affinities of a number 
of compounds, particularly polynuclear hydrocarbons, for methyl radicals. 
Selected results from this work are included in table 12. The compounds investi- 
gated which are not included in table 12 are polynuclear hydrocarbons, which 
gave very high values for the relative rate. In  further discussion of these results 
(177) it has been shown that a high degree of correlation exists between them and 
the corresponding results for phenylation (cf. table 8). In  addition, Coulson 
(71) has shown that for the condensed nuclear hydrocarbons considered (in- 
cluding naphthalene) a straight-line relationship exists between the logarithm 
of the methyl affinity and the maximum free valence in the molecule. The 
absolute values of the free valence numbers are also of the correct order of mag- 
nitude. ,4 similar straight-line relationship exists with the atom localization 
energies; here the absolute values are not of the correct order of magnitude 
but result in the production of reactivities which are much too high, as in the case 
of naphthalene (Section IT',E). Thus, a similar error seems to be incurred in all 
calculations of localization energies in condensed nuclear hydrocarbons. 

2 .  A r y l  radicals other than phenyl 

Recently determined values for relative rates of arylation of a number of 
compounds C&& with substituted phenyl radicals are given in table 13. The 
same techniques were employed in the determination of these relative rates as 
were employed by Augood, Hey, and Williams (6) in the determination of the 
figures listed in table 8, and the same comments therefore apply to  them. 
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T.1BLE 13 
Relative rates of arylat ion with substituted phenyl  radicals at  80°C. (6 ,  51, 146, 167, 168) 

Rad i c a 1 Nos CH3 
E= 

I 
. . . . . . . . . . . . . . . . . . . . . . . . . .  1. l i  2.61 P-NOZC~HI. .  0.94 

p-C&OCsH~. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.92 

p-CHsCsHr., 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.02 I 1.32 I p-ClCeHr 1.53 
1.56 - 

.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.68’ 
. . . . . . . . . . . . . . . . . . . . . . . . .  ~ 1.03 

4.0 
5.13 

I 

C6HS 

* Approximate value. 

Some of these results were measured directly, and others obtained by the 
cyclic procedure outlined previously (Section IT’,B,G, equation 33). The results 
demonstrate clearly the effect on the relative rates of arylation of electron- 
attracting and electron-repelling substituents in the para positions of the radicals. 
The groups NOn, C1, and CHsO attract electrons, and the magnitude of the 
effect varies in the order S O 2  > C1 > CH30. The methyl group repels electrons. 
Thus, the first three radicals of table 13 would be expected to possess some 
measure of electrophilic character, since the withdrawal of electrons by the 
substituent groups must result in a deficit of electrons at  the position which 
carries the odd electron. It is conventional to regard hydrogen as the zero for 
effects of electron attraction and repulsion; folloving the same convention, the 
phenyl radical is assumed to  be neither electrophilic nor nucleophilic. By 
similar argument it is seen that the p-tolyl radical possesses some nucleophilic 
character, and therefore that the radicals in table 13 are listed in order of de- 
creasing electrophilic power or increasing nucleophilic power. 

The nitro group is known to deactivate the aromatic nucleus towards electro- 
philic substitution, and to  activate it towards nucleophilic substitution. It is to  
be expected, therefore, that the relative rate NoAK for arylation with an elec- 
trophilic radical should be less than its value for phenylation, and similarly that 
i t  should be greater for arylation by a nucleophilic radical than for phenylation. 
The second column of table 13 shom that this prediction is borne out, and that 
the magnitude of the effect varies in the order predicted from the magnitude of 
the electron attraction of the groups concerned. Reference to  the third column 
shows that the rate ratio :K is dependent on the nature of the attacking radical 
in a similar manner. (The slightly anomalous value obtained for %K with p- 
anisyl radicals is possibly due to  experimental inaccuracy.) In  the last column, 
the order of variation of the relative rates is reTTersed, since the methyl group is 
an activating substituent for electrophilic substitution and a deactivating sub- 
stituent for nucleophilic substitution. 

It has been shown (Section Y,B,’i) that in the phenylation of toluene some 
side-chain attack takes place. This results in the abstraction of a hydrogen atom 
with the consequent production of bibeiizyl. This process is also observed in the 
arylation of toluene with the radicals under discussion, and the values given in 
table 13 for the relative rate CHGK are those obtained after a correction for the 
side-chain attack has been applied. They refer, therefore, only to  attack on the 
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TABLE 14 
Side-chain attack in the arylat ion of toluene (146) 

Radical.. . . . . . . . . . . . .  . I  p-OzNCsHd 1 p-ClCsHI ~ CsHr p-CHaCsH4 
Per cent bibenzyl.. . . . . . . . . .  , 0 I 10 13. 

' Approximate value 

nucleus of toluene. The various proportions of side-chain attack which were 
determined in the evaluation of these corrections are of interest as they, too, 
reflect the influence of the substituent groups in the radicals. It is clear that 
with toluene nuclear substitution should be favored by electrophilic radicals, 
while side-chain attack should be favored by nucleophilic radicals. The relevant 
data are given in table 14 and clearly demonstrate the influence of the polar 
character of the radical. 

VI. RATIO OF ISOMERS 
A .  RECEXT RESULTS 

Only very recently have reliable figures become available for the proportions 
in which the substituted C6H6X isomers are formed in homolytic reactions. 
Reference to table 3 and the corresponding discussion indicates the situation 
prior to  1951, when i t  was accepted that the para isomer was the compound 
usually produced in greatest quantity in these reactions. At this time the work 
of Hey and his collaborators (164) showed that the meta isomer, which had 
rarely been isolated before could, in fact, account for approximately 10 per cent 
of the isomer mixture in some reactions, and further results followed quickly. 
All the published data concerning isomer percentages are given in table 4 of the 
accompanying paper (92). 

From these data, only those values obtained in very careful experiments should 
be considered in quantitative argument. The best figures are, undoubtedly, the 
ones derived from spectroscopic analysis of complete isomer mixtures, where 
mechanical separation of the isomers has been minimized, if not eliminated, in 
the morking-up procedure. Unfortunately, in one or two cases, e.g., naphthalene, 
the relevant information is not available and the quoted figures, possibly in- 
accurate, have to  be used in the evaluation of the partial rate factors. Moreover, 
those data obtained by use of single solvents are preferred compared with those 
obtained when the solvent concerned has been used with pyridine in competitive 
experiments (see Section V,B). The data used in the evaluation of the partial 
rate factors for phenylation are presented in table 15 (cf. table 4 of reference 92). 

In  the following discussion on isomer ratios in general, two important facts 
must be borne in mind: (1) the effect caused by change of the radical and ( 2 )  
the effect of the temperature at which the reaction is carried out. 

B. PHENYLdTION : SUBSTITL-TIOh* BY PHEh-YL 

Important conclusions have been based upon the fact that similar isomer ratios 
have been found to he produced by all of the main homolytic reactions (see 
Section 111). Thus the results of the Gomberg reaction at 5°C. have been com- 
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Ortho 1 Meta 1 Para 
Method 1 Temperature ~ 
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Reference 

TABLE 15 
Rat ios  of isomers used in the calculation of part ial  rate factors  f o r  phenyla t ion  

at 80°C. 

(8) G 
(b) P 
(0) P 

(d) G(a) 

Aromatic Compound 

. . . , . . . . . . . . .  

.I........... 

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

CeH&i(CHa)n. . . . . . . . . . . . . . . . . . . . . 
* Reaction carried out at 70°C. 

OK. 

278 64.6 
353 60.3 
343 84 

59.8 

353 I 

Ortho or a 

21.7 
25 .9  
23 

58 
58 
54.1 
60.3 
49 .3  
51 .7  
60 
66.6 
63 
31 
24 
48.5 
83 .4  
63 
20 
31 

13.7 (6 ) 
13.8 (5) 
13 (80) 

Isomer Percentage 

Meta or B 

10 
28 
3 0 . 7  
25 .9  
33.3 
31.6 
10 
19.3 
28 
42 
49 
23 .0  
16.8 
33 
40 
46 

Para or 7 

32 
14 
16.2 
13 .8  
17 .4  
15.7 
30 
14.2 
19 
27 
27 
28 .6  

14 
40 
24 

- 

Reference 
(cf, Table 4 in 
reference 92) 

t Mixture from competitive reaction Rith pyridine. 
t. Product of H reaction and possibly inaccurate. 

pared (5,  161) with, and found equal to, those of the peroxide reaction at 80°C. 
However, the difference in temperatures at  which these reactions have been 
conducted has been neglected, and such a comparison is unjustified and invalid. 
Reference to the reported data for chlorobenzene ( 5 )  gives the appropriate figures 
[(a) and (b), table 161 for the two cases under discussion. [Note: This splitting 
of the published data, formerly considered together (reference 5 and table 4 
of reference 92) increases the experimental accuracy in the groups (a) and (b)]. 
Additional reported work (80, 81) is also tabulated [(e) and (e)]. 

Employing equation 39, which was developed in Section IV,B,8, the (a) (G. 
278°K.) figures are operated upon to ascertain the values that would be expected 
from this reaction if it could be carried out at  80"C., Le., (d) in table 16. It is 

TABLE 16 
Phenyla t ion  of chlorobenzene: spectroscopic values 

Calculated from 
equation 39 

(e) P j 343 1 64 1 31 1 16 I (81) 

(c) From competitive experiment using CsHsCl and CoHsSOsCHa. 
(e) From competitive experiment using CeHaCl and CaHaN. 
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~ ~ ~ ~ ~ _ _ _ _  
(CaHsC0O)t . . . . . . . . . . . . . . . . .  15.7 1 28.0  j 54 1 32  
Pb(C6HaCOO)r . . . . . . .  . :  ' 1  55 16 ~ 29 3 2 . 5  

. . . .  
. . . . . . . . . . . . .  43 

CsHaI(0COCsHa)t 
CaHaN(h-0)COCHr 

seen that the ortho position, having the sniallest energy of activation, becomes 
less important on increase in temperature, as expected from first principles. 
The agreement between the (d) and (b) figures, one set observed experimentally 
a t  80°C. and the other calculated as described, is extremely good. Thus, due 
recognition of the temperature effect has improved the observations and strongly 
substantiates the conclusions reached in Section II1,C. It will be noted that in 
table 15, which gives isomer ratios for 8O"C., some determinations at  70°C. are 
included. It is now apparent that this difference in reaction temperature has 
only a small effect on the isomer ratios. 

Khen the C6H5C1/C5H5N solvent mixture was used in a competitive experi- 
ment, it was found (81) [(e), table 161 that the chlorobenzene gave rise to another 
set of values for the isomer percentages, i.e., other than the mean between (a) 
and (b) or the further set of values (e). This led to the suggestion that solvent 
association was responsible for these deviations (cf. Section V,B,5); this is now 
shown to be very unlikely. Firstly, as presented in table 16, the true isomer per- 
centages for 80°C. are given by (b) or (d) and not, as reported, by the mean of 
(a) and (b). This does not, however, shorten the gap between (c) and (e). 
Secondly, evidence is now available (2, 81) for the other halogenobenzenes (92, 
table 4) and it is seen that, whether pyridine is present or not, there are insig- 
nificant variations in the isomer ratios obtained. If complexing of the pyridine 
occurred with chlorobenzene, i t  might be expected to  occur with the other halo- 
genobenxenes. and these figures do not support this view. For benzoic acid the 
situation is different, as salt formation with pyridine might be expected. This 
is shown well in table 4 of the accompanying paper (92) (cf. Section V,B,5). 

The above discussion shows that, if experiments are conducted a t  the same 
temperature, then for a given solvent all sources of phenyl radicals give identical 
mixtures of isomers in the product. This principle has been applied (169) to show 
that the decomposition of lead tetrabenzoate in nitrobenzene at  125OC. proceeds 
via a homolytic mechanism to yield phenyl radicals. In  addition, isomer percent- 
ages have been determined recently (170) for the phenylation of nitrobenzene (at 
125°C.) and pyridine (at 105°C.) with phenyl radicals derived from phenyl 
iodosobenzoate, N-nitrosoacetanilide, and phenylazotriphenylmethane. These 
results are given in table 17. Although the values for the H reaction are ad- 
mittedly inaccurate, the figures demonstrate clearly the independence of the 

14 
15.5 
14 
11 

TABLE 17 
Comparison o j  radical s o i m e s :  isomer percentages obtained (170) 

* Corrected values (see text). 
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isomer ratio on the source from which the phenyl radicals are derived. In  the 
case of the reaction of phenylazotriphenylmethane with pyridine, different isomer 
percentages were obtained, and a solid compound \vas isolated which was shown 
to be derived from a-phenylpyridine by reaction with triphenylmethyl. This 
process therefore resulted in the selective removal of a-phenylpyridine from the 
isomer mixture, and when the measured isomer percentages were corrected for 
this, a set of values mas obtained which corresponded closely with those obtained 
using the other radical sources. 

Finally, in connection with the validity of the determination of the isomer ratio, 
it is important to establish that the isomers are not selectively removed by 
further phenylation, 

In  a competitive reaction mixture the possibility of selective removal of the 
X- and Y-biphenyls to form resins was sho-m to be important in the determination 
of the relative total rate constant CK (Sections V,B,3 and V,B,4). Moreover, 
any such differential reaction between the isomers of either X- or Y-biphenyl 
will produce an incorrect set of isomer percentage values. Dannley (81) has 
investigated this point in the following way. A mixture of isomeric phenyl- 
pyridines was phenylated, and the isomer percentages determined both before 
and after reaction. Since no observable change mas found, the conclusion was 
drawn that there was no preferential removal of any of the isomers. It will be 
shown later (Section VII,B,2), that this deduction is untenable and that these 
experiments were not sensitive enough to detect the change. Although this effect 
is usually less important than in the case of competitive experiments (Section 
V,B,2), the most reliable figures are still those which were obtained under condi- 
tions (of high dilution) wherein the incidence of polyphenylation is minimized. 
With only a fern exceptions it is these figures which are used in the calculation of 
partial rate factors (Section VII) .  

C. ARYLATION : SUBSTITUTION BY ARYL RSDIC.ILS OTHER THAN PHEXYL 

It has been pointed out (Section V,E,2) that when aryl radicals other than 
phenyl are employed, the course of reaction is profoundly influenced by the 
electrophilic or nucleophilic character conferred on the radicals by the polar 
effects of the substituent groups. It is emphasized that the primary effect of a 
charge a t  site r in the compound C s H Z  now becomes that of attracting or 
repelling that portion of the radical where the odd electron resides, thereby 
either assisting or inhibiting reaction. The charges are not ultimately responsible 
for the reaction, as in heterolytic substitution, and the reaction remains a homo- 
lytic process. 

This effect is vel1 documented in so far as it is illustrated by relative rates of 
substitution (Section V,E,2), and some data are also available for its influence 
on isomer ratios. The work of Dannley and Sternfeld (82) on the arylation of 
benzotrichloride with phenyl, p-nitrophenyl, and p-chlorophenyl radicals (92, 
table 4) is relevant in this connection. The reaction of p-nitrophenyl radicals 
with benzotrichloride is influenced by the following : steric hindrance at  the ortho 
positions due to the bulk of the -CCl, group; ortho-para substitution according 
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to  the homolytic rules (see Sections VI1 and VIII); and meta reaction according 
to  the electrophilic rules, since -CC13 is a meta-directing group. It is seen (92, 
table 4) that steric hindrance is prominent, as arylation is completely prevented 
a t  the ortho sites, and the electrical effect is such that reaction takes place only 
a t  the meta position. With phenyl radicals it is seen that there is a greater steric 
effect with the -CC13 group than with the -CF, group, as mould be expected. 
(This steric effect is also illustrated (cf. table 16) by the data for isopropylbenzene 
(168) and tert-butylbenzene.) Finally, the radicals C&, p-C1C6H4, and 
p-S02C6H4 present a sequence of increasing electrophilic nature, and hence 
would be expected to show increasing meta substitution of CGHGCC13, assuming 
steric hindrance to remain constant in the series; this is strikingly demonstrated 
by the reported data (see table 4 of reference 92). 

For substitution in nitrobenzene the influence of the attacking radical was 
demonstrated by Hey, Nechvatal, and Robinson ( lM) ,  who showed that n-hile 
reaction with p-tolyl radicals gave rise to  a mixture containing 9 per cent of 
4’-methy1-3-nitrobiphenyl, this proportion was increased to  about 12 per cent 
when p-bromophenyl radicals wcre used. These tendencies, which are in agree- 
ment n-ith the theory of substituted radicals which has been developed, are 
confirmed by more recent measures of the ratio of isomers obtained in the aryla- 
tion of nitrobenzene. Thus, it has been shown (143) that with p-nitrophenyl 
radicals the isomers are formed in the proportions ortho 57.5 per cent, meta 
15.2 per cent, para 27.3 per cent. With p-bromophenyl radicals (66), the ratio of 
isomers is ortho 68.8 per cent, meta 13.4 per cent, para 27.8 per cent. 

For aryl radicals other than phenyl the overall reaction is determined, there- 
fore, by the relative electron charge configurations of both the reactants, as well 
as the corresponding homolytic reactivities of the individual solvent positions. 
In  comparison of theoretical predictions based on quantum-mechanical calcula- 
tions with experimental data for homolytic reactions, the only investigations 
which have any significance are those in which nearly neutral radicals participate, 
i.e., the phenylation reactions. Even here, some electrical effects may be present 
(251, 281), but it is the best case that can be treated experimentally. It is re- 
grettable that simple alkyl radicals have not so far proved amenable to  quantita- 
tive investigations of this type, as these, too, should he almost neutral. RIost 
other radicals, such as trichloromethyl and other substituted alkyl radicals and 
hydroxyl radicals, must be highly polarized, and hence entirely unsuitable for 
the determination of the factors influencing the reactions of neutral free radicals. 

D.  HYDROXYLITIOX 

The interpretation of the results of hydroxylation experiments (67, 203, 213- 
215, 231, 261-266), R-hich are very complicated and somewhat uncertain, is 
extremely difficult (288). The isomer ratios obtained in apparent substitution of 
aromatic compounds seem to be dependent on experimental conditions, e.g., 
the pH of the solution, and often the simple monohydroxylated compound 
comprises only a minor portion of the total product (213, 214). The relevant 
isomer ratios are given in tables 8 and 9 of the accompaiiying paper (92). 
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0.87  
1 .23  
1 . 1 9  
1.83 
1.80 
6.48 
1.4 
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1.04 
1 .35  
1 . 4 4  
1 .75  
1.80 
3.60 
1 .68  

TABLE 18* 
Part ia l  and total relatice rate factors  f o r  phenyla f ion  at 80°C. 

Aromatic Compound :ko or z k e  

1 . 2 0  
0.87 
1 .50  
1 .12  
1 . 8 0  
1 . 7 1  
1 .08  
1 . 0  
1 . 0 4  
1 . 1  
1 .28  
1 .38  
5 .48  
1 . 4 9  
1 . 2  
1 . 4  

* Competitive results from table 8; ratios of isomers from table 15  

VII. PARTIAL RATE FACTORS FOR PHENYL-4TIOX -4T 80°C. 
.4. RESULTS AXD DISCCSSION 

1. In the preceding sections the nature of the recent experimental work has 
been discussed. It has been found possible to  determine the relative rates of 
phenylation of certain molecules C6H& and the proportions in which the 
corresponding isomers XC&&&b have been formed at  the reaction tempera- 
ture of 80°C. From these data the partial rate factors are evaluated (see Sections 
IV,B,6, TT, and T'I). Table 18 presents the results; the reader is referred to the 
immediately preceding sections for the arguments whereby the validities of the 
experiments are considered. 

For all the cases investigated, except where steric hindrance is important (see 
Section VII,h,4), it is seen that the introduction of the X group has activated 
the nucleus for homolytic substitution of the near-neutral phenyl radical. The 
ortho and para positions display the effect better than the meta position, which is 
relatively unaffected by the presence of the directing group X and is, therefore, 
in all cases, similar in reactivity to any position in benzene. These results indicate 
the reason why the meta isomer was rarely observed in the early work (see table 
3). It is seen that this isomer does, in fact, form a considerable fraction of the 
product, even when electrical and steric hindrance effects are absent (see Section 
VI,C), but not enough to rival the production of ortho isomer. The para isomer 
is generally by far the least soluble and hence is very easily isolated. 

The very large proportion of ortho isomer (cf. tables 15 and 18) is in complete 
contrast to  the situation as known before 1951, when only on careful investiga- 
tion (cf. table 3) is the isomer shown to be present in any significant quantity, 
and then only in two or three cases. Examination of the data given in tables 5 
and 7 reveals that, with one or two exceptions, the high values of &, are pre- 
dicted by both theoretical methods. However, Rondestvedt and Blanchard 
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(251) have suggested an alternative explanation based on the inductive effects 
of the groups X. These workers postulated that in the formation of the pre- 
liminary r-complex which they envisage as the precursor of the a-complex (cf. 
Section V,D), the phenyl radical tends to  become associated with sites of high 
electron density, i.e., that the phenyl radical is somewhat electrophilic. In com- 
pounds C c H a ,  in which X is a - I  group (e.g., CsHSXO,), the greatest electron 
density is a t  the substituent itself , and if the postulate is accepted, the incoming 
radical becomes associated in the 7r-complex largely with the substituent X, 
giving a complex which can most readily rearrange to  the ortho a-complex. With 
+I groups (e.g., CH,), the greatest electron density is thought to  be at  the ortho 
position, and it is considered that, for this reason, the ortho u-complex is the 
most easily formed in these compounds. The low value of $k, for benzotrifluoride 
(cf. table 18) is thought to be due to the fact that in this compound the inductive 
effect of the trifluoromethyl group is considered to cause the electron densities 
to  decrease in the order p > m > 0 .  Steric hindrance cannot be responsible in 
this case, since the trifluoromethyl group is of the same size as the methyl group. 

Closer examination, however, reveals certain inconsistencies in this explana- 
tion. Thus with - I  directing groups not only is a negative charge induced on the 
group itself, but also a positive charge is induced a t  the ortho position, and this 
must tend to  deter the electrophilic phenyl radical from attacking this position. 
Again, with +I directing groups, the positive charge is induced on the group X, 
and a corresponding deterrence must exist towards association of the radical 
with this position. Thus it is implicit in Rondestvedt and Blanchard’s explana- 
tion that with - I  directing groups the charge induced a t  the directing group is 
more important than that induced at  the ortho position, while with +I groups, 
the charge induced at  the ortho position is more important than that induced 
a t  the substituent itself. This is acceptable only if the +I effects.of the direct- 
ing groups are largely inductomeric in nature, i.e., they are called into play by 
the approaching reagent and can assist, but never hinder, reaction (cf. Section 

2 .  The magnitude of the EK value for phenylation should be compared with 
that for heterolytic nitration (cf. table 1). It is seen that the term never assumes 
the proportion observed in nitration, i.e., powers of ten are absent. This indi- 
cates the absence of strong Coulombic effects in the phenylation reaction. 

3. The good agreement between the predicted gk values of tables 5 and 7 and 
the above experimental ones (table 18) is open to the criticism that, as free- 
radical ;IC values differ only slightly from unity, any set of parameters may be 
used in the evaluation of the predicted data. This may be true, but it is equally 
true that this comment is somewhat out of context. The most striking thing about 
these predictions is the fact that they were largely made a t  a time when no ex- 
perimental evidence whatever mas available for the rates of homolytic substitu- 
tion in the molecule C,H& (see Section IT-). The parameters were chosen to 
describe qualitatively the ionic forms of substitution, and the results for homo- 
lytic reaction were purely supplementary. NOW, experiment has shon-n the 
prediction to be correct to  a high degree of accuracy in suggesting the activating 

II,C,l). 
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influence of group X in all cases. This remarkable correspondence between 
molecular orbital theory and experiment has also been noted recently in conncc- 
tion with the Diels-Alder (3141) reaction and niethylation experiments (71). 
It mould be expected that relative reactivities betxeen different positions within 
a given molecule might be qualitatively assessed, but to  be able to  predict the 
actual rate of reaction of any position relative to a standard is a noteworthy 
achievement, particularly in view of the number of assumptions that it is neces- 
sary to  accept (cf. Section IV). 
4. (i) The comparison of the actual with the calculated partial rate factors 

is worthy of comment. For the case of chlorobenzene Wheland (290) found 
considerable difficulty in choosing parameters which would correctly predict 
ortho-para nitration in a deactivated nucleus. If it is assumed that this correctly 
limits the numerical values of the parameters, then a better correspondence in 
the homolytic figures (tables 7 and IS), would be expected. 

(ii) The experimental results for pyridine seem somewhat low; this may be 
due to  the fact that too low a value for ZK has been taken (cf. columns (1) and 
(2) of table 8). It is apparent that there is not much activation in the molecule. 

(iii) The experimental values for nitrobenzene show some differences from the 
calculated figures, but these could be minimized by correct choice of parameters 
and/or more accurate determination of the isomer percentages (Section V1,A). 

(iv) Yaphthalene presents the most interesting result. Both theoretically and 
experimentally this case must be further examined. It is clear, from all sides, 
that the molecule is very reactive. The formation of unexpected products in the 
phenylation reaction (1) (cf. Section V,R,S) casts some doubt on the meaning 
of the experimental results. Theoretically, the free-valence treatment (cf. table 
5 )  predicts rate values of the correct magnitude, whereas that of Wheland 
(table 7) gives values much too large (this also applies to the prediction of elec- 
trophilic reactivity by this method; cf. table 6). These anomalies might be due 
to  the neglect in the mathematical treatment of the differences between the Ce 
and Clo atoms and the other carbons (cf. Sections IV,C, D, and E).  

(v) The case of tert-butyl is especially interesting (50). Earlier it was shown 
that p-xylene, in undergoing side-chain attack, became less reactive in nuclear 
phenylation when compared with benzene (see Sections T’,B,6 and VII,B,2). The 
single tert-butyl group shows the same effect but for entirely different reasons. 
Firstly, since the hyperconjugation of the tert-butyl group with the ring is very 
small, the activating effect of this group for homolytic substitution should like- 
wise be small (cf. Sections ITT,C,4 and IV,D,l), and the total relative rate would 
be expected to be of the order of t-C4H4K - 0.9-1.1. Secondly, no side-chain 
attack of the kind observed with the other alkylbenzenes can take place (139, 
204), since there are no a-hydrogen atoms and benzyl-type radicals cannot be 
formed under any circumstances, Thus, the competitire experiments are directly 
valid and there is no need, as shown experimentally, to  correct for this alterna- 
tive reaction. Lastly, the large size of the tert-butyl group might be expected to  
give rise to a steric effect, lvhich in mainly affecting the generally most reactive 
ortho positions should cause thP total rrlntive rate to  decrease. The presence of 
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TABLE 19 
Isomer percentages obtained i n  n i t ra t ion  and phenylat ion o j  alkylbenzenes 

(31, 50, 168, 106, 240) 

Reaction Isomer ~ CsHsCHi 1 CsHaCaHs 1 CaHaCiH7-i 1 CEH~CIHO-I I 
~ Per cent ortho . . . . . . . . . , 

I Per cent para.  . . , . . . . 

Per cent 2-phenyl.. . . . . . 
Per cent 3-phenyl.. . . . , , , , 
Per cent 4-phenyl. . . . . . . 

Per cent mets . . . . . . , , , 
57 
3 

40 

66.5 
19.2 
14.3 

55 
0 
45 

53 
28 
19 

30 
7.7 

62.3 

31 
42 
27 

I 

11.8  
8 . 7  

79.5 

24 
49 
27 

these effects has been demonstrated by the fact that substitution in benzene 
by the ortho tert-butyl radical can be effected only with great difficulty, as hydro- 
gen abstraction is the preferred reaction (50). The combination of these processes 
leads to  the observations (cf. table 18) that the ortho positions are apparently 
unreactive for substitution and that the total relative rate is less than unity, 
i.e., t-C"4K < 1.0. 

The effect of steric hindrance is also apparent in the phenylation of phenyl- 
trimethylsilane (251), though here it is less apparent, owing to  the fact that the 
methyl groups are held further from the ring and consequently exert a smaller 
steric influence in this compound. 

(vi) Similar considerations apply to the case of isopropylbenzene (168, 250) 
except that, in this case, side-chain attack proceeds to a considerable extent. 
When due allowance has been made for the side-chain attack it again becomes 
clear that steric hindrance to  substitution at  the ortho position results in a rela- 
tive rate of less than unity (cf. table 8). A comparison (table 19) of the isomer 
percentages for phenylatioii of the alkylbenzenes with those for nitration of these 
compounds (31, 196) reveals a striking similarity between the steric effects ob- 
served in these reactions. In  both reactions the steric effect is absent in toluene 
and ethylbenzene and important in isopropylbenzene and tert-butylbenzene. 

5. ,4n important conclusion arising from the agreement between the data of 
tables 5 and 18 is that, there appears to be some support for assuming the value 
of z = 1 in Section IV,C,S (equations 46 and 47), Le., the rth atom is completely 
removed from the r-bonding of the molecule and a covalent bond can be assumed 
to be formed in the transition complex (figure 2 ) .  This also adds weight to  the 
decision to  regard the substitution as being effected via an addition process 
(Sections 111, IV, and VI,D). 

B. ADDITIVITY OF E N E R G I E S  O F  ACTIVATIOS 

1.  Experimental verijcation 
In Seccion IV,B,i it was shown that experiments made with mono-, di- and 

trisubstituted benzene would allow, via equations 31, 36, and 37, the individual 
partial rate factors ck0, =km, and dip to  be obtained, provided it was as- 
sumed that the energy of activation for phenylation at any position was com- 

X X 
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posed of the summation of the energies dictated by each of the X groups and their 
relative positions. 

Owing to  the doubtful validity of the methylbenzene experiments (see Sections 
V,B,7 and VII,B,2), this series of compounds cannot be used. The chlorobenzene 
sequence, however, is free from these objections, as far as is known (6), and the 
HK values recorded in table 8 are substituted into the appropriate equations 
mentioned above. Unfortunately, no positive root to the derived cubic equation 
is obtained but, by assuming separate errors of ca. 20 per cent in '-'GK, 10 per 
cent in '-':K, or 3 per cent in g K ,  or simultaneous smaller errors in each, the 
curve can be displaced vertically to give a positive root. This is not an unreason- 
able assumption, since the single error of 3 per cent required in the value of Z K  
is within the limits of accuracy of the determination. Solution of the cubic equa- 
tion then gives: 

(58) 

These results illustrate the fact that small experimental deviations may prevent 
any answer from being obtained. In  the light of the assumptions made, however, 
the results are good. The figures of equation 58, when compared with the partial 
rate factors of table 18, suggest that the important assumption, made above, as to 
the additivity of the energies of activation, is correct (6). This might have been 
expected by analogy with heterolytic substitution (27, 200, 201, 246). Other 
methods for checking these conclusions for the homolytic case are available but 
have not so far been applied. 

X 

c1 c1 
HJC= 2.7; :km = 1.49; ~k~ 1.05 

2.  Application of principle 
If the above conclusion is accepted, the principle of the additivity of the 

energies of activation may be employed in useful explanation and prediction. If 
the partial rate factors for groups X and k' are available, then for the molecule 
T-YC~HX the reactivity of any position, or the total reactivity, may be ob- 
tained by the method described in Section IV. 

(i) Returning to the methylbenzenes (1 )  (Section V,B,7), and using this princi- 
ple in the form of equations 36 and 37 with the ' 2 k r  values for toluene from 
tables 7 and 18, the calculated values for the total relative rates are: 

X = CHI p-(CH,), s - ( C H ~ ) ~  
6.74  value of taken 1 

from table 7 
11.60 value of cH& taken 

from table 18 

X HK = 1.48 1.44 

i X 
HK = 1.85 2.53 

> (59) 

These series should be compared x i th  the observed sequence (equation 56), 
which makes allowance for side-chain attack. This observed order, if it is a true 
one, can be explained by the following. It is seen from equation 59 that the 
methyl group in toluene slightly activates the five nuclear positions and nuclear 
substitution is statistically favored. Xylene is only slightly more active than 
toluene, since every positionis meta to a methyl group and Ek,,, values are usually 
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X 

Hetero nitrogen. . . . . . . . .  
Chlorine . . . . . . . . . . . . . . . . .  
Nitro. . . . . . . . . . . . . . . . . . .  

of the order of unity (cf. table 18). Hydrogen removal is encouraged by the 
methyl groups owing to  their size, and since the nucleus is not sufficiently ac- 
tivated, this side-chain attack predominates. In  mesitylene, the introduction of 
the third methyl group has caused the nucleus to  become highly reactive as each 
position is both ortho and para to  a methyl group, and direct substitution is 
again favored but has to  compete with side-chain attack (see Section V,B,7). 
Similar argument is applied to the case of p-di-terl-butylbenzene (50). 

(ii) The above technique may be applied to  molecules containing dissimilar 
directing groups X and Y and is very important in permitting predetermination 
of experiment. Consider molecules of the type r-C6H5C6H4X, eg . ,  the isomeric 
phenylpyridines or nitrobiphenyls (80). Using the known partial rate factors for 
chlorobenzene, nitrobenzene, pyridine, and biphenyl (cf. table 18), and making 
the reasonable assumptions given in the footnote to table 20, the figures given in 
tables 20 and 21 may be evaluated for the reactivities of the isomers shorm in 
formulas A, B, and C: 

X 
2/ 2'  3' \ 

4 e - 0 4 1  6 6  6 '  6' a-0 x - 0 - 0  
A B C 

It is seen that the difference in reactivities of the phenylpyridines is small. Any 
experiment using a mixture of such compounds, e.g., that which is formed on 
phenylation (cf. table 15: A = 58 per cent, B = 28 per cent, and C = 14 per cent), 
designed to  study whether or not such isomers are selectively removed by further 

Isomer A 

k i  I k4 1 ka k i  

2.66 3.03 1.48 2 .58  
3.64 ~ 3.81 ~ 1.67 3.25 
9 . 7 4  4 .08  10.75 3.48 

________ 

TABLE 20* 
Composite part ial  rate jactors  j o r  phenylat ion at 80°C 

. . . . . . . . . . . . . . . . . . . . . . . . .  4.71 Hetero nitrogen 
Chlorine, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Nitro.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13.30 

3.75 
4.30 
6.57 

I Isomer B 1 Isomer c 
ks k 4  ka 1 k t  I knor ka ksor k6 

5.51 7.54  ~ 6.46 8.84  !TI= 1 . 5 7  ~ 3.45 ~ 72.66 3.25 ~ 3.64 
-- 

20.18 23.66 1 . 6 8  22.27 3.48 I 9.74 

Assuming that the group XcsH4-i~ similar to an  umubstituted group in its eEect on the nucleus to  which it 
18 attached, the partial rate factors for positions 2 ' 4 '  (formulas 9, B, and C above) have the same values aa 
the partial rate factors for these positions in biphenyl (table 18).  The data of table 21 may then be obtained by ad- 
dition. 

TABLE 21 
Calculated relative rates o j  phenylat ion of isomeric X-b iphenyls  ut 80°C. 



182 D. R. rlUGOOD AND G.4RETH H. WILLIAMS 

phenylation, must consequently be capable of high accuracy. Thus, the reported 
work (80) indicating no such effect (see Sections V,A,3, V,B,4, and VI,B), wherein 
22 per cent of the original mixture of phenylpyridines was phenylated, should 
have been capable of working to  an accuracy of better than 1.5 per cent on the 
percentages of isomers A and B if i t  were to  yield the required information. This 
was not the case, and the experiment is therefore inconclusive. On the other hand, 
the employment of a similar mixture of nitrobiphenyls, artificially enriched in the 
meta isomer B, would have allowed an experimental accuracy of 5 per cent, n 
result which is feasible. 

VIII. CONCLUSIONS 
Throughout the previous sections the various conditions upon which the sig- 

nificance of the developed partial rate factors depend have been analyzed and 
discussed. 

The topic of homolytic aromatic substitution is a large one. Theoretical tech- 
niques are capable of only very approximate results, and the practical difficulties 
encountered in experimental work are many and formidable. Owing to  the 
delicate fashion in which the reactions appear to  be balanced, such that almost 
any reaction has some probability of fulfilment, the subject has to  be carefully 
broken down and any discussion carefully qualified. 

The competitive method has been used to obtain total relative rate values for 
phenylation. In  certain cases, where steric and other effects become important, 
i t  is necessary to declare the results invalid for comparison with mathematical 
theory, e.g., the methylbenzenes and phenol. The results of different workers are 
in agreement. From the classification of aromatic solvents into orders of re- 
activity, it is possible to explain the variation in product quantities and the 
appearance of reduction products in the mixture. These phenomena concur with 
the observed kinetics of benzoyl peroxide decomposition. The mechanism of this 
decomposition is discussed with reference to the nature of the solvent present. 
Except for specific cases (phenols, amines, methylbenzenes, and anisole), the 
predominance of the reaction: 

CcH5X + CeI-15. -+ CJ-I,C6HX + * H  

as initially suggested by Hey, is shown to be substantiated. Substitution is 
effected by the radical CsH5- itself, probably through an addition mechanism. 
It is impossible to say whether or not the hydrogen atom is ever free. The alterna- 
tive reaction involving hydrogen-atom abstraction from the aromatic nucleus 
occurs only very rarely, but hydrogen-atom removal from a side chain may take 
place (particularly with phenol and alkylbenzenes), sometimes to  the exclusion 
of the nuclear substitution reaction. The first examples of side-chain attack by 
aryl radicals in solution are presented. 

Together with recent accurate data concerning the proportions in which thc 
isomers are formcd in the phcnyhtion of C 6 H a ,  the competitive reaction results 
allow the partial relative rate factors for phenylation to be derived. These valueP 
are probably the nearest that can be obtained to  those representing true homo- 
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lytic attack of a neutral free radical upon the molecule C B H a .  The data pre- 
sented confirm the existence of homolytic substitution and place the treatment 
upon a quantitative basis. 

A review of the more recent theories of aromatic substitution has show1 that  
the difficulties which these methods encountered were to some extent due to the 
fact that they had to  operate upon experimental data which were representative 
only of heterolytic reactions. The modifications which have been made, and the 
new treatments which have been devised in order to describe free-radical phe- 
nomena, have been described and presented in a critical manner. Although they 
were developed at  a time when the relevant experimental data were not avail- 
able, certain of these treatments allow the quantitative behavior of homolytic 
phenomena to be predicted. These predictions are discussed. 
,4 comparison between the experimental partial relative rate factors for 

phenylation and those predicted for homolytic substitution shon-s a high degree 
of agreement. The evidence is in favor of the formation of a covalent bond in 
the transition state of the reaction, with the consequent removal of the attacked 
site from the delocalization area of the solvent molecule. All theories have indi- 
cated that, for true free-radical attack, provided complicating effects are absent, 
the nucleus of CsHsX is always activated relative to benzene, with ortho sub- 
stitution predominating. This has been verified experimentally by the phenyla- 
tion experiments, carried out in systems relatiyely free from any electrical, 
steric, and other complicating effects. This, therefore, presents a guiding rule 
for neutral homolytic Substitution. Meta-substituted compounds are produced, 
the position being only slightly more active than any one position in benzene, 
unless complicating effects are present when meta-substituted compounds may 
form the majority of the product mixture. The observed activations are compared 
with those observed in electrophilic reactions and are found to be of a lower 
order of magnitude. 

The radical-environment relationship has been discussed. The consideration 
of other radicals, i.e., aryl (not phenyl), acyloxy, and hydroxyl, must include a 
study of the demands of the reagent, for these may determine the form of the 
reactions with any of the typically aromatic solvents. Electrical effects have been 
shown to be present, and it is possible to  speak of electrophilic and nucleophilic 
free radicals. Here the effects due to  electrical polarization and to  the odd clcctron 
are superimposed. 

The need for much further theoretical and experimental work is apparent and 
certain lines of research have been suggested in the presentation. A concentration 
of effort upon reactions of homolytic nature will, undoubtedly, allow theoretical 
interpretations to  be adequately tested. Studies of this nature will permit 
further investigation of the electrical effects in the substitution and this may, 
by extrapolation, be related to the case of heterolytic substitution. 

While the ultimate goal of investigations of this type must be the complete 
understanding of the substitution reaction in aromatic systems, it is unlikely 
that precise prediction of the course of the reaction will become possible, on 
account of the extreme difficulties of accurate mathemxticsl treatment. 
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