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879. Reactivities of A r m t i c  Hydrocarbons. Part I .  Brornination. 
By S. F. MASON. 

Reaction of molecular bromine in 85% acetic acid at  25" with benzene, 
diphenyl, and naphthalene is shown to be nearly of the third order. Under 
the same conditions that of phenanthrene is nearly of the second order, owing 
to the predominance of addition over substitution. The relative reactivities 
of benzene, diphenyl, and naphthalene, which cover a range of >lo5, are 
proportional to the atom localisation energies of the most reactive positions in 
these molecules, the correlation giving an apparent p value of - 29 kcal./mole 
for bromination. values for a number of aromatic 
substitutions is discussed in relation to a limiting p value derived from the 
relative ionisation constants of the aromatic hydrocarbons. 

IT has been shown that the free energies of activation (AGS) for electrophilic l v 2  and free- 
radical 1 v 3  substitution in a series of aromatic hydrocarbons are linearly proportional to 
the atom localisation energies (EL@-1) of the most reactive position in the hydrocarbon, and 
that the relative free energies of substitution in the various positions of a polycyclic 
aromatic nucleus give a similar correlation with the EL13-l values of these p0sitions.l The 
atom localisation energy of a given position in an aromatic hydrocarbon, which is the 
difference in x-electron energy between the hydrocarbon (e.g., benzene) and the correspond- 
ing Wheland intermediate * (e.g., I), is obtained in terms of the empirical carbon-carbon 
resonance integral (p), which, from the resonance energies of the aromatic hydrocarbons, 
has the value of about -20 kcal./mole in the Hiickel approximation.6 From the gradients 
of the correlations between AGS and EL8-I  in a series of hydrocarbons apparent 13 values for 
a number of substitution reactions have been der i~ed. l -~ In a number of cases the ap- 
parent p values are smaller than the Hiickel value, from which it has been inferredl that 
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the Wheland intermediate (e.g., I) is only partly formed (e.g., 11) in the transition state for 
aromatic substitution. The linear relations between AGt and E@, and the different 
apparent @ values, are then accounted for if it is assumed that the degree to which the 
intermediate is formed in the transition state is constant in a series of hydrocarbons for a 
given reaction, but varies from one substituting reagent to another. 

The apparent p values for the various reaction-series increase with the selectivity of the 
attacking reagent for substitution at the most reactive position in a given aromatic com- 
pound,f*2 from which it may be supposed that the transition state for substitution more 
nearly resembles the intermediate the greater the selectivity of the attacking reagent. On 
the basis of Huckel localisation energie~,~ some apparent values are -7 kcal./mole for the 
attack of methyl radicalsY3 - 16 kcal./mole for the attack of trichloromethyl radicals,' 
nitration,l and hydrogen-deuterium exchange,8 and, for chlorination,2 -28 and 
-36 kcal./mole for substitution in acetic acid and in 3 : 1 carbon tetrachloride-acetic acid 
respectively. No particular significance attaches to the fi values larger than the Huckel 
value, as simple molecular-orbital theory does not give a good quantitative account of odd 
alternant  system^.^ However, according to the theory presented, an empirical upper 
limit to the apparent p values derived from aromatic substitutions should be provided by 
measurements of the basicity of aromatic hydrocarbons.1° In strong acid solution 
anthracene gives a cation which is knownll to have the structure (111), whilst for the 
" benzenium " the structure (I; X = H) is likely, 1 2 9 1 3  and, in general, the cations formed 
by the simpler aromatic hydrocarbons in strong non-oxidising acids l4 probably have the 
structures of the corresponding Wheland intermediates.lD-14 The ionisation constants of 
the aromatic hydrocarbons in anhydrous hydrofluoric acid l o  give linear correlation with 
the Hiickel atom localisation energy of the most reactive position in the nucleus (curve A of 
the Figure), and from the slope of the line an apparent (3 value of -35 kcal./mole is 
obtained.1° The entropy of ionisation does not vary in the series of aromatic hydro- 
carbons studied,15 and if, in aromatic substitution, the entropy of activation is ap- 
proximately constant from one hydrocarbon to another, ca. - 35 kcal./mole should 
represent an approximate empirical upper limit for apparent @ values derived from rate 
studies. Moreover, the ratio of the particular (3 value for a given reagent to the limiting 
value should afford a rough index of the degree to which the transition state in an aromatic 
substitution resembles the Wheland intermediate, provided that the degree of formation 
of the latter in a series of aromatic hydrocarbons is constant with a given substitution 
reagent. 

In view of the observed increase in the apparent (3 values with the orientational 
selectivity of the attacking reagent, and the attainment of the empirical maximum in one 
of the chlorinations, it appeared of interest to obtain a (3 value for the most selective 
electrophilic aromatic substitution reagent yet known, molecular bromine.16 Accordingly, 

* Dallinga, Verrijn, Stuart, Smit, and Mackor, 2. Eleklrochem., 1957, 61, 1019. 
Kooyman and Farenhorst, Trans. Faraday Soc., 1953, 49, 68. 

Brickstock and Pople, Trans. Faraday SOC., 1954, 50, 901. 

Gold and Tye, J., 1952, 2172. 
lo Mackor, Hofstra, and van der Waals, ibid., 1958, 54, 66. 

l a  Reid, J .  Amer. Chern. SOC., 1954, 76, 3264. 
l 3  Muller, Pickett, and Mulliken, J .  Amer. Chem. SOC., 1954, 76, 4770. 
l 4  MacLean and van der Waals, J. Chem. Phys., 1957, 27, 827. 
l 5  Mackor, Hofstra, and van der Waals, Trans. Faraday SOC., 1958, 54, 186. 
lti Brown and Stock, J .  Awzer. Chem. Soc., 1957, 79, 1421. 



[ 19581 Mason: Reactivities of A roMatic Hydrocarbons. Part I .  4331 
the relative reactivities of benzene, diphenyl, naphthalene, and phenanthrene towards 
molecular bromine in 85% acetic acid have now been measured, The kinetics of the 
reaction between molecular bromine and aromatic hydrocarbons are c0mplex,~7,l* but the 
relative reactivities of a number of benzene derivatives with bromine in acetic acid have 
been obtained from the time required to achieve a given percentage of reaction under a 
standardised set of This method was employed in the present study, 
the conditions adopted being given by the following considerations. In glacial acetic acid 
the reaction between bromine and benzene is very slow at 25", whilst naphthalene in 
the same circumstances gives reaction kinetics nearly of the fourth order.17*18 In 85% 
acetic acid, however, the rate of reaction between bromine and benzene at  25" becomes 
measurable, the kinetics given by a number of benzene derivatives being approximately 

T h e  relations between the atom localisation energy (E$-l) und the logarithms of ( A )  the relative ionisation 
constants,1° (B) th! relative rates of brominution, ( C )  the relative rates ofnitrution,l and (D) the relative 
rates of reactzon wztk methyl radicals 3 of (1) benzene, (2) diphenyl, (3) naphthalene, and (4) phenanthrene. 
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of the third order,16J7 and there were indications that naphthalene under the same 
conditions would give third-order kinetics over a certain concentration range.l7,l8 

At the concentrations studied, and under the above conditions, it is found (Table) that 
benzene, diphenyl, and naphthalene react approximately according to a third-order 
kinetic law. The reaction of phenanthrene is, however, very nearly of the second order 
(Table), probably owing to the predominance of the 9 : 10-addition of bromine over nuclear 
substitution, so that little or no hydrobromic acid is formed to remove bromine as the 
tribromide ion or hydrogen tribromide and thus to increase the order with respect to 
bromine.21 Only the relative reactivities of benzene, diphenyl, and naphthalene, based 
on the times required for 5 and 10% reaction, are, therefore, comparable. The relative 
reactivities cover a range of greater than lo5 (Table), and the relative free energies of 
activation are found to increase with the atom localisation energies of the most reactive 
positions of the three hydrocarbons (plot B),  the slope of the relation giving an apparent p 
value of about -29 kcal. mole for aromatic substitution with molecular bromine in S5Y0 
acetic acid. 

The apparent p values for aromatic substitution with molecular halogens are large in 
relation to the empirical limiting value, suggesting that the Wheland intermediate is almost 
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completely formed in the transition states for these reactions. It has been argued 22 that 
the absence of an isotope effect in aromatic nitration and bromination 23 demonstrates 
that the transition state in electrophilic substitution cannot resemble the Wheland inter- 
mediate, since there should be a marked fall in zero-point energy when the C-H bond of the 
carbon atom under attack changes from spz to sp3 hybridisation. Although the stretching 
frequency of a C-H bond falls with such a change of hybridisation, the deformation 
frequencies rise, and the overall energy change is small, the calculated zero-point energies 
being 2400 and 2367 cm.-l €or sp2 and sP3 C-H bonds re~pect ively.~~ 

The times required for  5% and 10% reaction between benzene, diphenyl, naphthalene, and 
Phenanthrene with bromine in 85% acetic acid at 25". The orders of the reaction (n), tlae 
relative reactivities (R) of the hydrocarbons, and the atom localisation energies of the most 
reactive positioq in the hydrocarbon (E$-1). 

n R 1<$1 b 
[ A r m  [Br,l T (5%) T (10%) 

Hydrocarbon (molar) (molar) (min.) (min.) 
0.45 0-0425 - 77,000' -3 1 2.536 
0-60 0-06 19,000 44,000 
0.10 0.0 1 6 10 1350 3.05 1.1 ;< lo3 2.400 

............ Benzene { 
Diphenyl { oe167 ......... 0.0167 215 460 

0-04 0.005 23.5 51 2.05 1.4 x 105 2.293 ...... 0.08 0.0 1 6.0 13.5 Naphthalene { 
Phenanthrene { :::; 0.002 9.0 21 2-12 - 2.299 

0.004 20 47 ... 
a Quoted from ref. 16. Quoted from Part I1 (to follow). 

The absence of an isotope effect in bromination and nitration is consistent with the 
theory of aromatic substitution presented above, but there are other aspects of the theory 
which are less satisfactory. In electrophilic substitution with molecular halogens the 
reactants are neutral species,21 and the formation of a transition state resembling the 
Wheland intermediate requires the separation of charge. The apparent p values for 
chlorination suggest that the transition state more nearly resembles the intermediate in 
3 : 1 carbon tetrachloride-acetic acid than in acetic acid solution, which leads to the 
unsatisfactory conclusion that the separation of charge in the transition state is larger 
in the solvent of lower ionising power. Again, bromination in aqueous acetic acid and 
chlorination in glacial acetic acid give nearly the. same apparent p values, though bromine 
is the more selective reagent and aqueous acetic acid the solvent of higher ionising power. 

For substitutions of a series of aromatic hydrocarbons it is probable that there are 
major variables other than the atom localisation energy of the position attacked, notably, 
the solvation energy of the transition state. For electrophilic substitution the Wheland 
intermediate is an odd alternant carbonium ion with the positive charge dispersed over the 
starred atoms. The spread of the charge varies in a determinate manner from one inter- 
mediate to another, and the solvation energy of the intermediate, particularly that due to 
the charging process,= should vary likewise in a series of aromatic hydrocarbons. The 
influences of the atom localisation energy and the solvation energy of the transition state 
upon the course of electrophilic substitution may be distinguished in principle, as the 
former is an internal-energy and the latter a free-energy term. The temperature gradient 
of the solvation energy should, therefore, give rise to a difference in the entropy of activ- 
ation between one hydrocarbon and another in a reaction with a given reagent. Thc 
differences should be most marked with a reaction in which the Wheland intermediate is 
the most completely formed in the transition state, namely, in a reaction with a reagent of 
high orientational selectivity. Although molecular bromine is the most selective reagent 
for substitution, the kinetic complexities of bromination do not allow the entropies of 
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activation to be measured at all readily, and the supervention of addition limits the range of 
hydrocarbons which may be studied. Accordingly, chlorination in acetic acid was chosen 
for the investigation of the entropies of activation in aromatic substitution, which it is 
hoped to describe subsequently. 

EXPERIMENTAL 
Acetic acid was treated by standard methods 17-20 and had In. p. 16.5". " AnalaK " 

bromine was used without further purification. " AnalaR " benzene was dried (Na) and 
fractionated, the middle portion, b. p. 80°, being collected. Naphthalene was of an analytical 
grade, and phenanthrene was purified by treatment with maleic anhydride. After recrystallis- 
ation, diphenyl had m. p. 70", and phenanthrene m. p. 100". 

Rate Measurements.-These were carried out by standard methods, l 6 3  2o sealed tubes being 
used, in conjunction with controls, in the case of benzene, and brown bottles for the polycyclic 
hydrocarbons. To avoid losses by evaporation, the bottles were filled and not more than three 
samples were taken from any one bottle. The reactions were followed by pipetting 5-10 C.C. 

samples into excess of 5% potassium iodide solution and titrating these mixtures against 
0-05-0.002~-sodiurn thiosulphate. The percentage of reaction was plotted against time, and 
the 5% and the 10% intercept were noted. 
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