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Preface 

Electrophilic aromatic substitution is one of the cornerstones of organic 

chemistry. It has a special significance in being the area where much of organic 

reaction mechanism theory, and in particular the electronic effects of substitu¬ 

ents, was developed. No single field of organic chemistry has received so much 

attention as that of electrophilic substitution of benzene and its derivatives. One 

third of the worldwide organic chemical production involves aromatic com¬ 

pounds, leading to an ongoing interest in electrophilic aromatic substitution. 

Twenty-five years ago the author wrote, with R. O. C. Norman, Electrophilic 

Substitution in Benzenoid Compounds. This was well received and is still referred 

to in current publications. However, it is now very much out of date, and the 

present book constitutes a major revision, the necessity for which is indicated by 

the fact that 60% of the 2700 references in it have been published since the original 

monograph was written; almost three times as many reactions are now known. 

The coverage of the book is comprehensive, and the reader should be able 

to discover the salient particulars of a reaction, and especially the quantitative 

reactivity data, without recourse to the original literature. ‘Aromatic’ is taken 

to include not only benzenoid compounds, but also annulenes, metallocenes, 

and carboranes that undergo electrophilic substitution. Heteroaromatics are 

however excluded, since these are fully covered in a related volume that the 

author has recently completed (Advances in Heterocyclic Chemistry, Vol. 47, 

with A. R. Katritzky). 
Chapters 1 and 2 provide enough background information to the subject so 

that any of Chapters 3-10 can then be understood and read in order to acquire 

more detailed information. Quantitative structure-reactivity relationships are 

described in Chapter 11. The sequencing of Chapters 3-10 is that of the 

electrophiles across the Periodic Table, and this sequence is also taken for leaving 

groups (for a given electrophile) in Chapters 4 and 10. Hydrogen exchange thus 

becomes the first of these chapters, and this is appropriate because it is the most 

typical of all electrophilic substitutions, is largely free from steric effects, and more 

quantitative data are available than for any other substitution. Substituent effects 

are therefore discussed in some detail in Chapter 3. The chapter on preparative 
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aspects of electrophilic substitution, contained in the original book, has been 

deleted in deference to reviewer’s comments and space limitations. 

I would like to thank my wife Joyce for putting up with my extended absences 

from the family scene, and to Alan Sugar for marketing the budget-cost Amstrad 

word processor, without which I would surely have been unable to produce this 

text following the major cut-backs in British higher education. 

ROGER TAYLOR 

Sussex, April, 1989 
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CHAPTER 1 

Introduction 

1.1 THE STRUCTURE AND STABILITY OF 
AROMATIC COMPOUNDS 

The most commonly found aromatic compound is benzene, first isolated by 

Faraday in 1825. The need to reconcile its molecular formula (C6H6), equivalence 

of the six carbon atoms, and sixfold symmetry, resulted in Kekule’s brilliant 

suggestion that benzene consisted of two structures (1) and (2) in dynamic 

^ 

kJ- kk 
(1 ) (2) 

equilibrium.1 This theory was able to account for the observed structural features 

of benzene, e.g. that there is only one ort/io-disubstituted compound, C6H4X2, 

rather than two. It could not account, however, for the differences in properties 

between benzenoid compounds and the formally similar alkenes, e.g. ethene 

reacts by addition to give 1,2-dibromoethane, whereas benzene reacts only in the 

presence of a catalyst such as iron fillings, and then undergoes substitution 

(eq. 1.1). 

+ HBr (1.1) 

The understanding of the comparative unreactivity of benzene and its tendency 

to undergo substitution rather than addition came with the development of wave- 

mechanical theory in the 1920s. These properties were shown to arise from the 

remarkable thermodynamic stability of the benzene nucleus, which in turn can be 

understood in terms of current theories of its structure. 

Benzene has a very much greater thermodynamic stability than would be 

expected for a compound possessing three C—C, three C=C, and six C—H 
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bonds. The stability is demonstrated by measurements of heats of hydrogenation: 

that of the double bond in cyclohexene is 120kJmol-1 and that of benzene, 

which formally contains three double bonds, is 209 kJ mol -1.2 The latter value is 

151 kJ mol-1 less than three times the former, so this is the amount by which the 

heat of formation of benzene is greater than the value predicted by comparison 

with an aliphatic system. This stability may be understood in terms of both the 

Molecular Orbital and Valence Bond theories.2,3 

According to the former, benzene consists of a planar ring of sp2-hybridized 

carbons; because of the planarity of the molecule, the p-orbitals (each of which 

contains one electron and is perpendicular to this plane) can overlap laterally 

(Fig. 1.1) to give extended molecular orbitals in which the six p-electrons are 

situated in three bonding pairs. It is the delocalization of these pairs of electrons 

(termed ^-electrons) that gives rise to the increased stability of benzene compared 

with a system containing isolated double bonds. 

According to Valence Bond theory, the stability of benzene arises from 

resonance. Its structure is represented as a hybrid of several canonical structures 

of which the two (1 and 2) considered by Kekule are the most important, the three 

Dewar structures of type 3 being less so. The structure of benzene is considered to 

lie ‘in between’ these extremes, and its stability is greater than that expected for 

any of them. The symbol <->, which represents this intermediate character, does 

not indicate an oscillation or equilibrium between the structures as envisage by 

Kekule. [However, there is very recent theoretical evidence that this may be 

incorrect, and that the ^-electrons are partially localized4 (as indeed they are for 

all other aromatics).] 

f^l 
J 

(1) (2) (3) 

The molecular-orbital description of benzene has the advantage of giving an 

immediate pictorial idea of the source of the stability of the aromatic ring. On the 

other hand, it is easier to describe and discuss the reactions of benzenoid 

compounds in terms of Kekule structures, and to account semi-quantitatively for 

the substitution patterns without recourse to complex calculations. 
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The special thermodynamic stability possessed by benzene is termed delocaliz¬ 

ation energy or resonance energy and may be approximately equated with the 

experimentally derived value of 151 kJmol-1. It may, however, be better to 

regard the measured value as the stabilization energy, since it is not necessarily 

entirely attributable to resonance.5 The reactions of benzene follow from the fact 
that it possesses this considerable stabilization energy. 

Addition reactions, which result in the loss of this stability, are rendered 

energetically unfavourable relative to addition to alkenes. Thus, whereas the 

addition of 1 mol of hydrogen to benzene is endothermic, the reduction of ethene 

is exothermic by 137 kJ mol 1.2 Substitution in benzene does not, by contrast, result 

in the loss of the stabilization energy. The path of lowest energy for substitution 

involves first the addition of the reagent X to the nucleus, to give an intermediate 

which is represented as the hybrid of three canonical structures (4-6) (Sect¬ 

ion 2.2.2). Although the stabilization energy of the benzene ring is lost in this 

initial process (it is offset to some extent by the resonance energy of the resulting 

carbocation), it is subsequently regained when the proton is lost to give the 
substitution product. 

Although this discussion has revealed the cause of the principal differences 

between benzene and ethene, two qualifications are necessary. First, whereas 

benzene and its monosubstituted derivatives are relatively inert to addition, 

aromatics in which two or more benzene rings are fused together are often 

susceptible to addition. For example, anthracene reacts with bromine to give 

9,10-dibromo-9,10-dihydroanthracene (7) which slowly loses hydrogen bromide 

at room temperature to form the substitution product, 9-bromoanthracene.6 

This is because the stabilization energy of anthracene, 390 kJ mol -1,2 is much less 

than three times that of benzene: the adduct 7 has a stabilization energy of 

302 kJ mol-1 derived from two benzene rings, so that the loss of stabilization 

energy is only about 48 kJ mol - *, which is much less than that lost on addition to 

benzene. 

Second, substituted benzenes are often further substituted very readily, e.g. 

acetanilide reacts with bromine in the absence of a catalyst to form mainly 4- 

bromoacetanilide, and aniline is so reactive that it gives 2,4,6-tribromoaniline 

immediately. This is a result of stabilization by the substituent of the unstable 

intermediate through which addition occurs. For acetanilide, this is represented 
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by the contribution of 8 to the intermediate, so enabling the positive charge to be 

delocalized over nitrogen in addition to three of the nuclear carbon atom [cf. 4- 

6]. Since the rate of formation of these intermediates is related to their stabilities 

(Section 2.2.2), acetanilide is brominated faster than benzene and no catalyst is 

required. 

N+HCOMe 

H Br 

(8) (9) 

1.2 TYPES OF COMPOUNDS 

It is appropriate to define the term ‘aromatic’ used in the title of this book. 

Unfortunately, there is no completely satisfactory definition,7 but the one that is 

most generally applied describes a compound as being aromatic if it conforms to 

the Hiickel rule. This states that a planar monocyclic conjugated compound (one 

containing either sp- or sp2-hybridized atoms) will be aromatic when the ring 

contains (4n + 2) n-electrons. The number 4n + 2 is known as a Hiickel number, 

and the electrons must lie in the same plane. Thus, although benzyne (9) contains 

4n ^-electrons, it is nevertheless aromatic since two of these electrons occupy an 

orbital orthogonal to the orbitals containing the remainder. 

The term annulene has come to be used to describe completely conjugated 

polyenes, the number in square brackets denoting the number of 7i-electrons. 

Thus, cyclobutadiene (10) is [4]annulene, benzene is [6]annulene, and both 

naphthalene (11) and azulene (12) are [10]annulenes. Only those annulenes in 

which this number is a Hiickel number will have the particularly stable series of 

occupied 7t-molecular orbitals that makes them ‘aromatic.’ It is necessary, of 

course, for the adjacent p-orbitals to be able to overlap effectively, and if this is 

not possible owing to steric constraints (as in 13) or because the ring is very 

floppy, i.e. the probability of concurrent overlap of each of the adjacent pairs of p- 

orbitals is low (as in 14), then the energy level of the ground state will be relatively 

high. The molecule will then be both unstable and reactive towards addition. 

Work has been carried out in recent years to ascertain the extent to which 

departure from planarity affects the reactivities of annulenes, and benzenoid 

compounds such as cyclophanes and helicenes, especially in hydrogen exchange 
(Chapter 3). 

Some organometallic compounds are also aromatic. Most notable are the 

metallocenes such as ferrocene (15), in which the outer shell of the metal has a 



INTRODUCTION 5 

share of eighteen electrons, and each ring contains six ^-electrons, shared over 
five carbons, making the compound very reactive. Compounds such as benzene 
chromiumtricarbonyl (16) also have a complete outer shell for the metal, with 
partial donation of electrons from the ring to the metal, so that they are less 
reactive than benzene. 

(15) (16) (17) (18) 

The definition of aromaticity encompasses a vast range of heterocyclic 
compounds such as pyrazine (17) and oxazole (18), but these are excluded from 
discussion here since their reactions are described fully elsewhere.8 

Another commonly used index of aromaticity is the ability to exhibit a 
diamagnetic ring current under the influence of the magnetic field of an n.m.r. 
spectrometer. This gives rise to a secondary field which opposes the applied field 
within the aromatic ring and immediately above or below it, and reinforces it 
outside the ring (19). In the resulting spectrum, inner protons therefore appear 
upfield whereas outer protons appear downfield, as shown in the spectrum of 
[18]annulene (20) obtained at — 60°C.7 
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X-ray spectra may also be used, since a reduction in the amount of bond-length 

alternation relative to that expected from consideration of a single canonical form 

indicates that resonance is occurring. 

1.3 TYPES OF SUBSTITUTION 

Substitution in aromatics may be brought about by three types of reagent: 

electrophiles, nucleophiles, and free radicals. In electrophilic substitution, the two 

electrons which form the covalent bond between the aromatic and the reagent are 

both supplied by the former. Thus, in the nitration of benzene by the nitronium 

ion, N02+ (Section 7.4), the aromatic ring supplies two electrons to form a 

covalent bond with nitrogen, causing a temporary electron deficiency, which is 

accommodated in the rr-orbitals of the residual aromatic system (21), and 

reaction is completed by the removal of a proton from the nucleus (eq. 1.2). In this 

(21) 

example, the reagent is clearly electron-deficient, i.e. electrophilic; it should be 

noted that examples are known in which the order of addition of the electrophile 

and removal of the proton is reversed, but the aromatic still provides the bonding 

electron pair. 

Neutral species may also be electrophilic. For example, in the reaction of 

chlorine with a benzene ring, the new C—Cl bond is formed by the supply of two 

electrons from the aromatic (eq. 1.3), molecular chlorine behaving as the 

electrophile because of the ability of one chlorine atom to be displaced as chloride 

ion. This reaction could equally well be described as the nucleophilic displace¬ 

ment by the aromatic on chlorine, but it is customary to regard attack on carbon 

as the defining condition. 

/~\ /Oi 
ArH * Cl — Cl ArCI + H+ (1.3) 

In nucleophilic substitution, two electrons are supplied for the formation of the 

new bond by the reagent, as in the formation of 2,4-dinitrophenol from 2,4- 

dinitrochlorobenzene. This proceeds via the intermediate 22 in which the nucleus 

accommodates a negative charge. Free-radical substitution, an example of which 

is the phenylation of benzene by the phenyl radical derived from thermal 
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decomposition of dibenzoyl peroxide, proceeds via the intermediate 23, in which 

the aromatic accommodates an unpaired electron provided by the attacking free 
radical. 

no2 

(22) (23) 

Because hydrogen provides an excellent positive leaving group and is the most 

common aromatic ‘substituent,’ electrophilic substitutions have been the most 

widely studied of the three classes of reaction; they have the advantage over free- 

radical reactions in being much more controllable. Moreover, reactions may be 

performed on the parent aromatic, so that electrophilic substitution is often the 
first reaction in a synthetic sequence involving aromatics. 

Electrophilic substitutions in benzene may be generalized as in eq. 1.4, where Y 

may or may not carry a formal positive charge. Four classes of reaction may be 
distinguished: 

(1) Both X and Y are hydrogen atoms but in different isotopic forms. For 

example, if X is tritium and Y—Z is an acid (Y = H) the process corresponds to 

acid-catalysed protiodetritiation.* Such reactions are generally known as 
hydrogen exchanges (Chapter 3). 

(2) X = H, Y / H. This constitutes the substitutions of widest preparative 

applicability, including Friedel-Crafts reactions, nitration, sulphonation, and 

halogenation. Y (or Y—Z) may be any of a large number of species some of which 

are cations such as N02+, ArN2+, Hg2+, and others of which are covalent 

species such as Cl2, Br2, and S02. 

(3) X ^ H, Y = H. Many substituents may be removed from the aromatic ring 

by protolytic displacements, e.g., X = SiMe3 (protiodesilylation); these reactions 

are described in Chapter 4. 

(4) X ^ H, Y ^ H. Since both X and Y may be one of a number of groups, there 

are a large number of reactions of this type, e.g. X = B(OH)2, Y—Z = Br2 

*The method of naming substitution reactions used throughout this book is as follows. The name is 
composed of the following parts: the name of the incoming group, the syllable ‘de,’ the name of the 
departing group, and the suffix ‘ation’; suitable elision of vowels or introduction of consonants is 
sometimes necessary for euphony. The protium isotope of hydrogen is described as ‘protio’ in 
reactions in which it is introduced or displaced, although its participation in reactions is often 
understood, the term ‘proti°’ then being omitted. The term following the syllable ‘de’ usually 
identifies, in the leaving substituent, only the atom bonded to the aromatic ring; thus the removal of 
the SiMe3 and SiEt3 groups are both desilylation reactions. 
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(bromodeboronation). The known reactions are described in Chapter 10; many 

more are theoretically possible, but have yet to be investigated. 

(1.4) 

1.4 THE POLAR EFFECTS OF SUBSTITUENTS 

In reactions on monosubstituted benzenes, the substituent present usually 

influences strongly both the reactivity of the compound relative to benzene and 

the proportions of the three possible isomeric substitution products. For 

example, toluene is nitrated about 25 times faster than benzene, and gives o-, m-, 

and p-nitrotoluene in the relative proportions 15:1:10 [these figures vary slightly 

according to the conditions of nitration (Section 7.4)]. By contrast, chloroben¬ 

zene reacts about 100 times more slowly than benzene, giving the three 

nitrochlorobenzenes in the approximate proportions 30:1:70. 
In many cases there is evidence that substitution at the ortho position is 

hindered or facilitated by the substituent that is already present, by a steric effect. 

However, steric effects cannot account for the marked variations in the ease of 

reaction at meta and para positions. Since the reactions involve polar reagents, 

the polar effects of substituents are of importance, and are examined to see how 
they play a part in determining aromatic reactivities. 

Polar effects can be satisfactorily treated by dividing them into two main 

categories: (a) those which are transmitted either along c-bonds (the inductive 

effect) or through space (the direct field effect), and (b) those which are transmitted 

through 7r-bonds (the resonance polar effect). This classification has the 

convenience that in aliphatic systems only the inductive (or field) effect can 

operate, so that it is possible to establish a scale of these effects and hence, from 

the total polar effect of given groups in systems which contain both a- and n- 

bonds, to evaluate the importance of the resonance effect. 

1.4.1 Inductive and Field Effects 

The inductive effect depends on the substituent electronegativity whereas the 

field effect depends on the substituent dipole. They produce similar effects on 

molecular properties and so are difficult to distinguish from each other;9’10 

consequently, most workers do not attempt to do this. Where inductive effects are 

referred to subsequently in this book, a contribution from field effects (which may 
be substantial) is implied. 

In a covalently bonded diatomic molecule formed by unlike atoms, e.g. HC1, 

the bonding electron pair is displaced towards the more electronegative atom. 



INTRODUCTION 9 

The resulting non-coincidence of the centres of gravity of the electrons and 

protons in the molecule gives rise to a dipole moment. If one hydrogen in ethane is 

replaced by chlorine (which is more electronegative), the electron pair in the C— 

Cl bond is displaced further from carbon than in the C—H bond which it 

replaced. This carbon’s nucleus is therefore less shielded than that of the carbon 

in ethane, so it becomes more electronegative. The electron pair of the C—C 

bond is accordingly displaced towards the carbon to which the chlorine is 

attached, so the second carbon is slightly affected. Thus the electronegativity of 

one atom results in permanent displacements of electrons throughout the 

molecule, the effect on successive atoms falling off with distance from the 

electronegative centre (24). The ability of chlorine to polarize the molecule in this 

way is described as its inductive effect. The reference point for the inductive effect 

is hydrogen, and substituents which are electron-attracting or -donating relative 

to this are designated as — / and + /, respectively; the former are in the majority. 

<5<5<5+ s + <5- 

ch2 —► ch2 —> ch2 —> Cl 

(24) 

The field effect operates directly through space, and is considered to be of 

longer range than the inductive effect.9 Attempts to distinguish the effects have 

been based on the fact that the field effect depends on the geometry of the 

molecule, whereas the inductive effect depends only on the nature of the 

bonds.9,10 A typical example is the measurement of the pKa values of 25 and 

26, which turn out to be 5.67 and 6.07, respectively;11 if inductive effects alone 

operated, the values should be the same for each. Likewise, the differences in 

pKa values and rates of esterification of cis- and trans-3-substituted propenoic 

acids imply a field effect.12 Other experiments have been based on showing 

the electronic effect to be similar when different numbers of paths for trans¬ 

mission are available, as in 27-29. However, these provide less convincing 

evidence for the field effect since the substituent will be able to satisfy its inductive 

requirements using electrons from each path, so the displacement of electrons 

in each is likely to be reduced in proportion to the number of paths available. 

Field effects should be of particular importance in the gas-phase owing to the 

(25) (26) 
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(27) (28) (29) 

absence of solvent molecules intervening between the substituent and the 

reaction site. 
Inductive (field) effects give rise to dipole moments. For example, MeF, MeOH, 

and MeNH2 have moments of 1.81, 1.69, and 1.28 D, respectively.13 Here the 

magnitudes of the moments are related to the electronegativities of fluorine, 

oxygen, and nitrogen. In some cases two or more moments can combine to give a 

zero or very small moment, e.g. p-dichlorobenzene has a zero moment, unlike its 

ortho or meta isomers, because the two C—Cl dipoles act in opposite directions. 

Nonetheless, each carbon atom in p-dichlorobenzene is positively polarized 

relative to those in benzene. 

Inductive (field) effects are also revealed by examination of the relative 

strengths of aliphatic acids. The strength of an acid depends on the difference in 

free energies of the acid and its anion. An electron-attracting substituent near the 

carboxyl group enables the carboxylate anion to accommodate its negative 

charge more readily, i.e. it reduces the free energy of the anion relative to that of 

the acid, thereby increasing the ionization constant. 

Some typical data for ionization constants of aliphatic acids at 25 °C are given 

in Table 1.1.14,15 The following conclusions may be drawn: 

(1) The halogens are electron-attracting, their —I effects decreasing in the 

order F > Cl > Br > I. As the atomic number increases the nucleus is more 

strongly shielded by the inner shells of electrons. 

(2) The inductive effect of a group falls off rapidly as its distance from the 

functional centre increases (and does so in free energy terms by a factor 2.5 + 0.5 

per intervening carbon atom).16 

Table 1.1 Ionization constants ( x 10s) of aliphatic acids X—CQ2H 

X ch3 ch2f ch2f CH2C1 ch2i 
Ka 1.75 217 155 138 75 

X ch3 CH2C1 (CH2)2C1 (CH2)3C1 
1.75 155 8.3 3.0 

X H ch3 ch2ch3 CH(CH3)2 C(CH3)3 
Ka 17.7 1.75 1.33 1.38 0.89 
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Table 1.2 a, values of substituents 

Substituent t-Bu Me H Ph nh2 OMe COMe C02Me 
Ol -0.07 -0.05 0 0.10 0.12 0.27 0.27 0.30 

Substituent I cf3 Br Cl F CN no2 NMe3 + 
07 0.39 0.41 0.45 0.47 0.50 0.59 0.65 0.86 

(3) Alkyl groups are inductively electron-releasing in the order f-Bu > i- 

Pr x Et > Me, arising from the number of electropositive hydrogen atoms 

present; although the three hydrogens in the ‘substituent’ methyl are further 

removed from the carboxyl group than the hydrogen atom that this methyl 

replaces, their number more than compensates for the fall-off factor noted above. 

The effects of some more commonly encountered substituents, essentially free 

from resonance effects and designated oh have been evaluated by a procedure 

based on the Hammett equation (Section 1.4.4), and are given in Table 1.2. The 

values are selected from the compilation given in ref. 17; some reactions give 
slightly different values. 

The effect of a given substituent is seen to be governed by the electronegativities 

of its constituent atoms. The effect of the phenyl substituent derives from the 

increasing electronegativity of hybridized carbon along the series sp3 > sp2 

>sp.18 Deuterium is electron-donating relative to protium.19 

1.4.2 The Resonance Polar Effect 

The ionization constants (105K) of benzoic acid and its meta and para methoxy 

derivatives in water at 25 °C are 6.3, 8.1, and 3.4, respectively.15 The meta 

derivative is a stronger acid than benzoic acid because OMe has a — I effect, and 

consequently the para derivative should also be a stronger acid; that it is not is 

due to resonance. 

The unshared electron pair in the p-orbital of the oxygen atom is able to 

overlap with the p-orbital of the ipso aromatic carbon, as represented in 30 and 

31. This electron pair acquires greater freedom of motion, with a consequent 

increase in delocalization energy, but in this process the ^-electrons in the vicinity 

of the ipso carbon are repelled. The resulting displacement of these ^-electrons 

(indicated by curved arrows in 31) affects in turn the distribution of the remaining 

7i-electrons of the aromatic system. Unlike inductive (field) displacement, which 

increases fairly uniformly with distance, this resonance polar effect gives rise to an 

alternation of polarized carbons, as shown in the valence bond structures 32-34. 

A group giving rise to a permanent displacement (polarization) of ^-electrons 

in this way is described as having a resonance, conjugative, or mesomeric effect. 

The methoxy group, being electron-releasing as a result of the resonance effect, 
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is said to be a +M substituent; its + M effect opposes its —I effect. The relative 

ionization constants of benzoic acid and 4-methoxybenzoic acid indicate that 

the former is more important than the latter, i.e. + M> —I. This is due in part 

to a direct mesomeric interaction between OMe and C02H (35), which provides 

an acid-weakening effect, but even when the carboxyl group is insulated from 

the benzene ring by an intervening methylene group so that such direct 

interaction is precluded, the + M effect is still of greater consequence than the 

— I effect, as 4-methoxyphenylacetic acid is weaker than phenylacetic acid.20 

(The conjugative effect is unlikely to be relayed through the CH2 group here; 

more probably it raises the electron density at the aromatic 1-carbon and this 

is then transmitted inductively along the er-bonds—see also 49.) 

(35) (36) (37) 

The operation of resonance may also result in electron withdrawal from 

the aromatic ring. For example, whereas m-NMe3 + increases the ionization 

constant of benzoic acid more than does p-NMe3+, as expected for a group 

which can only act inductively,21 p-nitrobenzoic acid is stronger than its meta 

isomer.22 This indicates that 36 contributes to the hybrid, a — M effect here 

reinforcing the — / effect of the nitro group. The corresponding representation 

in terms of 7i-orbital overlap is shown in 37, and this also demonstrates a steric 

requirement for resonance to operate: for maximum overlap of the p-orbitals 

of nitrogen and the adjacent carbon, the nitro group and the benzene ring must 

be coplanar. When bulky substituents are present in the two ortho positions of 

the aromatic ring, the nitro group is twisted from this coplanar configuration 

and the mesomeric effect is reduced proportionally to cos29, where 9 is the 

angle of twist.23 The steric inhibition of resonance is commonly revealed by 

dipole moment (p) measurements, as illustrated by examination of 38-43.13 The 

mesomeric effect of bromine, represented by the contribution of 44 to the hybrid 

structure of bromobenzene, is not subject to steric influences, and the similarities 

of the dipole moments for bromobenzene and 3-bromodurene (39) show that 

the methyl substituents produce no overall effect. The markedly lower dipole 
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H (D): 1.52 

(38) 

1.55 

(39) 

4.01 3.62 

(40) (41) 

(42) (43) 

moment of nitrodurene (41) than that of nitrobenzene is therefore attributed to 

a reduction in the — M effect of the nitro group because this is twisted from 

the plane. A more pronounced effect is apparent in the pair 42 and 43. The 

larger dipole moment of the former is due in part to the contribution of 45 to 
the resonance hybrid. 

(44) 

It is commonly assumed that the nitro in nitrobenzene is coplanar with the 

ring, i.e. that there is no steric interaction between the oxygens of the nitro 

group and the adjacent hydrogens. This is unlikely to be correct, as demonstrated 

by the fact that the nitro group is exceptionally electron-withdrawing in 

five-membered heterocycles; in these compounds steric hindrance between 

adjacent groups is less than in benzene because the angles external to the ring 

are larger. The nitro group will therefore be able to become more coplanar with 

the ring thereby increasing its — M effect.24 

The occurrence of resonance does not necessarily result in the appearance of 

permanent polarization, as symmetrical molecules, e.g. biphenyl, may be 

resonance stabilized but have no resultant polarity. The molecule is a hybrid 

of structures such as 46 and other Kekule forms, and 47 and other dipolar 

forms. There is no resultant polar effect from this resonance because structures 
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such as 47 are exactly counterbalanced by similar ones in which the signs of the 

charges are reversed. 

o-o-oo- coo 
(46) (47) (48) 

Although there is no resonance polar effect in biphenyl in the ground state, 

a polar effect can be brought into operation during the course of reaction. In 

electrophilic substitutions, the transition state resembles intermediates such as 

21, i.e. a positive charge is accommodated by the aromatic system. In a reaction 

on biphenyl (at the ortho or para position), this charge can be better accommo¬ 

dated than in the same reaction on benzene as it can be delocalized over two 

aromatic rings, e.g. 48. This is why biphenyl is activated relative to benzene 

and is o,p-directing (see, e.g., Section 3.1.2.10). Since this property of the phenyl 

substituent is effective only when the reagent begins to bond to the ring, it is 

termed a polarizability effect to distinguish it from the permanent polarization 

discussed hitherto. The term electromeric effect (E) was introduced to distinguish 

such a mesomeric effect from that (M) which operates in the unexcited molecule, 

but is now rarely used; the expression ‘time-variable resonance’ is also to be 

found in the literature. 

Although this discussion has emphasized the alternating character of the 

mesomeric effect by which the substituent effect is transmitted specifically to 

the ortho and para positions, there is evidence that a group with a powerful 

mesomeric effect, such as NMe2, can affect the meta position by inductive relay, 

e.g. 49.2 5 The effect, which is small, may also be represented as arising from 

the canonical form 50 which, being of high energy, contributes only very little 

to the overall resonance hybrid. 

(49) (50) 

Quantitative values of the resonance polar effects of substituents have been 

determined in the same way, and on the same scale, as for oy values. However, 

owing to the variable polarizability effect, the values obtained depend on the 

model reaction chosen. Those obtained under conditions of ‘average’ polariza¬ 

bility are designated aR values, but these are less useful than those obtained 

under conditions whereby polarizability is minimal, designated oR°; values 

selected from a recent compilation are given in Table 1.3.16 The increase in the 

strength of the + M effect in the order F < OMe < NMe2 is the result of the 

decrease in the nuclear charge in that order. The order F > Cl > Br > I arises 
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Table 1.3 o°R values of para substituents 

Substituent NMe2 OMe F Cl Br I t-Bu Ph 
-0.54 -0.43 -0.32 -0.18 -0.16 -0.12 -0.13 -0.11 

Substituent Me H CN cf3 C02Me COMe no2 
-0.10 0 0.08 0.10 0.17 0.19 0.19 

from the lateral interaction of p-orbitals that leads to the +M effect, being 

greatest when the orbitals are of comparable size [see also Section 2.3.(iv)]. 

7r-Electrons in the aromatic ring may be also be polarized by the substituent 

without actual 7t-electron transfer between the ring and the substituent. This is 

referred to as the 7t-inductive effect, but comprises both inductive and field 

interactions with the 7r-electrons of the ring.10 It is difficult to distinguish this 

effect from normal resonance effects and there have been few, if any, attempts 

to do so in electrophilic aromatic substitution. 

1.4.3 Hyperconjugation 

Hyperconjugation is a mechanism of both electron release and electron 

withdrawal by certain substituents that far exceeds in importance that encom¬ 

passed in its original proposal. Recent developments, and in particular those 

using gas-phase studies, have shown26 that the traditional description of 

hyperconjugation and its experimental consequences is wrong, as are the 

accounts given in most existing textbooks. The following interpretation is 

consistent with all of the known data. 

The + / effects of alkyl groups increase with chain branching (Table 1.1). 

Thus, for example, the dipole moments of the alkylbenzenes, PhR, in benzene 

decrease in the order R = t-Bu (0.45) > i-Pr (0.43) > Et (0.39) > Me (0.37 D).27 

Further, the rates of the base-catalysed hydrolysis of ethyl p-alkylbenzoates in 

56% aqueous acetone fall in the order H > Me > Et > i-Pr > t-Bu, as expected 

for a reaction which occurs through an electron-rich transition state and is 

therefore retarded by electron-releasing substituents.28 However, contrary to 

expectation, the order for the hydrolysis rates of the same esters in 85% aqueous 

ethanol is H > t-Bu > i-Pr > Et > Me.28 

This is one of a large number of examples, such as the solvolysis of 

phenyl(p-alkylphenyl)halomethanes,29 in which the order of electron release for 

these alkyl groups is reversed. The reversal of the inductive order was first noted 

by Baker and Nathan in 1935 in their studies of the nucleophilic substitution 

of pyridine for bromine in p-alkylphenylbromomethanes,30 and is usually 

referred to as the Baker-Nathan order. Since it nearly always occurs in the 

same situations as mesomeric electron release, namely when the substituent is 
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in the para position, it was attributed to a form of mesomerism or conjugation 

in which a C—H bonding electron pair is delocalized.* The phenomenon, given 

the description hyper conjugation,31 is represented for the p-methyl-substituted 

diarylhalomethane by the structure 51, the contribution of which to the transition 

state lowers the free energy of activation for the solvolysis additional to that 

due to the inductive effect alone. Hyperconjugation is also sometimes referred 

to as no-bond resonance in view of the nature of structure 51; the latter also 

shows the need for coplanarity of the C—H sigma bond, and the aryl p-orbital. 

Baker and Nathan proposed (although with unclear reasoning) that as the 

hydrogen atoms of the methyl group were successively replaced by carbon 

atoms then the effect would diminish until, for the tert-butyl substituent, it 

disappeared. Subsequent work and calculations (e.g. refs 30 and 31) indicated 

that the latter assumption might not be correct. For example, the much greater 

activation of the ortho and para positions compared with the meta position in 

tert-butylbenzene (see, e.g., Table 3.2) showed that there must be substantial 

conjugative electron release from the tert-butyl group.32 Some importance was 

therefore ascribed to C-C hyperconjugation which was, however, generally 

assumed to be less significant than C-H hyperconjugation, despite the fact that 

the C—H bond is stronger than the C—C bond. The overall electron-releasing 

order of the alkyl groups was thus believed to arise from the greater importance 

of C-H relative to C-C hyperconjugation. This is now known to be wrong. 

Alternative theories were advanced to account for the occurrence of the 

Baker-Nathan effect (e.g. ref. 33), the most significant of which ascribed the 

reversal of the electron-releasing order of the alkyl groups to steric hindrance 

to solvation.34 Thus the bulkier alkyl groups would more effectively hinder 

solvation of the charge that is delocalized to adjacent sites in the intermediate 

corresponding to the transition states for reaction at the para positions of the 

alkylaromatics (52); this would diminish the overall observed reactivity and 

hence the apparent electron release by the bulkier alkyl groups. Arguments then 

centred on whether hyperconjugation was a real phenomenon, or merely a 

manifestation of these solvation effects. It is now realized that both theories are 

partially correct, and it was the assumption that each of these alternatives was 

mutually exclusive that prevented a correct interpretation for four decades. 

*The Baker-Nathan order has occasionally been observed when the alkyl substituent is in the meta 
position, e.g. in mercuriation (Table 5.2). 
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The concept of hyperconjugation is now supported overwhelmingly by 

evidence accumulated from widely differing areas of chemistry, the most 

conclusive and unambiguous of which is the conformational dependence of the 

electron-releasing ability of the substituent cr-bond (e.g. ref. 35). Moreover, the 

more reliable theoretical calculations now available have shown that the 

conjugative electron-releasing order of the alkyl groups should be the same as 

the inductive order,36 and this has been confirmed by measurements of the 

electron-releasing abilities of alkyl groups in the gas phase.37-40 Thus C-C 

hyperconjugation, as in structure 53, is more important than C-H hyper¬ 

conjugation (structure 51); most texts contain the converse statement. It is thus 

(52a) (53) 

a paradox of physical-organic chemistry that Baker and Nathan proposed the 

important concept of hyperconjugation, but for the wrong reason, the reactivity 

order upon which they based their proposal being due merely to a solvent effect 

superimposed upon the p-t-Bu > p-Me electron-releasing order produced by 

the combined inductive and hyperconjugative mechanisms. 

It should be noted that when alkyl groups are attached to unsaturated systems, 

ca 80% of their electron release is provided by hyperconjugation;38 this contrasts 

with a lingering view that alkyl groups are mainly inductively electron releasing. 

The proportion may be even greater in situations where either steric strain 

exists within a molecule and is relieved through hyperconjugation,40-42 or where 

the conformation of a substituent is such as to facilitate overlap between the 

appropriate C—H or C—C bond of the substituent and the adjacent p-orbital 

of the aromatic.41,43 This steric facilitation of hyperconjugation has only recently 

been recognized as a factor producing enhanced electron release from some 

alkyl groups. Conversely, conjugative electron release may be diminished where 

overlap is sterically hindered (steric hindrance to hyper conjugation)', both factors 

are discussed further in Section 3.1.2.1. 

There are two other consequences of steric hindrance to solvation. The first 

is that for a given pair of alkyl groups, variation in meta reactivity ratios with 

change in conditions may be comparable to, or even greater than, the variation 

in para reactivity ratios.39 Generally this has not been recognized because the 

inductive order is more marked at the meta position than at the para position, 

so trends towards a reversal of this order are less apparent. It arises because 

solvation of the intermediate corresponding to the transition state for meta 
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(54a) (54b) 

substitution (54) can be more hindered than that for para (52), since there are 

two sites that can be hindered by the alkyl group, especially that in 54a.39 

Secondly, the importance of steric hindrance to solvation will depend not only 

on the amount of charge to be stabilized in the transition state, but also on 

both the solvating power of the medium and the size of the solvating counter 

ion.26 The latter effect, for example, accounts for the ‘Baker-Nathan’ order 

being obtained in a poorly solvating superacid medium, which contains a very 

large solvating counter ion, SbF6~ 26 (cf. ref. 44). 

The foregoing discussion describes how alkyl groups can be polarized to 

release electrons. A further mode of electronic behaviour should be mentioned, 

although it does not affect electrophilic aromatic substitution. When attached 

to saturated systems, alkyl groups appear to be able to polarize so as to accept 

electrons, the acceptance being greater the larger the group.45 

Although hyperconjugation was originally proposed to account for conjuga- 

tive electron release from the C—H bond, many other bonds, e.g. O—H, N—H, 

C—Si, and C—Hg, are able to release electrons by such a mechanism, and 

some of them do so extremely strongly;46 in general, the weaker the bond the 

stronger is the electron release. 

"*-► other canonicals 

It follows that since hyperconjugation occurs when carbon is bound to more 

electropositive elements of groups, the reverse process, negative or reverse 

hyperconjugation,47 can occur when carbon is bound to very electronegative 

elements such as fluorine. Structure 55 illustrates the stabilization of a benzyltri- 

fluoromethylbenzyl anion by C-F negative hyperconjugation. 

Just as the order of electron release by hyperconjugation is C-Me > C-H, 

so the order of electron withdrawal by negative hyperconjugation are conform- 

ationally dependent,48 the need for coplanarity of the sigma bond and the 

adjacent p-orbitals further confirming the nature of the process. 
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1.4.4 The Hammett Equation 

The polar effects described above influence rates of reaction and it is in this 

context that they are of relevance to aromatic substitutions. Their influence on 

reaction rates of aromatic compounds are closely related to their effects in 

determining acid strengths, to the extent that there are quantitative relationships 

between structure and reactivity. 

These relationships hold when the substituents are in the meta and para 

positions. Hammett discovered that a graph of the logarithms of the rate 

coefficients for the base-catalysed hydrolysis of the esters of meta- and 

para-substituted benzoic acids against the logarithms of the ionization constants 

of the corresponding acids is linear.49 The straight line may be described by 

eq. 1.5, where k is the rate coefficient for the hydrolysis of a given ester, K is 

the ionization constant of the corresponding acid and p and A are constants. 

Straight-line plots are also obtained when rate coefficients for numerous other 

reaction series such as the acid-catalysed hydrolysis of benzamides, the solvolysis 

of benzoyl chlorides in ethanol, and the alkaline hydrolysis of ethyl 3- 

phenylpropenoates are plotted against each other or against the ionization 

constants in the manner of eq. 1.5. 

log k = p log K + A (1.5) 

log k0 — p log K0 + A (1.6) 

log (k/k0) = p log {K/K0) = pa (1.7) 

The point for the unsubstituted compound is also fitted by the straight line 

according to eq. 1.6, where k0 is the rate coefficient for the unsubstituted ester and 
K0 is the ionization constant for benzoic acid. Subtraction gives eq. 1.7, where a is 

defined as \og{K/K0). It is apparent that a (Greek ‘s’) depends only on the nature 

of the substituent, and is designated the substituent constant; p (Greek ‘r’) is the 

gradient of the linear plot, and varies with the nature of the reactions but is 

independent of the nature of the substituent, so is termed the reaction constant.* It 

is now possible to establish a scale of polar effects for meta and para substituents 

derived from the ionization constants of benzoic acids. Typical valuest are given 

in Table 1.4 (several reviews of the Hammett equation have been pub¬ 

lished,17,22,50 each of which contains compilations of a values). 

Equation 1.7, known as the Hammett equation, holds for a very large number 

of reactions of benzenoid compounds with meta or para substituents,17,50 and it 

*In eqs 1.5—1.7 p is strictly the ratio of the reaction constants for reaction of the ester to that for 
ionization of the acids. The latter is arbitrarily defined as 1.0 for dissociation in water at 25 °C, and so 

all derived p factors are relative to this standard value. 
Tt is emphasized that one must use log10 values and not loge (In) values when calculating rate data 

based on substituent constants. 
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Table 1.4 c values of aromatic substituents 

Substituent 

Constant Me t-Bu OMe F Cl Br I CN no2 

® m -0.07 -0.10 0.12 0.34 0.37 0.39 0.35 0.56 0.71 
-0.17 -0.20 -0.27 0.06 0.23 0.23 0.21 0.66 0.78 

is instructive to examine the operation of the equation in one example. Consider 

the base-catalysed hydrolysis of ethyl benzoate and the ionization of benzoic 

acid. Withdrawal of electrons from the side-chain carbon atom stabilizes both 

the transition state for the hydrolysis (56) and the product of the ionization 

(57), and therefore an increase in k and K compared with kQ and K0. This 

withdrawal may be brought about, for example, by a m-nitro group by virtue 

of its — / effect, or by a p-nitro group by virtue of its — I and — M effects. The 

values for m-N02 (0.71) and p-N02 (0.78) indicate that the — M effect of p-N02 

makes it a more strongly electron-withdrawing substituent than m-N02.* In 

general, a positive a-value indicates that the substituent is electron withdrawing, 

whereas a negative cr-value indicates that it is electron donating. 

(56) (57) 

In other reactions the reaction centre may become electron deficient in the 

transition state (or product if the process is an equilibrium). In that case, an 

electron-withdrawing group reduces k (or K) relative to kQ (or K0) and this 

results in a Hammett plot of negative gradient (i.e. p is negative). Hence the sign 

of the p value of a reaction gives information about the electronic changes at 

*<t Values can be dissected by means of eqs 1.8 and 1.9 into the parameters corresponding to the 
inductive and resonance components, i.e. a, and cR values, respectively.51 The value of a is 0.33, 
showing the resonance effect to be relayed one third as effectively to the meta as to the para position. 

aP = a, + aR (1.8) 

<jm = o, + aoR (1.9) 

Similar equations may be set up using oQ values (Section 11.1.2) and, since these describe a smaller 
resonance contribution, the differential effect between meta and para positions becomes smaller, i.e. a 
is 0.5. Numerous variations on these equations have been proposed but it is inappropriate to consider 
them here. 
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the functional centre during the process, while the magnitude of p measures 

the sensitivity of the reaction to changes in the substituent. A positive p factor 

indicates that the reaction transition state is negatively charged, whereas a 

negative p factor indicates that the transition state is positively charged (as it 

is in electrophilic aromatic substitution). 

The Hammett equation is usually not obeyed by ort/io-substituted aromatics 

or, in its simple form, by substituted aliphatic compounds. Successful application 

of the equation to these systems would require each substituent to have a steric 

effect that was independent of the nature of the reaction, and would also require 

that the sensitivity of the reaction to these steric effects was proportional to its 

sensitivity to polar effects. Nevertheless, extensions of the Hammett equation 

have been examined which contain terms to allow for steric effects so that the 

overall effect of a substituent is divided into a polar and a steric component.52 

In the form of eq. 1.7, the Hammett equation fails to correlate the rates of 

reactions in which a charge is developed adjacent to the aromatic ring in the 

transition state. This is because there can then be direct conjugation between 

the substituent and the charged centre, and thus the mesomeric component of 

the substituent is involved to a much greater extent than is possible in 56 or 

57. For example, in the ionization of phenols the negative charge on the phenate 

oxygen can conjugate directly with a p-nitro group, as in 58. The nitro group 

therefore increases the acidity of phenols considerably more than is predicted 

from its effect on the ionization of benzoic acids. A special ‘exalted’ a value 

(1.27) for p-N02 is then required in this reaction (and also in correlating the 

basicities of aromatic amines, where similar arguments apply). The set of values 

that are needed here (and also to correlate rates of nucleophilic aromatic 

substitutions for the same reason) are known as a~ values; these differ 

significantly from a values only for — M substituents (a comprehensive 

compilation of a~ values is given in ref. 17). 

Conversely, + M substituents fail to correlate the rates of reactions in which 

a positive charge is developed at the side chain a-position, because here direct 

conjugative electron release from the substituent to the reaction centre is possible. 

For example, in SN1 nucleophilic substitution of 2-aryl-2-chloropropanes an 

‘exalted’ a value of —0.78 is required for p-OMe owing to the additional 

interaction giving rise to 59. Electrophilic aromatic substitutions are correlated 

by these special values, designated a+, which differ substantially from a values 

only for + M substituents. This treatment is discussed fully in Chapter 11. 
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1.4.5 Conclusions 

The foregoing discussion has shown, first, the ways in which a substituent 

attached to an aromatic compound can determine the electron density at the 

nuclear carbon atoms, and second, that the substituents can be placed in an 

order which describes their relative effects in governing the rates of certain 

reactions. A modified quantitative scale of substituent effects can be used to 

describe the relative rates of electrophilic substitution, and this is of great 

assistance in understanding the relative reactivities and orientations in these 

substitutions, which are discussed in the ensuing chapters. 
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CHAPTER 2 

The Mechanism of Electrophilic 
Aromatic Substitution 

2.1 REACTION OF THE REAGENT WITH THE 
AROMATIC NUCLEUS 

There are four ways in which an aromatic compound might react with an 

electrophile, differing with respect to whether the replaced group (commonly the 

proton) leaves either before, during, or after attack by the electrophile. 

(1) If the proton leaves first, formation of the aromatic anion takes place in a 

rate-determining step and this is followed by rapid reaction of the anion with the 

electrophile (eq. 2.1). This mechanism is analogous to the SN1 reaction of 

aliphatic compounds and is designated SE1. 

ArH ~=± Ar~ + H+ > ArE (2.1) 
k-l k2 

(2) A more probable alternative to mechanism (1) involves base catalysis of 

the rate-determining ionization which forms the aromatic anion, the latter 

reacting rapidly with the electrophile as before. This mechanism (eq. 2.2), is 

designated B-SE1; groups other than a proton may be removed by the base. 

B~ + ArH^BH + Ar“ -^ArE (2.2) 
k-l k2 

(3) By synchronous formation of the C—E bond and cleavage of the C—H 

bond. In the transition state (1) both incoming and leaving groups would be 

partially bonded to the nucleus (eq. 2.3). The mechanism would correspond to the 

Sn2 reactions of aliphatic compounds, although it would necessarily have a 

different stereochemistry. In the event that a base would be required simulta¬ 

neously to aid removal of the proton, the reaction would be termolecular and 

designated SE3. 
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E + + ArH-► Ar -* ArE + H + (2.3) 

(1) 

(4) By addition of the electrophile to the nucleus followed by loss of a proton 

from the adduct (eq. 2.4), an intermediate a-complex (2) being formed. In this two- 

step process either (a) the addition or (b) the expulsion step might be rate 

determining. The process is designated the SE2 mechanism and in those reactions 

in which the electrophile is a proton the reaction is acid catalysed and is 

designated A-SE2. 

E+ + ArH^Ar+CT' -► ArE + H (BH) (2.4) 

In all cases for which evidence is available, the reaction follows mechanism 2.4. 

In addition there are six reactions, viz. hydrogen exchange (Chapter 3), 

protiodesilylation, protiodegermylation, and protiodestannylation (Chapter 4), 

lithiation (Chapter 5), and bromination (Chapter 9) which can also take place 

under base-catalysed conditions, and for these mechanism 2.2 applies (although 

in some cases the first and second steps are synchronous). The evidence for the 

mechanisms derives from two types of experiments: (a) the isolation and 

characterization of intermediates and (b) kinetic studies, including measurements 

of kinetic isotope effects. 

2.1.1 Isolation of Intermediates 

Trifluoromethylbenzene reacts with nitryl fluoride and boron trifluoride at low 

temperatures to give a coloured crystalline complex of mole ratio 1:1:1 which is 

stable below — 50 °C, and which above that temperature gives boron trifluoride, 

hydrogen fluoride, and m-nitrotrifluoromethylbenzene.1 Structure 3 was assig¬ 

ned to the complex,1 and since m-nitrotrifluoromethylbenzene is the product of 

the nitration of trifluoromethylbenzene under ordinary conditions, this is 

convincing evidence that the intermediate in the nitration is 3. Analogous 
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complexes have been isolated using other electrophilic reagents. For example, 

mesitylene, ethyl fluoride, and boron trifluoride give an orange conducting solid 

of m.p. — 15°C, which is considered to be 4;1 such complexes are the probable 
intermediates in Friedel-Crafts alkylations. 

Complexes are formed by protonation of the aromatic nucleus. Benzene, 

toluene, and di- and polymethylated benzenes give coloured, conducting 

solutions in hydrofluoric acid.2 The addition of boron trifluoride to the solutions 

increases the concentrations of the ions, and crystalline conducting complexes 

can be isolated from these solutions.32 The cation may be formulated as 5a, where 

R represents one or more methyl groups, while the anion is F_ or, in the presence 

of boron trifluoride, BF4~ [complexes completely stable at room temperature 

may be isolated when R = 2,4,6-(NR2)3, X = C104 3b], These cations corre¬ 

spond to the intermediates in hydrogen exchange, further evidence for this 
being as follows: 

(1) When hydrogen fluoride is replaced with deuterium fluoride, regeneration 

of the aromatic compound by heating the ionic complex gives both the original 

compound and its deuteriated derivative, consistent with the occurrence of 

exchange through 5b which can eliminate either H+ or D+ on decomposition.3 

(2) The electronic spectrum of a solution of anthracene in sulphuric acid is 

similar to that of the Ph2CH +. This is to be expected if anthracene is protonated 
at one meso carbon atom to give 6.4 

(3) The ‘H n.m.r. spectra of various aromatics in trifluoroacetic acid boron 

trifluoride indicate the presence of a methylene group, such as 5 and 6 contain.5 

This has been confirmed using superacids such as HF-SbFs [which produce 

even the benzenonium ion (5a, R = H)],6 and 13C n.m.r., which gives the chemical 

shifts shown in l.1 These confirm that the positive charge is delocalized mainly 

to the ortho and para positions, since carbon bearing a charge has a greater 

chemical shift. 

This accumulated evidence shows that aromatic compounds can form cations 

by the addition of an electrophile. Moreover, in the cases referred to above, the 

cations give rise directly to the normal products of aromatic substitution. The 

cations may also be captured by strong nucleophiles present to give isolable 

adducts or addition complexes, such as 8, obtained in the nitration of o-xylene 

by nitric acid in acetic anhydride.8 Decomposition of these adducts with acid 

results either in loss of nitrous acid giving 9 or, via 1,2-rearrangement and loss 
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of acetic acid, 3-nitro-o-xylene (10). Thermal decomposition of the adducts results 

in 1,3-rearrangement and loss of acetic acid which, in the example shown, 

would produce 4-nitro-o-xylene. Adduct formation is discussed more fully in 

Sections 7.4.2(iii) and 9.2.2(1). 

Evidence that the cations are intermediates in the substitutions is shown by the 

fact that a plot of log k for the chlorination of methylbenzenes9 against log K for 

the equilibrium between the same compounds and the cations which they form 

with hydrogen fluoride2 (see Table 2.1) is approximately linear (Fig. 2.1). This 

suggests that the chlorination rate is dependent on the ease of formation of a 

cation which is similar to that of the corresponding protonated aromatic.* The 

log K (basicity) 

Figure 2.1. Plot of log k for chlorination of methylbenzenes vs log K for equilibrium 

between the same compounds and the cations which they form with hydrogen fluoride. 

* A discussion of the observation that the factors which determine the position of an equilibrium also 
frequently govern the rate of formation of a product is given in Section 2.2. 
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methyl groups increase both k and K because they are electron releasing relative 

to hydrogen (Section 1.4); the plot is slightly curved because the rate-determining 

transition state for chlorination carries rather less charge than the cation. 

2.1.2 Nature of the Intermediate Complexes 

Complexes such as 3 and 4 are referred to as cr-complexes or, when they are 

described in the context of their intermediacy in aromatic substitutions, as 

Wheland intermediates.10 Aromatics also form ^-complexes both with ions 

such as Ag+11 and with neutral species such as iodine,12 and hydrogen 

chloride.9 

The structures and properties of the two types of complex are markedly 

different, as shown by comparisons of the addition compounds formed by 

aromatic compounds with hydrogen chloride (^-complexes) and with hydrogen 

chloride in the presence of aluminium chloride (cr-complexes).9 The former have 

very low heats of formation and are largely dissociated in solution, are colourless, 

and do not conduct; when deuterium chloride is substituted for hydrogen 

chloride, the recovered aromatic compound does not contain deuterium. The 

latter, in contrast, can be obtained in much higher equilibrium concentrations, 

are coloured and conducting (and therefore ionic), and they provide a pathway 

for the exchange of deuterium for hydrogen. 

7i-Complexes are formed by a loose association of the reactants in which the 

complexing agent is not localized at a particular carbon atom, but is held near 

to the 7t-electron cloud. The crystal structure of the addition compound of 

benzene and silver perchlorate shows that the silver ion is equidistant from two 

carbons of each of two benzene rings, one on either side of it,13 and the bonding 

may be regarded as three-centred. The aromatic ring is electron donating in 

these complexes, shown by the basicity of aromatic hydrocarbons (measured 

by their extent of 7r-complexing with HC1) increasing as methyl groups are 

added successively to the ring.9 ^-Complexes are therefore represented by 

structures such as 11, the direction of the arrow indicating that the aromatic 

ring is electron donating, and its position relative to the ring indicating that 

the bond is not localized. 

—[—► HCI 

(11) 

The formation of the cr-complex, and not the 7r-complex, is the rate¬ 

determining step in electrophilic substitution. This is shown, for example, by 

comparison of the relative stabilities of both n- and u-complexes and halogen- 
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Table 2.1 Relative stabilities of n- and ^-complexes and relative rates of halogenation of 
alkylbenzenes 

Relative basicity Relative reactivity 

Substituent 7i-Complex (HC1) u-Complex (HF) Cl2 Br2 

H 0.61 0.09 0.005 0.004 
Me 0.92 0.63 0.157 0.85 
1,4-Me2 1.00 1.00 1.00 1.00 
1,2-Me2 1.1 1.13 2.1 2.1 
1,3-Me2 1.26 26 200 204 
1,2,4-Me3 1.36 63 340a 600 
1,2,3-Me3 1.46 69 400“ 660 
1,2,4,5-Me4 — 120 1400“ — 

1,2,3,4-Me4 1.63 400 2000 — 

1,3,5-Me3 1.59 2 800b 80000 75000 
1,2,3,5-Me4 1.67 16000 240000 — 

Me5 — 29 000 360000 — 

“Calculated value, assuming additivity. 
bValue obtained using HF-BF3.9 

ation rates for a number of alkylbenzenes (Table 2.1);2,9,14 the rates evidently 
parallel more closely the stabilities of the corresponding tr-complexes (see 
Fig. 2.1). A specific feature of the results is that, whereas the relative stabilities 
of the 7t-complexes formed by the three xylenes increase steadily in the order 
p <o <m, in both tr-complex formation and halogenation the values for o- and 
p-xylene are comparable but those for m-xylene are enormously greater. This 
can be understood for the a-complex stabilities by reference to the structure of 
the carbocations formed by protonation of the three compounds. That from 
m-xylene is a hybrid of 12-14, i.e. it can be represented by 15, in which both 
the electron-releasing methyl substituents can contribute to the stability of the 
ion by interaction with the adjacent positively polarized centres (hence proto¬ 
nation tends to occur ortho or para, and not meta, to the substituent). In the 
corresponding complexes from o- and p-xylene only one methyl group is directly 
bonded to a positively polarized carbon, so that the stabilization of the ion is 
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correspondingly reduced. The close parallelism of a-complex stability and rates 

of halogenation indicates that the factors which govern the stabilities of the 

a-complexes are reflected in the transition states which precede these complexes, 

and it is the formation of the cr-complex which constitutes the rate-determining 

step. The same effect is observed in the series 1,2,4-, 1,2,3-, and 1,3,5-trimethyl- 
benzene. 

Kinetic methods of examination can give information only about the 

maximum point on a free-energy profile of the reaction, and it is possible, and 

indeed likely, that 7t-complexes are formed in reactions in which formation of 

a a-complex is rate determining. The most general representation of the kinetic 

pathway of an aromatic substitution in which a-complex formation is rate 

determining is therefore that shown in Fig. 2.2, and the quantitative features of 

most electrophilic substitutions can be understood in terms of this pathway, 

i.e. one in which the transition state of the rate-determining step resembles the 

a-complex (Section 2.2). 

Some evidence appeared to indicate that 7r-complex formation provided the 

rate-determining step in some reactions,15 the relative reactivities of compounds 

in these cases being markedly different from those generally observed [see, e.g., 

Sections 6.1.1 (iii)(c), 7.4. l(vii), 9.2.2(iv) and 9.3.2(h). However, it has subse¬ 

quently been shown that these abnormalities arise from a combination of the 

high reactivity of the electrophile and insufficiently rapid mixing of the reagents 

(mixing control);16 moreover, the rates do not correlate with 7i-complex 

stabilities.17 In nitration there is evidence that an intermediate is formed prior 

to the formation of the a-complex [Section 7.4.1(h)]. However, this appears to 

consist of the electrophile and aromatic held in proximity by the solvent shell, 

without bonding between them of the kind found in 7i-complexes. 

Figure 2.2. Energy profile for aromatic substitution pathway. 
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It is conceivable that the transfer of electrons from the aromatic to the 

electrophile may take place in a stepwise fashion.18 This electron-transfer 

mechanism, which would produce a radical-radical cation pair ArH + ’ E' as an 

intermediate, has been revived from time to time; the encounter pair referred to 

above could be of this kind. Support for the importance of such intermediates has 

been indicated by the formation of transient charge-transfer absorption bands 

between benzene derivatives, and halogens and mercury(II) trifluoroacetate. 

Moreover, the rate coefficients for the disappearance of these bands coincide with 

the rates of halogenation and mercuriation of the aromatic.19 On the other hand, 

electrochemical generation of radical-radical cation pairs gives (for nitration) 

different relative reactivities to normal nitration.20 

2.1.3 Kinetic Isotope Effects 

The order of carbon—hydrogen bond strengths when carbon is attached to 

different isotopes (in the same structural environment) is C—T > C—D > C—H. 

Normally when a carbon—hydrogen bond is broken in the rate-determining 

step of a reaction a positive hydrogen isotope effect is observed, i.e. kH> kD> kx. 

The absence of a positive isotope effect therefore indicates that the C—H bond 

is not ruptured during the rate-determining step.21 

In many aromatic substitutions no isotope effect is observed. Thus deuterio- 

benzene and tritiobenzene are nitrated at the same rate as benzene, and similarly 

there is no kinetic isotope effect in the nitration of a number of other aromatics 

varying widely in reactivity, under nitrating conditions varying from pure nitric 

acid to nitric acid in oleum.22 Again, there is no kinetic isotope effect in many 

halcgenations, such as the iodine-catalysed bromination of toluene.23 

In these cases it is concluded that the proton is not displaced from the 

aromatic ring in the rate-determining step. This is inconsistent with the 

synchronous mechanism (eq. 2.3), but consistent with the two-step process 

(eq. 2.4), provided that the rate of reaction is determined solely by the rate of 

the first step, which does not involve C—H bond rupture. 

For the SE2 reaction (eq. 2.4), the overall rate of formation of the product 
ArE is given by 

Rate = k2 [ ArHE+ ] [B ~ ] (2.5) 

The change in concentration of the intermediate with time is given by 

d[ArHE+] 

d t 
kl [ArH] [E+] - k _ i [ArHE + ] - k2 [ArHE + ][B~] (2.6) 

This is assumed to be zero (stationary concentration), hence [ArHE+] = 

k1[ArH][E+]/(/c_1 + k2[B-]). Substituting for this in eq. 2.5 gives eq. 2.7 as the 



THE MECHANISM OF ELECTROPHILIC AROMATIC SUBSTITUTION 33 

rate equation: 

Rate 
fctCArH] [E+]/c2[B~] 

/c —i + /c2(B_] 
(2.7) 

This reduces to eq. 2.8 if /c2[B ] is large, and to eq. 2.9 if /c2[B ] is small. 

Rate = kl [ArH] [E+] (2.8) 

Rate = fejCArH] [E+]/c2[B"]//c_1 (2.9) 

It follows that if k2»k_1, the overall rate is determined by the rate of the 

first step, i.e. eq. 2.8 applies. There will be no isotope effect and no base catalysis. 

If, however, the intermediate is partitioned between product formation and 

reversion to the starting materials, then since the rate at which the intermediate 

loses a proton is greater than that at which it loses D+ or T+ but the rate at 

which it reverts to starting material is independent of the nature of the isotope, 

the effect of partitioning would be to increase the rate of formation of the 

hydrogen-substituted product relative to the deuterium- or tritium-substituted 

products, i.e. a positive isotope effect would be observed.* The reaction rate 

will be governed by eq. 2.9 and base catalysis will be observed; there will be a 

linear dependence on base concentration if /c2[B-]//c_ x « 1, and less than linear 

in all other cases. There are many electrophilic substitutions which show positive 

kinetic isotope effects. Examples are sulphonation,22,25 diazonium coupling of 

phenols,26 and the iodination of phenol and aniline and derivatives.27 A positive 

value is consistent with either mechanism 2.3 or mechanism 2.4 in which k2 is 

comparable to or less than /c_ x. A distinction between these possibilities can 

only be made if further evidence such as the effect of base catalysis is available. 

For example, this has indicated that the two-step mechanism applies in 

iodination of phenol,28 and in diazonium coupling (Section 7.2). 

A further demonstration of the two-step mechanism is provided by the 

variation in isotope effect for a given reaction, according to substrate. Thus, 

whereas nitration usually gives no isotope effect, a value of kH/kD of 3.7 is 

obtained in nitration of l-methyl-2,4,6-tri-tert-butylbenzene [Section 7.4.2(i)]. 

Here, steric hindrance to the electrophile increases and so alters the 

partitioning between k _ j and k2, i.e. k2 becomes relatively more rate determining; 

a number of examples of this effect are now known. Further, it is possible to 

decrease the isotope effects by either increasing k2 through carrying out 

reactions in the presence of a higher concentration of base, or alternatively to 

decrease by using a more reactive electrophile [as in diazo coupling 

(Section 7.2)]. 

* Only the primary isotope effect has been considered here. Secondary isotope effects are to be expected 
in a reaction involving, as here, the conversion of an aromatic (sp2) C—H bond into an aliphatic (sp3) 
C—H bond, but the two most important secondary isotope effects should approximately nullify each 

other.24 
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The B-Se1 reaction (eq. 2.2) is also base catalysed, and for hydrogen exchange 

(the main example of this reaction in which a proton is removed), a kinetic 

isotope effect is observed (Section 3.3). The unique feature of these reactions, 

however, is their electron-rich transition states, the consequence of which is 

that the substituent effects are reversed from those that are normally found in 

electrophilic substitutions. These reactions also show solvent isotope effects in 

the second step of the reaction [demonstrated in various demetallations 

(Sections 4.7.2 and 4.9.2)], and these vary according to the extent to which a 

free carbanion is produced in the transition state. The greater the charge on 

the carbanion, the less it will discriminate between solvents of differing isotopic 

composition. 

2.2 THE THEORY OF REACTION RATES 

The ultimate aim of a mechanistic treatment of an organic reaction is to 

calculate the reaction rate from first principles. This requires a detailed 

knowledge of the thermodynamic properties of the initial state and transition 

state of the process, for the reaction rate depends on the difference in free 

energies between them.29 At present our knowledge of the structures of transition 

states is insufficiently advanced to enable much progress to be made towards 

this absolute end. 

Next to the calculation of absolute reaction rates, it is desirable to obtain 

information about the relative rates of two or more compounds with a particular 

reagent, and this requires information only about the differences in free energies 

of activation of the compounds. This becomes a tractable problem in aromatic 

substitutions at meta and para positions, for then the free energy of activation 

is not likely to be much affected by changes in the kinetic contribution to the 

free energy as this should be relatively small. It is then possible to assess in a 

semi-quantitative manner the importance of the potential energy terms in the 

free energy of activation when the structure is modified. 

Ignorance about the structure of the transition state necessitates a second 

simplification and has led to two methods of approach being made towards 

the problem of correlating structure with reactivity in aromatic substitutions: 

(i) the Isolated Molecule method and (ii) the Localization Energy method; these 

use the ground state and the intermediate, respectively, as models for the 
transition state. 

2.2.1 The Isolated Molecule Method 

This method assumes that an electrophile will bond to an aromatic carbon 

atom with an ease dependent upon the electron availability at that carbon. This 
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is illustrated by comparison of the reactivities of the meta and para positions 

in nitrobenzene with that of one position in benzene. The cr-values of m- and 

p-N02 [0.71 and 0.78, respectively (Table 1.4)] indicate that the positions meta 

and para to the nitro group in nitrobenzene are both electron deficient with 

respect to any one position in benzene, the latter being the more deficient. An 

electrophile should therefore approach a carbon atom in benzene and the meta 

and para positions in nitrobenzene with an ease which decreases in that order, 

and this is consistent with the observed relative reactivities. 

This approach is equivalent to obtaining information only about the 

Coulombic forces operating when the reagent begins its approach to the aromatic 

compound from a large distance. It takes no account of the changes that occur 

when the reactants mutually polarize each other as they approach more closely, 

i.e. the polarizability of the system is neglected. Often the polarizability at a 

given carbon atom parallels the permanent polarization at that position, and 

the success of the electrostatic method in correlating reactivities is probably 
due to this parallelism.30 

The most general field in which the Isolated Molecule method is unsatisfactory 

is that of the alternant polycyclic hydrocarbons.31,32 The electron densities are 

identical at all positions and equal to that at each position in benzene, yet there 

are marked differences in the reactivities of these compounds, e.g. a 2-position 

in naphthalene is nitrated 50 times faster than a position in benzene.33 

A second example of a different type is the behaviour of the trimethylanilinium 

ion. The positive nitrogen pole withdraws electrons more strongly from the 

meta than from the para position, as indicated by the facts that the m-NMe3 + 

substituent increases the acidity of benzoic acid more than does p-NMe3 + ,34 

that in alkaline conditions the ester 16 is hydrolysed faster than 17,3 5 and similar 

evidence relating to reactivities influenced by the nitrogen pole.34 The relative 

electron densities at the meta and para positions of the trimethylanilinium ion 

may therefore be represented by 18, and this result is consistent both with the 

expectation that the — / effect of a group should fall off with increasing distance 

and with theoretical calculations.36 

(16) 

CH2C02Et 

NMe3+r 

(17) 

&&+ 

(18) 

These results predict that an electrophile would attack the para position of the 

trimethylanilinium ion more readily than the meta position, whereas in practice 

the para position is less reactive [e.g. in nitration, Section 7.4.3(xii)]. Evidently 
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the ease with which a pair of electrons can be brought to the meta and para 

positions to form a covalent bond with the electrophile is not wholly related to 

the initial electron densities at these positions. 

The reactivities both of the alternant polycyclic hydrocarbons and of the 

trimethylammonium ion are, however, satisfactorily predicted by the Localiz¬ 

ation Energy method. 

2.2.2 The Localization Energy Method 

This uses the Wheland intermediate10 as a simplified model of the transition 

state since the structure can be written down, and certain conclusions can 

usually be drawn about its stability. The method clearly has its greatest value 

when the stabilities of the intermediate relative to the initial states can be derived 

theoretically. In practice, it is more common to derive relative values for the 

differences in energy between the intermediates and the initial states of a series 

of compounds reacting with a common electrophile. 

For example, consider the Wheland intermediates 19 and 20, formed by 

benzene and the 2-position of naphthalene with an electrophile, E+ (each is, of 

course, a hybrid of several contributing structures). The formation of each may 

be regarded as occurring in two steps: (i) two 71-electrons are isolated at one 

carbon of the nucleus; and (ii) a bond is formed between this carbon and the 

electrophile, the covalent pair being supplied by the former. Step (ii) is common 

to each molecule for reaction with a particular electrophile, so for comparative 

purposes it is only necessary to derive the energy required to reorganize the 

electrons in (i). This is known as the localization energy. 

(19) 

The energy levels may be calculated in terms of two energy units, the coulomb 

integral, a, and the resonance integral, /?. The former is the amount of energy 

possessed by an isolated 2p orbital before overlap, and is the approximate 

measure of the electron-attracting power of the atom concerned. The latter is 

a measure of the degree of stabilization arising from 7r-orbital overlap, and is 

assumed to be negligble for non-adjacent atoms. For 19 the energy may be 

calculated to be 4a + 5.46/?, whereas for the ground state of benzene it is 6a + 8/1. 

The difference is 2a + 2.54/?, and this is the localization energy for benzene.37 

This approach is referred to as the simple Hiickel molecular orbital (HMO) 
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method, and is most easily applied (with very considerable success) to alternant 

polycyclic aromatic hydrocarbons since for each the 2a term effectively cancels, 

the reactivities being then predicted in terms of /1-values only. 

For compounds in which another atom is present in the nucleus or as a 

substituent, a greater number of approximations are involved in the calculations 

so the method is less successful, but nevertheless it can lead to useful results 

(see the discussion below of the nitration of PhNMe3 + ). Various other 

calculations have subsequently been introduced. The self-consistent field (SCF) 

method38 overcomes the fact that electron-electron repulsions are either 

neglected or averaged out in the HMO method. It would be preferable, however, 

to include in the calculations all the electrons involved in interactions, and this 

has led, for example, to the extended Hiickel method (EHMO),39 and the 

all-electron version of SCF, known as ab initio.40 However, the latter is an 

iterative method and so requires huge amounts of computer time even for 

molecules of only modest size, and is currently not feasible for most aromatics. 

The suitability of the Wheland intermediate as a model for the transition 

state is shown by the facts that (i) for alternant polycyclics the localization 

energies are fairly linearly related to reactivities,31 and (ii) log k values for typical 

electrophilic substitutions correlate with logX values,31 as for example shown 

in Fig. 2.1. It is apparent, therefore, that the factors which determine the stability 

of u-complexes, i.e. Wheland intermediates, also govern the stabilities of the 

transition states which lead to those complexes. A possible explanation of the 

observed parallelism between rate and equilibrium constants has been given 

by Hammond.41 The formation of the intermediate in most aromatic substi¬ 

tutions is an endothermic process, and the free energy of the transition state is 

therefore closer to that of the intermediate than to that of the reactants (Fig. 2.2). 

Hence the major electronic reorganization should occur in the passage from 

the reactants to the transition state and a correspondingly smaller change in 

passage from the latter to the intermediate, so that a similarity in structure of 

the transition state and intermediate is reasonable. The intermediate should 

therefore be a better model than the reactants for the transition state, and this 

underlies the failure of the Isolated Molecule method to account for relative 

reactivities in some instances. Nevertheless, as a model for the transition state, 

the Wheland intermediate has certain deficiencies. First, the relative reactivities 

calculated on the basis of equating the two are invariably greater than those 

observed.42,43 Second, the relative reactivities of a given group of aromatic 

compounds vary markedly with the nature of the reagent, as illustrated by the 

partial rate factors (see Section 2.3) for substitutions at the meta and para 

positions of toluene (Table 2.2). If the transition state was identical with the 

intermediate, the activation energies for a given group of compounds would 

differ from the localization energies by a constant amount, which would depend 

on the reagent, but the relative reactivities of members of the group towards 

different reagents would be the same. 
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Table 2.2 Partial rate factors for nitration and halogenation of toluene at 25 °C 

Nitration in Ac20 Chlorination in HOAc Bromination in 85% HOAc 

fm 1.9 5.0 5.5 

fv 
55.4 820 2420 

These facts can be rationalized by the assumption that the transition state 

differs from the Wheland intermediate in one significant respect, viz. that the 

new cr-bond between a nuclear carbon and the reagent has not been completely 

formed in the transition state and, correspondingly, the 7i-electron system has 

not been completely reorganized.42 It may be represented by 21. 

(21) 

Hence the factors which stabilize one intermediate relative to another affect 

the corresponding transition states proportionally, giving rise to the observed 

correlations of rates and equilibria. However, the incomplete electronic re¬ 

organization in the transition state results in a reduction in the differential 

effects of substituents in determining the free energies of transition states 

compared with Wheland intermediates. The precise structure of the transition 

state will vary with the nature of the attacking reagent, resulting in changes in 

the differential effects of substituents with change of reagent and hence in the 

observed alteration of relative reactivities (Section 2.5). These ideas are both 

elaborated and evaluated in Chapter 11. 

It is instructive to examine the nitration of the trimethylanilinium ion in the 

light of the preceding discussion. Because the meta-carbon is more positively 

polarized that the para-carbon (Section 2.2.1), an electrophile approaching from 

large separation is initially more strongly repelled from the meta than from the 

para position, and the energies corresponding to approach to these positions 

should rise as in the area A in Fig. 2.3. The Wheland intermediates corresponding 

to substitution at the two positions are hybrids of 22-24 and 25-27, respectively, 

and calculations34 based on the approximation of equal weighting of the three 

structures in each case have shown that the para is less stable than the meta 

intermediate by about 40kJ mol-1, primarily owing to the very high energy of 

structure 27, which has adjacent positive charges. The relative energy contents 

of the two may be represented as in Fig. 2.3, and since it is known from 
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experiment that the transition state for meta substitution is of lower energy 

content than that for para substitution, the resulting energy profiles must 

therefore cross. The possibility of such crossing (see ref. 44) accounts for the 

failure of the Isolated Molecule method to predict correctly the relative 

reactivities in this case. 

In summary, the Localization Energy method is theoretically more suitable 

than the Isolated Molecule method because it is more directly concerned with 

Figure 2.3. Energy profile for substitution at meta and para positions. 
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the transition state, and is empirically more widely applicable. Although the 

structure of the transition state is not identical with that of the Wheland 

intermediate on which the approach is based, nevertheless the canonicals which 

contribute to the intermediate are important contributors to the transition state 

hybrid; the resulting model gives a conceptually coherent picture of electrophilic 

substitutions. Subsequent discussions are therefore based on this model. 

2.3 PARTIAL RATE FACTORS 

The quantitative reactivities of aromatic compounds are commonly described 

in terms of partial rate factors, f which measure the reactivity of the position 

concerned relative to that of one position in benzene. There are two methods 

of determining these factors, the competition method and the direct kinetic 

method. 

In the competition method,45 two aromatics (one of which is usually benzene) 

are allowed to react (in equal concentrations) with a deficiency of reagent for 

ca 10% of reaction. This latter condition ensures that the ratio of concentrations 

of the aromatics does not alter appreciably as reaction proceeds. From the 

overall amounts of each aromatic consumed and the isomer distribution within 

the compound under investigation, the partial rate factors may be calculated 

as illustrated by the nitration of toluene and benzene in acetic anhydride at 

25 °C.46 The yields of ortho-, meta-, and para-nitrotoluene were 63.0, 2.3, and 

34.7%, respectively, and the overall relative reactivity of toluene to benzene was 

26.6. The reactivity of the ortho position of toluene to benzene is clearly 

(63.0/100) x 26.6 and since there are six positions available for nitration in 

benzene and only two ortho positions in toluene, the reactivity of the latter to 

a single position in benzene is (6/2) x (63.0/100) x 26.6 — 50.3. Likewise, the 

partial rate factor for the meta position in toluene is (6/2) x (2.3/100) x 26.6 = 

1.84, and for the para position it is 6 x (34.7/100) x 26.6 = 55.4. If the electrophile 

also replaces the substituent, then the relative rate at which this is removed is 

the ipso partial rate factor. If in the above example, y% of nitrobenzene were 

produced from toluene, the ipso factor would be 6 x (y/100) x 26.6. 

The competition method suffers from inaccuracy when the percentage of 

substitution at the least reactive position is very small, and indeed it is frequently 

impossible to calculate partial rate factors for these positions especially in more 

complex aromatics. 

These difficulties are overcome in the direct kinetic method used in reactions 

involving a leaving group other than protium, e.g. T+, SiMe3 + . The sites in 

both benzene and the aromatic in question are thus prelabelled, and the relative 

rates of loss of the ‘label’ from benzene and from the aromatic is the partial 

rate factor. With this method partial rate factors differing by many orders of 

magnitude within a given molecule can be accurately determined. 
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2.4 THE ELECTRONIC EFFECTS OF SUBSTITUENTS 

The main electronic effect of a substituent X on the reactivity of a benzene ring 

towards electrophiles may be considered under six headings: 

(1) Certain substituents activate the nucleus. These include alkyl groups, 

ternary nitrogen substituents (e.g. X = NH2, NMe2, NHCOMe), and oxygen 
substituents (e.g. X = OH, OMe). 

(2) Other substituents deactivate the nucleus. These include positive poles 

adjacent to the ring (e.g. NMe3+), carbonyl groups in various environments (e.g. 

CHO, COR, C02Et), and N02, CN, CF3, and the halogens, Cl, Br, I. 

(3) Substituents in group 1 cause substitution to occur predominantly in the 
ortho and para positions. 

(4) Substituents in group 2, with some exceptions, cause substitution to occur 

mainly in the meta position. The most important exceptions are the halogens 

and —CH=CHY groups, where Y is an electron-attracting substituent. 

(5) Some electrophilic reagents, such as the benzenediazonium cation, react 

only with phenols and amines and not with the less reactive compounds such as 
the alkylbenzenes and benzene itself. 

(6) For both the ortho,par a-directing and the meta-directing substituents the 

ortho:para ratio of substitution products is normally not equal to the statistical 

value of 2:1 but is sometimes greater and sometimes smaller than this. 

A successful theory of aromatic substitution must account in the first instance 

for these six sets of observations. 

The implications of the experimental data for one substituent, methyl, are 

first considered, and it will then be shown how these are consistent with 

describing the structure of the transition state in terms of that of the intermediate. 

This treatment will then be extended to other substituents. 

In toluene the para position is more reactive than the meta position, and 

both are more reactive than a position in benzene. The results in Table 2.2 refer 

only to nitration and halogenation, but the order of reactivities is general 

although the values of the partial rate factors depend on the nature of the 

reagent (Section 2.7). Hence the free energies of activation are in the order 

toluene (p) < toluene (m) < benzene. 

The free energies of activation for the meta and para positions of toluene are the 

differences in free energies of the two transition states and the initial state and, 

since the latter is common to both, the free energy of the para is less than that of 

the meta transition state. The observed relative reactivities of the meta and para 

positions of toluene and of one position in benzene indicate that the difference in 

free energies of transition and initial states is less for the meta and para positions 

in toluene than for benzene. These conclusions may be expressed schematically 

(Fig. 2.4) as follows: experimentally it is known that CE < CD < AB, and 

although the value of AC is not known, AC must be less than BD or BE. That 

is, (a) the methyl group has a greater effect in stabilizing the transition state 



42 ELECTROPHILIC AROMATIC SUBSTITUTION 

>> 
CP 

<1) 
c 
0) 

a> 
a> 

B 

Benzene 

transition 
state 

A 
initial state 

Toluene 

meta transition 
r. state 

£><7/-<7 transition 
 state 

initial state 

Figure 2.4. Representation of energy levels of initial and transition states. 

when the reagent enters the para rather than the meta position, and (b) 

introduction of a methyl group into benzene affects the free energy of the 

transition state more than it affects that of the initial state. 

These experimental facts are consistent with what is known about the 

transition state from discussion of the Localization Energy method. The 

Wheland intermediates formed by attack of a reagent on benzene and the meta 

and para positions of toluene are 28,29, and 30, respectively. First, in both 29 and 

30 the methyl group provides stabilization by polarization (hyperconjugation) 

which is absent in 28; such stabilization in the uncharged initial states is unlikely 

to be of little significance. Second, the free energy of 30 should be less than that 

of 29 because in the former the electron-releasing methyl group is bonded to 

a positively polarized carbon whereas in the latter its stabilizing effect must be 

relayed through one carbon atom. Thus to the extent that the factors which 

govern the relative stabilities of Wheland intermediates are reflected in the 

corresponding transition states, the observed order of reactivities is reasonable. 

(28) (29) (30) 

The effects of other substituents can now be discussed by this same procedure, 

i.e. to deduce their effects on the stability of this intermediate, from their known 

polar properties. One further qualification needs to be made. The structure of 

28 suggests that a substituent should exert similar effects on ortho and para 
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substitution rates by virtue of its polar effect. This is incorrect because 31 and 

32 or 33 do not contribute equally to the hybrid represented by 28 (Section 11.2). 

In addition, the ortho position is subject to steric influences. For the moment, 

discussion is confined to meta and para reactivities, and the ortho:para ratio is 
discussed in detail later (Sections 2.5 and 11.2). 

(31) (32) (33) 

2.4.1 Alkyl Groups 

From the above arguments, any group with a +1, + M effect should activate 

both the meta and para positions, the latter more strongly. This is true for the 

alkylbenzenes, shown by the following partial rate factors for nitration in acetic 

anhydride at 0 °C47 and chlorination in acetic acid at 25 °C.48 

There are two features of interest in these data. First, the reactivities of the 

meta positions in both reactions are in the inductive order of electron release 

for the substituents, as are the reactivities of the para positions in nitration. In 

chlorination, however, the Baker-Nathan order (p-Me > p-r-Bu) is followed, 

and this is frequently observed in other reactions. It arises from the effect of 

steric hindrance to solvation of the transition state being superimposed upon 

the combined inductive and hyperconjugative electron-releasing effects of the 

Nitration: 

CH, CHMeo 1 
</j>49.7 JL 1 X 

w2-3 
l^JJ2.4 

60.0 69.5 71.6 75.5 

Chlorination: 

CH, 

820 

617 

5.0 

401 
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substituents, both of these latter being in the opposite (i.e. ‘inductive’) activation 

order. In consequence, the Baker-Nathan order is associated with reactions 

carried out in good solvating media, or in poorer solvating media where the 

solvating counter ion is very bulky (see also Sections 1.4.3 and 11.1.4). 

Second, whereas in each reaction the meta:para ratio does not change very 

much as one alkyl group is replaced by another, indicating that the polar effects 

of the alkyl groups are closely similar, the ortho:para ratio decreases markedly 

in each series. This suggests that substitution at the ortho position becomes 

increasingly impeded by the substituent as this becomes larger. 

2.4.2 Positively Charged Substituents 

Substituents which contain an atom bearing a unit positive charge bonded 

to the benzene ring are predominantly meta-directing, and produce very marked 

deactivation of the nucleus. The groups SMe2+, SeMe2+, NMe3+, PMe3+, 

AsMe3+, and SbMe3+ give more than 80% of the meta nitro product in 

nitration.49 This orientation is accompanied by very strong deactivation, e.g. 

the trimethylanilinium ion is 108 times less reactive than benzene.50 

These substituents are of the — / type and affect the transition states in the 

opposite way to the alkyl groups, i.e. stability decreases in the order 34 > 35 > 36 
{the NMe3+ substituent also has a weak +M effect, causing it to give 

proportionally more para substitution than do the other substituents 

[Section 7.4.3.(xii)]}. 

H E 

| 1 

H E 

1 

H E 

• \ 

6+ 

/ I 

8+ 

x+ 
(34) (35) (36) 

2.4.3 Substituents with Dipolar Double or Triple Bonds 

These substituents are normally represented as resonance hybrids, e.g. 37-40. 
Consequently, the atom bonded to benzene is positively polarized and the 

substituents therefore behave like positive poles in Section 2.4.2, causing 

deactivation of the nucleus with predominant meta orientation. 

An interesting feature of these groups is that in some reactions they give an 

ortho:para ratio considerably greater than the statistical value of 2:1 [see 
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C=0<-> ^2C +—0~ —C=N^—C+=N 

37 38 

O cr 

S —R<->—S2 +—R 

O 

39 40 

nitration (Table 7.15) and positive halogenation (Table 9.7)]. The explanation 
for this is given in Section 11.2. 

The sulphonic acid group, —S03H, is also deactivating and meta orientating. 

This group is so strongly acidic that, even in the acidic media in which 

electrophilic substitutions are usually carried out, it must be considerably ionized 

and the anion, S03 , might be expected to have the opposite effect to a cation, 

i.e. to be activating and ortho,para orientating. This is not so because the sulphur 

atom attached to the benzene ring is strongly electron deficient (see below), and 

this effect outweighs that of the negatively charged oxygens located further from 
the ring. 

Cr 

cr 

2.4.4 Substituents in which the Atom Bonded to Benzene 

has an Unshared Pair of Electrons 

These substituents include those in which the atom bonded to the aromatic 

ring is ternary nitrogen, oxygen, sulphur, and the halogens. They are all 

predominantly ortho,para-directing groups, but they differ in that all except Cl, 

Br, and I are activating. The fluoro substituent is a borderline case, as it activates 

the para position in some reactions but deactivates it in others. 

The lack of uniformity arises because the groups have opposing inductive 

and mesomeric effects (— /, + M). The latter results in further delocalization 

of the positive charge in the Wheland intermediate (41-44) when substitution 

occurs on the para (or ortho) position. The stabilization which results from this 

extra delocalization is, however, opposed by the — / effect, which decreases the 

stability of the first three structures relative to the corresponding structures 

from benzene. The resulting effect for para (or ortho) substitution then depends 

on the relative importance of the inductive and conjugative effects. 
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(41) (42) (43) (44) 

For the amino and hydroxyl substituents and their derivatives, the + M effect 

is evidently dominant. For example, NMe2 and OMe activate the para position 

in protiodesilylation [Section 4.7.1(h)] by factors of about 107 and 103, 

respectively.51 However, for Cl, Br, and I, the — I effect dominates, e.g. in the 

same reaction the partial rate factors for p-C 1 and p-Br are 0.13 and 0.10.51 

Amino groups are the most powerfully activating of all neutral substituents. 

For example, in chlorination the para position of N,N-dimethylaniline is ca 

1019 times as reactive as benzene,52 and the reaction of iV,./V-dimethylaniline 

with benzene has an activation energy of almost zero.53 The hydroxyl group 

is less strongly activating, but the O ~ substituent is considerably more powerful 

than OH because first its + M effect is greater and second it has a +1 effect. 

Thus phenols and anilines are able to take part in substitutions in which benzene 

and even fairly strongly activated aromatics are unreactive. The best known 

examples are diazonium coupling (Section 7.2), nitrosation (Section 7.3), and 

the Hoesch reaction (Section 6.9). 

The acetamido group, NHCOMe, is less strongly activating than the amino or 

iV,A/-dimethylamino groups, because the unshared pair of electrons on nitrogen 

..I + I 
is already delocalized within the substituent (—NH—C=0<->—NH=C—O ) 

and is not therefore as readily available as the pair in, say, —NMe2 for 7i-orbital 

overlap with the electron-deficient transition state. 

The resultant effects of substituents with unshared electron pairs on the 

reactivities of para positions are consistent with the relative values for the 

inductive and mesomeric effects of these groups. The — / effects lie in the order 

NMe2 < OMe < F and the + M effects in the order NMe2 > OMe > F 

(Section 1.4.2). Hence the N,N-dimethylamino group has the largest activating 

effect in aromatic substitutions; conversely, the fluoro substituent has the weakest 

activating effect, and indeed in many reactions it deactivates the para position54 

(see Section 11.1). The order of reactivities of the halobenzenes at their para 

positions arises because both — / and + M effects of the substituents are in the 

same order, F > Cl > Br > I, but these electronic effects do not fall off uniformly 

along the series (Sections 1.4.1 and 1.4.2). In addition, conjugation may occur 

between the ^-electrons of the aromatic ring and the empty d-orbitals possessed 

by Cl, Br, and I, and this would also deactivate the aromatic ring. The observed 

order of electrophilic reactivities is F > Cl > Br, with I usually being more 
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deactivating than F, but in some reactions more and in others less deactivating 

than Cl and Br. The effects of these substituents is considered further in 
Section 11.1.3. 

The meta positions in these compounds are affected by the conjugative effect 

of the substituent only by second-order relay (Chapter 1, structures 49 and 50), 
and so are normally deactivated by the — I effect. Because of the operation of 

the + M effect at the para position, the meta:para ratio in the direct substitution 

of a compound containing a substituent of the — I, + M type is often too small 

to be measured accurately. For example, the yields of the mefa-nitro derivative 

formed by nitration of chloro-, bromo-, and iodobenzene with acetyl nitrate in 

nitromethane were found, by isotope dilution analysis, to be 0.9, 1.2, and 1.8%, 

respectively,55 whereas no meta derivative could be detected in the nitration of 

fluorobenzene with nitric acid in acetic anhydride.47 

In such cases it is generally more accurate to evaluate meta reactivities by a 

kinetic investigation of the rate of displacement of a group in the meta position. 

Thus the relative rates of protiodetriethylgermylation of meta-substituted 

compounds m-XC6H4GeEt3 are for X = OMe 0.51, F 0.032, Br 0.019, and Cl 

0.019.5 6 These results indicate, first, the deactivating effect of each meta 

substituent, second, that m-F is considerably more deactivating than ra-OMe, 

consistent with the larger — / effect of fluorine, and third, that for the fluoro 

substituent at least, a second-order relay of the + M effect operates (45; cf. 

structure 50 in Chapter 1) to offset partly the deactivating — I effect at the meta 

position, as consideration of the — I effects alone would predict that m-F should 

be the most deactivating of the m-halo substituents. 

(45) 

Finally, it is convenient to include in this group of substituents derivatives 

of styrene, PhCH=CHX, and of phenylacetylene, PhC=CX, where X is 

electron attracting. Like the halobenzenes, these compounds are normally 

deactivated yet are substituted predominantly at the ortho and para positions 

(and this is true even for phenylacetylene itself,57 where the deactivation comes 

from the electronegativity of the sp-hybridized carbon atoms). For example, 

co-nitrostyrene (l-nitro-2-phenylethene) is nitrated at only one tenth the rate of 

benzene58 but gives the nitro derivatives in yields of o- 31%, m- 2%, and p- 

67%.59 The substituents are of the -I, + M type so the meta positions are 

deactivated, but the deactivation at the para positions is reduced (as in the 

halobenzenes) by the conjugative effect of the substituent which enables the 
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positive charge on the intermediate to be further delocalized (46). Thus, a pair 

of electrons in the double (or triple) bond of the substituent act similarly to 

one of the unshared electron pairs on a halogen substituent. 

(46) 

2.4.5 Substituents Possessing a Vacant Atomic Orbital 

Substituents possessing an empty p- or d-orbital that can conjugate with the 

7i-electrons of the aromatic ring withdraw electrons by a — M effect. In the case 

of electronegative elements such as the halogens (Section 2.4.4), the — M effect 

is difficult to detect in the presence of the combined + M and — I effects. 

However, substituents containing electropositive elements such as boron or 

silicon have a + 1 effect which activates the aromatic nucleus in all positions, and 

this is opposed by the — M effect which reduces the reactivity of the ortho and para 

positions. Activation with meta orientation is therefore observed or, if the 

inductive effect is sufficiently large, the orientation becomes ortho > meta > para. 

Thus nitration of benzeneboronic acid with fuming HN03-H2S04 gives the 

nitro derivatives in yields of o- 22%, m- 73%, and p- 5%,60 and the partial rate 

factors for the SiMe3 substituent in protiodesilylation are/0 = 8.55,/m = 1.63, and 

fp = 1.25;61 steric acceleration in the latter reaction also enhances the reactivity of 
the ortho position. 

2.4.6 Substituted Methyl Groups 

Orientation and reactivity in compounds of the type PhCH2X, PhCHX2, and 

PhCX3 depend on the electron-attracting capacity of X. When, in a series of 

compounds PhCH2X, the electron-attracting power of X is increased, the overall 

+1, + M effect of the group is reduced until it becomes a — I, — M effect. The 

activating and o,p-directing nature of—CH2X (X = H) is gradually changed into 

a deactivating and meta-directing effect (e.g. when X = N02 or NMe3+) (see 

nitration, Tables 7.6 and 7.13). 

When one, two, or three electron-attracting substituents are substituted 

successively into the methyl group, a similar change is observed, e.g. the 

proportions of m-nitro product in nitration of PhCH2Cl, PhCHCl2, and PhCCl3 

are 13.9, 33.8, and 64.5, respectively.62,63 
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2.4.7 Biphenyl and Bi- and Polycyclic Systems 

(1) Biphenyl is activated and ortho,para-orientating. For example, towards 

bromine the para position is about 3000 times as reactive as one position in 

benzene whereas the meta position is less reactive than a position in benzene.64 

The deactivation of the meta position results from the — I effect of the phenyl 

substituent (Section 1.4.1). The activation of the para position derives from 

increased delocalization of the charge (to six possible positions) in the transition 

state (see, e.g., 48 in Chapter 1). 

The introduction of an electron-attracting substituent into biphenyl decreases 

the reactivity and causes substitution to occur preferentially in the unsubstituted 

ring. If the electron withdrawal is sufficiently large, then the unsubstituted ring 

becomes deactivated towards substitution, yet may still give ortho,para orient¬ 

ation, i.e. the substituted ring behaves like a halogen substituent. Thus, hydrogen 

exchange of pentafluorobiphenyl gives partial rate factors for the pentafluoro 

substituent off„ = 0.0095, fm = 0.0053, and fp = 0.0158.65 

The introduction of an electron-releasing substituent, e.g. NHAc, into biphenyl 

increases the reactivity and causes substitution to occur preferentially in the 

substituted ring. 

(2) The fusion together of two or more benzene rings increases the reactivity 

of the molecules and also introduces directing influences. The 1- and 2-positions 

of naphthalene, for example, have partial rate factors in nitration of 470 and 

50, respectively.66 Both results follow from examination of the transition states 

which, for 1- and 2-substitution in naphthalene, may be approximated as hybrids 

of 47-51 and 52-56, respectively. For each, the delocalization of the positive 

(55) (56) 
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charge is considerably more extensive than in the transition state for substitution 

in benzene, leading to increased stability and decreased activation energy. 

Further, structures 47, 48, and 52 are benzenoid and therefore of lower energy 

content than the remainder, in which the benzenoid nature of the second ring has 

been interrupted. Since there are two low-energy contributors for 1-substitution, 

it is reasonable that the transition state for the former is of lower energy than 

that for the latter. 

An electron-attracting substituent in one of the two aromatic rings causes 

deactivation of the molecule and the reagent reacts at the unsubstituted ring, 

predominantly at the 5- and 8-positions. For example, 1-nitronaphthalene 

gives 1,5- and 1,8-dinitronaphthalene on nitration,67 and 2-nitronaphthalene 

gives mainly a mixture of 1,6- and 1,7-dinitro derivatives.68 

An electron-releasing substituent causes activation and directs the reagent 

into the same ring as itself. If the substituent is in the 1-position, substitution 

occurs in the 2- and 4-positions, but a 2-substituent directs predominantly to 

the 1-position and not to the 3-position which is also ortho to the substituent. 

The reason is that stabilization by the substituent of the transition states, as 3- 

and 1-substitution interrupts the benzenoid character of the second ring in the 

former case (57), but not the latter (58). Expressed differently, 58 is a hybrid 

of two Kekule structures. This is discussed in greater detail under hydrogen 

exchange (Section 3.1.2.13). 

(57) 

Anthracene substitutes preferentially at one of its meso carbons, the transition 

state having a considerably delocalized structure to which the dibenzenoid 

canonical 59 is the most important contributor. Anthracene also undergoes 

addition readily, the 9,10-dihydro adducts often undergoing elimination to give 
the 9-substituted products. 

Other polycyclic compounds are discussed in later chapters. 

2.4.8 Two or More Substituents 

The simplest principle that could govern the reactivity of a benzenoid carbon 

affected by two or more substituents would be that of additivity. That is, if the 

introduction of each of two substituents was to alter the free energy of activation 

at a particular position by amounts x and y, the presence of both substituents 

would alter the free energy of activation by an amount x + y. Since log k oc AG1, 
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the partial rate factor for substitution in the disubstituted compound would be 

equal to the product of the partial rate factors for the two monosubstituted 
compounds. 

a b 

The principle is, to a first approximation, fairly successful in predicting 

substitution patterns, e.g. the partial rate factors for nitration of the three 

chlorotoluenes,69 and more so for reactions, e.g. hydrogen exchange, where steric 

effects are less important. Nevertheless, discrepancies exist, and in general the 

principle underestimates substitution rates for aromatics containing two or more 

strongly deactivating substituents, and overestimates the reactivity of aromatics 

containing two or more activating substituents. The reasons for these deviations 

are considered more fully in Section 11.1.5. 

The principle is of value in a semi-quantitative way. Consider the bromination 

of 4-acetamidotoluene (60). The acetamido group activates the ortho and para 

positions strongly and probably has a weak deactivating effect on the meta 

position, whereas the methyl group activates the ortho and para positions less 

powerfully than acetamido and also activates the meta position weakly. As a 

result, position b in 60, which is ortho to acetamido and meta to methyl, is very 

much more reactive than position a, which is ortho to methyl and meta to 

acetamido. Consequently, reactions such as nitration and halogenation occur at 

b, and this provides a route to meta-substituted toluenes. 

2.4.9 Summary 

The effects of simple substituents may be classified on the basis of the above 

discussion as shown in Table 2.3. 

Table 2.3 Classification of simple substituents 

Substituent 
type Effect on reactivity Directing effect Example 

+ I, + M Activating o,p Alkyl groups, O- 

+ /,-M Activating o,p SiMe3, C02“ 

f Activating o,p NMe2, NHCOMe, OMe, Ph 
— /, + Ma 1 Deactivating o,p Cl, Br, I, CH=CHN02 

-/ Deactivating m Positive polesb 

— /, — M Deactivating m no2, cn, cor 

a Effect on reactivity is determined by the relative importance of the two opposing polar effects. 

bNR3+ groups also possess a very weak +M effect. 
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2.5 THE STERIC EFFECTS OF SUBSTITUENTS 
AND ELECTROPHILES 

2.5.1 Steric Hindrance 

Since any substituent is larger than hydrogen, it might be expected that, 

compared with the para position, substitution at the ortho position would always 

be partially impeded by non-bonding repulsive forces. This is not necessarily 

so, for in some reactions there is evidence that the substituent and the reagent 

interact by covalent or coordinate bonding so that the reagent is held in a 

geometrically suitable position for transfer to the ortho position (see 

Section 11.2.3). Further, even when there is repulsion between substituent and 

reagent, the effect may be outweighed by a different steric phenomenon, namely 

steric acceleration (Section 2.5.2). 
In these two cases, ortho:para ratios greater than the statistical value 

of 2.0 (log/0:log/p > 1.0) are commonly obtained, but even when values 

of less than 2.0 are found it is by no means because ortho substitution is 

sterically hindered, since electronic factors may be responsible (see Section 

11.2.4). 

The recognition of steric hindrance to ortho substitution is therefore difficult, 

for it is impossible to assess its importance when the ortho:para ratio is greater 

than 2.0, whereas in the remaining cases it is not often possible to separate 

steric from electronic factors. In the following examples, however, there is little 

doubt that steric hindrance is of considerable significance in determining the 

ortho:para ratio. The first example involves reaction with aromatics possessing 

substituents of differing bulk and the second involves reaction with electrophiles 

of differing bulk. 

First, in the nitration of four alkylbenzenes, PhR (R = Me, Et, i-Pr, and t-Bu), 

l°gfm-logfp is approximately constant, indicating that the electronic effects of 
the four alkyl substituents are closely similar, whereas the log/0:log/p ratio 

decreases markedly as the alkyl group is made larger (Table 7.1). The decrease 

is attributed to the increasing importance of steric hindrance. A similar argument 

has revealed the occurrence of steric hindrance in halogenation of tert- 

butylbenzene (Table 9.4 and Fig. 9.1). 

Second, whereas the log/m:log/p ratios for acetylation and benzoylation of 

toluene are similar, the log/0:log/p ratio in the former reaction is considerably 

less than that in the latter (Section 6.7.3), showing that the reagent involved in 

acetylation is larger than that in benzoylation. Similarly, examination of the 

data for methylation, ethylation, and isopropylation of toluene (Section 6.1.3) 

reveals that the alkylating agents have steric requirements which increase in 

that order. 
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2.5.2 Steric Acceleration 

When a bulky substituent is being replaced in an aromatic substitution, steric 

compression between it and the ortho substituent(s) is relieved in passage from 

the initial (eclipsed) state to the transition (staggered) state, giving rise to steric 

acceleration. This effect is, of course, opposed by steric hindrance between the 

ortho substituent(s) and the attacking reagent, but if the reagent is small, steric 

acceleration can be of greater importance than steric hindrance and high 

ortho:para ratios then result. Steric acceleration is most commonly observed in 

protonolyses (Chapter 4) because steric hindrance in such reactions is small. It is 

undoubtedly important also in reactions in which a large substituent is replaced 

by reagents other than hydrogen, but diagnosis is more difficult here because 

steric hindrance is usually sufficient (and yet of unknown magnitude) to give 

small ortho:para ratios. Steric acceleration can precisely offset the effect of steric 

hindrance as in mercuridesilylation of 2-trimethylsilylbiphenyl (Section 10.31) 

and bromodesilylation of 1-trimethylsilylnaphthalene (Section 10.38). However, 

this is not always the case as results for bromodesilylation of 2-trimethylsilyl¬ 

biphenyl show (Section 10.38). 

2.6 THE EFFECT OF STRAIN 

Strain can affect the reactivities of aromatic molecules in one of two ways. The 

first arises when the aromatic ring is deformed out of planarity as a result of 

some non-bonding interaction between adjacent atoms or groups, 4,5-dimethyl- 

phenanthrene (61) being a typical example (Table 3.25). The non-planarity 

results in a loss of ground-state stability, making the molecule more reactive 

than it should otherwise be. 

CH3 
Me Me 

(61) (62) (63) (64) 

The second circumstance is that which arises when a strained cyclic group 

is attached to an aromatic ring, as for example in indane. It has long been 

recognized that sites adjacent to the five-membered ring are abnormally 

unreactive, so that for example /Miydroxyindane (62) preferentially brominated 

in the ^'-position, whereas /i-hydroxytetralin (63) preferentially brominated in 

the a-position (the Mills-Nixon effect).70 
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Earlier interpretations of this phenomenon were that the presence of the 

strained cyclic substituent produced bond fixation in the ground state, so that, for 

example, 64 would be the preferred canonical for indane. The resultant bond 

fixation would then account for the ^'-position being more activated by the OH 

group than the oc-position, since the conjugative effect of the OH substituent 

would be relayed more effectively across the bond of higher order.70 Recent 

calculations of the bond orders in both benzcyclopropene and benzcyclobutene 

predict bond fixation in these very strained molecules71 (although experimental 

data for benzo derivatives of dihydropyrenes appear to contradict this72). 

However, the magnitude of the coupling constants between adjacent hydrogens 

in the less strained indane, and in tetralin, determined in high-field n.m.r. 

experiments,73 suggest that there is no bond fixation in these molecules, and this 

appears to be confirmed by 13C n.m.r. measurements.74 

A satisfactory explanation of the phenomenon is however obtained by 

considering the change in bond length, and accompanying change in strain in the 

cyclic substituent, on going to the transition state. Thus, in the resonance hybrid 

65-67 representing the transition state for a-substitution, the bond common to 

both rings has double-bond character in two-thirds of the structures 65 and 66, 

whereas in the ground state only half of the structures have a double bond in this 

position. Going from the ground state to the transition state therefore involves 

shortening of the common bond, and an increase in strain when the side-chain is a 

five-membered ring and a smaller decrease in strain when it is a six-membered 

ring.75 

(65) (66) (67) 

This argument was extended by the writer, for it is a corollary of the above that 

the bond common to both rings in the resonance hybrid 68-70 representing the 

transition state for ^-substitution has double-bond character in only one third of 

the structures, 68. Consequently, this bond is lengthened on going from ground 

state to transition state, and strain if present in the adjacent ring should be 

reduced, resulting in enhancement of reactivity at the ^-position.76 These 

(68) (69) (70) 
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modifications to the positional reactivities have been shown to be observed in all 
molecules possessing strained cyclic side-chains76 and are discussed in greater 
detail in Sections 3.1.2.3, 4.7.1(ii), and 11.3. 

2.7 THE EFFECT OF ELECTROPHILE REACTIVITY 
ON ORIENTATION AND AROMATIC REACTIVITY 

The discussion of orientation and reactivity has so far been mainly confined to 
the role of the substituent. However, whereas it is true that the substituent is 
responsible for determining whether substitution is predominantly ortho/para, or 
meta, and whether each of the three positions is more or less reactive than a 
carbon in benzene, the quantitative relationships between the reactivities of these 
positions are dependent also on the nature of the electrophilic reagent. This is 
illustrated by the data in Table 2.4. 

Down this series, the meta:para ratio decreases and the reactivity of toluene 
relative to benzene increases. The changes can be understood as follows. Imagine 
a reagent of such high reactivity that it reacted at every collision with an aromatic 
molecule. It would not then discriminate between toluene and benzene, or 
between the meta and para positions in toluene; the relative reactivities of toluene 
to benzene and of the meta to para positions in toluene would be 5:6 and 2:1, 
respectively. This situation is most nearly approached, amongst the reactions in 
Table 2.3, by isopropylation, and it is reasonable that a carbocation should be so 
reactive. As the reactivity of the reagent is decreased there is an increasing 
demand for an electron pair to be supplied to the nuclear carbon to which the 
reagent is bonding in order that the activation energy barrier can be surmounted. 
Now the ease with which the electrons can be removed from the aromatic sextet 
and localized at one carbon is determined by the polar character and the position 
of the substituent, so that the greater the demand on the part of the reagent for an 
electron pair, the greater will be the differential effects of the substituents. It is 

Table 2.4 Isomer distributions and relative rates for substitutions of toluene 

Reaction 

Isomer distribution/% 
Relative reactivities of 
toluene and benzene m P 

Isopropylation 25.9 46.2 1.8 
Mercuriation 9.5 69.5 7.9 
Nitration 3.0 38.0 >23 
Benzoylation 1.5 89.3 110 
Chlorination 0.5 39.7 350 
Bromination 0.3 66.8 605 
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therefore understandable that the greatest differences in reactivities occur for the 

least reactive electrophiles such as the molecular halogens and that, in general, as 

the reactivity of the reagent decreases, its demands for an electron pair for bond 

formation at the transition state increases, resulting in an increase in the 

selectivity between meta and para positions and between different aromatic 

nuclei. This is an example of the Reactivity-Selectivity Principle.11 

2.8 REVERSIBILITY AND REARRANGEMENT 

Two features which may complicate electrophilic substitutions are the 

occurrence of the reverse reaction and of rearrangement, but both are relatively 

uncommon. 

2.8.1 Reversibility 

Although in principle all electrophilic substitutions are reversible, in practice, 

the reverse reaction is too slow to be significant in most cases. Two reactions in 

which this is not completely true under commonly used conditions are 

sulphonation and Friedel-Crafts alkylation. 

The sulphonic acid group may be removed from the aromatic nucleus in 

acidic conditions (Section 4.12). Use is made of this property in synthesis: the 

bulky sulphonic acid group may be introduced to block the most reactive 

position in a compound, a second substitution is then carried out on another 

position in the molecule, and finally the sulphonic acid group is removed. 

The sulphonation of naphthalene at about 60 °C gives mainly the 1-sulphonic 

acid, but at about 160 °C the 2-sulphonic acid predominates. This is the result 

of the reversibility of sulphonation together with the greater thermodynamic 

stability of the 2-sulphonic acid, which arises from the repulsion between the 

bulky substituent and the peri hydrogen in the 1-isomer. At the lower 

temperature of sulphonation the 1-derivative is formed the faster of the two, as in 

other substitutions, whereas at the higher temperature not only is the rate of 

2-sulphonation compared with 1-sulphonation increased (reactivity-selectivity 

effect), but also the 1-sulphonic acid undergoes desulphonation; hence there is 

a gradual build-up of the more stable 2-derivative. 

Disproportionation and isomerization frequently occur in Friedel-Crafts 

alkylations as a result of protiodealkylation (Section 4.5). 

2.8.2 Rearrangement 

In the acid-catalysed equilibriation of the xylenes there is evidence for an 
intramolecular rearrangement:78 
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(2.10) 

Analogous rearrangements occur during Friedel-Crafts alkylations, reaction 

on an alkylbenzene often giving an unusually large proportion of the meta 

derivative [Section 6.l.l(ii)]. 

2.9 MECHANISMS INVOLVING MIGRATION OF 
THE ELECTROPHILE FROM A SIDE-CHAIN 

A few electrophilic substitutions take place via migration of the electrophile 

from a side-chain. Each reaction has a substitution counterpart involving the 

normal mechanism, each involves rearrangement from an OR or NHR side- 

chain (so that the activation of the aromatic ring is high), and there is evidence 

that both inter- and intramolecular processes are involved. The reactions are the 

Claisen rearrangement of allyl ethers, giving alkylation (Section 6.1.5), the Fries 

rearrangement of phenolic esters, giving acylation (Section 6.7.5), the nitramine 

rearrangement, giving nitration (Section 7.5), and the Orton rearrangement of 

A-chloroamides, giving chlorination [Section 9.2.2(iii)]. 

2.10 MICROSCOPIC AND MACROSCOPIC DIFFUSION 
CONTROL OF RELATIVE REACTIVITIES 

In some reactions, the experimentally observed relative rates of two aromatics 

does not reflect the true difference in intrinsic reactivity; the reactivity of the more 

reactive compound is attenuated, leading to a reduced relative reactivity. Either 

of two factors may be responsible. The first is microscopic diffusion control, 

otherwise known as encounter control, and the other is macroscopic diffusion 

control or mixing control. 
Encounter control occurs in homogeneous systems when only a small number 

of collisions occur between two entities before they react together. Under these 

conditions, the rate of reaction is governed only by the rate at which the two 

entities can diffuse together, which in turn depends on the viscosity of the 

medium. Since this constraint, when it applies, will clearly more seriously affect 

the aromatic compound that is intrinsically the more reactive, the reduced 

relative reactivity then follows. 
Mixing control applies when reaction does not occur under truly homo- 
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geneous conditions. Consider the reaction under competition conditions of a 

cluster of electrophiles with a cluster of aromatic compounds A and B, of which A 

is the more reactive. In the aromatic cluster, A will become depleted, so that the 

remaining electrophiles are more likely to react with B than would be the case if 

the stoicheiometric ratio of A and B were maintained by proper mixing. The 

result is that the relative reactivities of A and B are attenuated. This problem 

affects substitutions involving very reactive electrophiles; with less reactive 

electrophiles, the stoicheiometric ratio between A and B has time to re-establish 

itself before further reaction takes place. 

Examples of both kinds of diffusion control are common in nitration because 

of both the high reactivity of the electrophile, and the high viscosity of some 

of the nitration media (Section 7.4). 
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CHAPTER 3 

Hydrogen Exchange 

Hydrogen exchange is the general term used to describe reactions in which one 

isotope of hydrogen on an aromatic nucleus is replaced by another. The exchange 

reactions which have been studied are deuteriodeprotonation (deuteriation) and 

tritiodeprotonation (tritiation), in which hydrogen is replaced by deuterium and 

tritium, respectively, and protiodedeuteriation (dedeuteriation) and protiodetri- 

triation (detritiation) in which deuterium and tritium, respectively, are replaced by 

hydrogen. The names by which these reactions are commonly known are shown 

in parentheses. Deuteriodetritiation has also been studied in connection with 

kinetic isotope-effect measurements. The reagents are acids or bases which 

transfer hydrogen cation (in one of its isotopic forms) to the aromatic compound, 

e.g. acid-catalysed dedeuteriation may be represented by 

ArD + H A ^ ArH + DA (3.1) 

For quantitative studies of the mechanism of aromatic substitutions, dedeuter¬ 

iation and detritiation have a number of advantages over other aromatic 

substitutions: 

(1) By a suitable choice of synthetic methods, the exact location of the labelled 

hydrogen may be known. The exchange rates of each of the specifically labelled 

isomers can then be measured, giving the partial rate factors directly. The 

advantages of this direct method over the competition method have been 

described in Section 2.3. (This advantage does not apply to deuteriation or 

tritiation, where it is necessary to presuppose the position of substitution during 

the reaction; generally more than one position will be substituted and analysis of 

the results may be complicated.) 

(2) Hydrogen exchange can be carried out under a wide variety of conditions 

leading to an unparalleled > 1020 variation in reactivity of the electrophile. The 

accompanying change in selectivity makes it possible to obtain information, for 

example, about the way in which the activating or deactivating effect of a 

substituent is dependent upon the reactivity of the reagent. 

(3) Steric effects are smaller in hydrogen exchange than in any other 

electrophilic substitution, and indeed are entirely absent in all but a very few 
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extremely hindered molecules. This makes the reaction particularly suitable for 

studying the electronic effects of ortho substituents. 

(4) The reaction has a high sensitivity towards substituent effects and very 

accurate rate data may be obtained. 
These advantages have encouraged the accumulation of more quantitative 

data (under a single condition) than for any other electrophilic substitution. 

The reaction is not merely of theoretical value, however. Because the reactivities 

of aromatic molecules in a given substitution are quantitatively related to those 

in another (Chapter 11), the information gained in hydrogen exchange may be 

used to predict the reactivity pattern in other substitutions. For example, kinetic 

studies in hydrogen exchange have shown that some isomer substitution patterns 

obtained in other reactions are in error.1 

Aromatic hydrogens undergo exchange with those of acids, water, or the 

conjugate acids of bases, and these reagents usually act as solvents for the 

aromatics. Since the electrophile is therefore present in considerable excess, 

pseudo-first-order kinetics are obtained.2 The kinetics may be followed in a 

number of ways: for deuterium exchange the deuterium content of the aromatic 

has been analysed by gravimetric analysis, density measurements, and infrared, 

mass, and nuclear magnetic resonance spectroscopy, and for tritium exchange 

the tritium content has been analysed by gas counting and scintillation counting. 

Of these methods, the last is the simplest and the most accurate, and has come 

to be that generally employed. However, it requires specific prelabelling of the 

aromatic, and for molecules where this involves difficult syntheses, the deuterium 
exchange-n.m.r. method may be preferable. 

3.1 ACID-CATALYSED HYDROGEN EXCHANGE 

The bulk of hydrogen-exchange kinetics have been carried out under 

conditions of acid catalysis, and a wide variety of acidic reagents have been 

employed, ranging from aqueous ammonium and biphosphate ions3,4 to 

superacids.5 The kinetic results obtained under each condition and the effects 

of co-solvents and catalysts have been described in detail.2 The variation in the 

selectivity of the electrophilic hydrogen as conditions are changed may be 

illustrated by the spread in the partial rate factors for p-Me, for which values 

ranging from 175 (in 66.4 wt% H2S04 at 65.75 °C)6 to 6200 (in HBr at 20 °C)7 
have been recorded.* 

The addition of small amounts of mineral acid to carboxylic acids raises the 

acidity considerably, thereby combining accessible exchange rates with the 

*The lower value of 83 estimated for aqueous sulphuric acid8 (quoted in ref. 11) has been shown to be 
too low by a factor of about 3.9,10 
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Figure 3.1. Plots of rate of detritiation of 4-tritio-m-xylene against mol-% CF3C02H (A) 
and CF3C02D (B). 

property of a good solvent,12 and such mixtures have been widely used for 

studying the exchange reaction. Unfortunately, other reactions (e.g. sulphon- 

ation) occur simultaneously in these and many of the other media employed 

for hydrogen exchange, and the extent of the side-reaction must be assessed if 

accurate values for the exchange rates are to be obtained.10,13 By contrast, 

side-reactions are usually absent in hydrogen exchange in pure trifluoroacetic 

acid, and this feature, together with the convenient rates arising from the high 

acidity, have led to this being the acid most commonly used for exchange-rate 

measurements. The acid may be used over the temperature range from —10 to 

at least 180 °C,14 so that a wide range of aromatic reactivities may be examined. 

The disadvantages of the acid are sensitivity to impurities and relatively high 

cost. Impurities may be removed by distilling from concentrated sulphuric acid 

and then from silver trifluoroacetate15 (or more conveniently from silver oxide 

followed by sulphuric acid). The cost may be reduced by recovery and reuse 

(via neutralization, and distillation of the dried sodium salt with concentrated 

sulphuric acid16). Different batches of purified acid may give slightly different 

exchange rates, but this is inconsequential as rates can be measured relative to 

some standard (usually [4-3 H] toluene), the derived partial rate factors being 

independent of trivial differences in the acid. 

Addition of aprotic solvent to trifluoroacetic acid generally produces a rate 

decrease.2 Addition of water up to a concentration of ca 20 mol-% increases 

the rate, owing to increased solvation of the transition state. Thereafter the rate 

decreases because the decreasing acidity becomes the dominant factor governing 

the rate (Fig. 3.1).15 This effect is also found with other polar co-solvents.17 
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In general, addition of Lewis acids to other acids produces an increase in 

exchange rate, and the effect is greater the lower the polarity of the protic acid. 

3.1.1 Mechanism of Exchange 

Acid-catalysed hydrogen exchange takes place via the A-SE2 mechanism 

(eq. 3.2) (see Section 2.1). It consists of a bimolecular reaction between an acid 

HA and the aromatic ring, resulting in the transfer of a hydrogen cation from 

the former to the latter. The Wheland intermediate (1) so formed then loses a 

hydrogen cation to A-. The reaction is reversible, and the energy profile must 

be symmetrical about the intermediate 1 except for small isotopic differences. 

Thus bond-making and bond-breaking take place in essentially identical steps, 

as shown in eq. 3.2,4,10,18 and it is this near symmetry which contributes to 

the generally very low steric hindrance to hydrogen exchange. 

(1) 

(i) Nature of the acid catalysis 

Earlier work had indicated that the reaction was specific-acid catalysed,19-22 

which led, by virtue of the symmetrical nature of the reaction pathway, to the 

proposal of a mechanism involving 7t-complexes. The experimental evidence 

upon which this was based was shown to be in error by Eaborn and Taylor,10 

who proposed the alternative A-SE2 mechanism. This mechanism was subse¬ 

quently confirmed by the observation of catalysis by a variety of acidic species 

(general-acid catalysis) by many workers.3,4,23-35 Moreover, the assumption 

of the 7r-complex mechanism was based on the Zucker-Hammett hypothesis, 

viz. that a water molecule cannot be convalently bound in the transition state 

if the catalysing acid is HaO + .36 However, this is now recognized to be an 

erroneous diagnosis of mechanism because similar bases show different protona¬ 

tion behaviour in a given acid.15,18'37-44 

(ii) Intermediates 

The A-Se2 mechanism implies the existence of a Wheland intermediate (1). The 

presence of such an intermediate was first indicated by the observation that 
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anthracene in H2S04 gives a yellow species with an electronic absorption 

spectrum different from that of anthracene. Structure 2 was assigned to this 

species.45 More recently, n.m.r. studies have given evidence for the presence of an 

aliphatic CH2 group in this and related systems.46-48 By the n.m.r. method it is 

possible to determine the charge distribution in these structures, and for the 

benzenonium ion itself (3).48 This has important theoretical and experimental 

consequencies especially with regard to hydrogen exchange, and is discussed 
further below (Section 3.1.2). 

(iii) Extent of proton transfer 

The transition state structure will differ from that of the intermediate in the 

extent of bond-breaking and bond-making, which will vary according to the 

reactivities of the aromatic and the catalysing acid. Consequently, work has been 

directed towards determining the extent to which the incoming proton (or 

isotope) has been transferred to the aromatic in the transition state. The extent of 

proton transfer is measured by the Brfinsted coefficient, which is the slope of a plot 

of the logarithms of the exchange-rate coefficients of either a given aromatic base 

against the pK values of a range of catalysing acids (designated a) or of a range of 

aromatic bases against their pK values at a constant acidity (designated /?). Thus 

the value of the coefficient should be 0 when no transfer has occurred and 1.0 

when transfer is complete, as in the Wheland intermediate; a value between these 

extremes can be expected for the A-SE2 mechanism. For example, detritiation of 

[l-3H]azulene by anilinium ions, carboxylic acids, and dicarboxylic acid 

monoanions gave a-values of 0.61,0.67, and 0.68, respectively.49 As expected, the 

values become larger as the acid becomes weaker, corresponding to a later 

transition state in which the proton is more transferred. Likewise, the small 

(average) value of 0.54 for detritiation of [3-3H]guaiazulene49 accords with the 

expectation that the transition state for exchange of a more reactive aromatic 

should occur earlier along the reaction path. Detritiation of 1,3,5-trimethoxy- 

benzene gave a-values of 0.56-0.71 (depending on the acid type)4,50 and 3- 

labelled indoles gave /Lvalues of 0.67-0.75 for detritiation by hydroxonium ion 

and acetic acid, respectively.51 Challis and Millar51 suggested that the Br0nsted 

coefficients may not be a meaningful measure of the transition state structure 

because detritiation of [3-3H]-2-methylindole gave a-values of 0.4651 to 0.58,52 

i.e. different from the above /Lvalues; evidence from aliphatic chemistry also casts 
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some doubt on the validity of the coefficients.53 On the other hand, one cannot 

expect precisely identical a- and /J-values for reaction of a given aromatic. For 

reaction with a range of acids, a spectrum of transition states will be encountered 

so that the a-values determined will only represent the average transition-state 

structure. Indeed, a plot of log (rate coefficient) vs pKa of the catalysing acid 

should be a curve; similar arguments apply to the interpretation of the /1-values. 

(iv) Isotope effects 

The near symmetry symmetry of the reaction path for hydrogen exchange 

means that the isotope effects in bond-making processes are compensated to a 

substantial extent by those in bond-breaking processes. Consequently, the 

overall isotope effects are smaller than would be obtained in a substitution with 

comparable bond formation in the transition state. Thus, whereas the rates of 

dedeuteriation relative to deuteriation of 1,3,5-trimethoxybenzene in aqueous 

perchloric acid is 2.01, the relative rates of the steps k2 in eq. 3.2 for these reactions 

is 8.1 (neglecting secondary isotope effects). The observed isotope effect is thus 

markedly reduced because in the first step of the reaction kx favours dedeuteri¬ 

ation by a factor of 4.02.54 Similar results have been obtained in the hydrogen 

exchange of azulene.32,34 

A further consequence of the symmetrical pathway is that the isotope effect 

should depend on the position of the transition state along the reaction 

coordinate, and should pass through a maximum. Some indication of this is 

given by the data in Table 3.1,9,35,55 which refer to the isotope effect for the 

second step of the reaction. In Table 3.1 the reactivity of the aromatic is the 

function indicating the transition state structure, but the difference in pKa 

between the aromatic and the catalysing acid may also be used. The isotope 

effect also shows a maximum against this parameter and, further, this maximum 

is obtained as expected at ApKa = 0, i.e. where a = O.5.35 Challis and Millar51 

questioned these conclusions since they found little variation in the isotope 

effect with reactivity of the aromatic or the catalysing acid in exchange of 

substituted indoles. They suggested that the differences previously observed (e.g. 

in Table 3.1) could arise from differences in proton tunnelling rather than 

transition-state symmetry. An alternative explanation could be that the most 

(kinetically) basic site in indole is nitrogen rather than the 3-position, especially 

since earlier work showed that either site may be the more basic, depending 
on the proton-donating acid.56 

The solvent isotope effect, kHXJkDX, in hydrogen exchange can be more or less 

than 1.0 depending on the strength of the catalysing acid and the reactivity of the 

aromatic base. For example, detritiation of [2-3H]-p-cresol in aqueous HC157 

and of [2-3H]-l,3,5-trimethoxybenzene in aqueous HC10424,50 and tritiation of 

N,AT-dimethylaniline in aqueous H2S0458 gave values of 1.6—1.7. By contrast, 

reaction of 1,3,5-trimethoxybenzene with aqueous acetate buffers24 and [4-3H]- 
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Table 3.1 Correlation of fc2(H)/k2(D) with reactivity for protio- 
detritiation 

Aromatic Logkrei. MH)/md) 

[2H]Benzene 0 3.4 
[3-2H]Toluene 0.8 3.4 
[2-2H]Toluene 2.6 4.6 
[4-2H]Toluene 2.6 5.5 
[2-2H]Anisole 4.3 7.2 
[4-2H]Anisole 4.8 6.7 
[2-2H]-l,3,5-Trimethoxybenzene 10.0 6.7 
[l-2H]Azulene 11.5 9.2 
[3-2H]Guaiazulene-2-sulphonate 12.2 7.4 
[l-2H]-4,6,8-Trimethylazulene 12.8 9.6 
[3-2H]Guaiazulene 13.0 6.0 

m-xylene with aqueous trifluoroacetic acid (TFA) media15 gave values between 

0.5 and 0.75. The effect of the reaction-path symmetry in hydrogen exchange is 

shown by the much lower value of 0.16 obtained in protiodesilylation (Sec¬ 

tion 4.7) of 4-chlorophenyltrimethylsilane in these latter media. The difference in 

solvent isotope effects between the two reactions is a measure of the relative rates 

of reversion of the intermediate to starting materials in the exchange.15,54 

(v) Energy-barrier heights 

The heights of the energy barriers in the reaction pathway have been measured 

in protiodetritiation of [l-3H]azulene in aqueous HC104.58 The free energy of 

activation of the first step is 73.3 kJ mol-1, an additional 6.3 kJ mol-1 being 

required to overcome the second barrier; the overall and relative heights of 

these barriers will, of course, depend on the reactivity of both the aromatic and 

the catalysing acid. 

(vi) Variation of rates with temperature 

A linear correlation of logarithms of reaction rates with reciprocal temperature 

(Arrhenius correlation) indicates generally that the reaction mechanism is 

constant throughout the temperature range. Hydrogen exchange is probably 

unique in that reaction rates have been measured over a 110 °C range, using TFA, 

and show some curvature in the Arrhenius plots, as did exchange rates 

determined over a 65 °C range using H2S04.59 It is unlikely, however, that this 

curvature is due to a change in mechanism, but rather that the acidity of acids 

generally decreases with increasing temperature.60 
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3.1.2 Substituent Effects 

Partial rate factors, and the substituent effects which govern them, are 

discussed below. Three points are emphasized: 

(1) The data obtained in some cases are approximate because no corrections 

were made for the principal side-reactions. 

(2) The partial rate factors for the four hydrogen-exchange processes studied 

are considered together in order to simplify the discussion. Since dedeuteriation 

and detritiation involve the severence, in the formation of the second transition 

state, of a C—D and a C—T bond, respectively, partial rate factors for the two 

processes should be different.9 Hence partial rate factors for the dedeuteriation of 

toluene in aqueous H2S04 are greater than those for the corresponding 

detritiation.9,38 The ratio of the p-factors is ca 1.03, which implies that the 

severence of the C—T bond is less advanced at the second transition state than 

severence of the C—D bond. The first transition state will be closely similar for 

both processes, with differences from secondary effects only. Since the reaction 

path for deuteriation must be the exact reverse of that for dedeuteriation, 

identical transition states must be encountered on each reaction path. Moreover, 

the differences in free energies of the ground states of a pair of reactants and 

products will not differ appreciably so that similar partial rate factors are 

expected for each reaction and the data in Table 3.2 show that this is so. The 

differences between the partial rate factors for dedeuteriation and detritiation are 

not significant enough to affect any of the conclusions regarding substituent 

effects described below. 

(3) Because of the advantages of hydrogen exchange over other electrophilic 

substitutions, rate data obtained in the reaction are the most meaningful in terms 

of the interpretation of substituent effects. Substituent effects obtained in the 

reaction are therefore discussed fully and generally, discussion in other chapters 

being limited to those substituents which have either not been examined in 

hydrogen exchange or which show unique effects in the particular reaction. 

3.1.2.1 Alkyl substituents 

The partial rate factors and related data for hydrogen exchange of monoalky- 

lated benzenes are given in Tables 3.2 and 3.3 and show the following features: 

(1) The spread in rates depends markedly on the nature of the medium, so the 

necessity for stating the conditions of the exchange reaction is emphasized. It is 

also necessary to consider the temperature of the reaction because the wide range 

of temperatures at which rates can be measured means that the relationship 

governing the temperature dependence of Hammett p-factors: 

pT = p'T' (3.3) 

must be taken into account. This produces a larger effect than may be realized, 
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Table 3.3 Partial rate factors and log,/0:log fp ratios for hydrogen exchange of 
alkylbenzenes in trifluoroacetic acid at 70°C67,71,72 

544 

log /o:l°g f p 086 

log f„: log fp 0.77 0.875 0.87 0.885 

1340 1750 

e.g. a partial rate factor of 250 at 25 °C is equivalent to a value of only 83 at 

100 °C if the relationship holds perfectly. Since under most conditions hydrogen 

exchange is almost entirely unaffected by steric factors, it should adhere to this 

relationship better than any other electrophilic substitution. In practice, the 

variation is slightly less than predicted by the relationship, which may be due 

to the decrease in the acidity of the medium with increasing temperature.60 

Hence the value of fpMe of 250 at 25 °C (aqueous H2S04) is predicted to be 129 at 
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65.75 °C compared with the observed value of 170, and the value of/m£'Bu of 35.3 

at 70 °C (TFA) is predicted to be 26.5 at 100 °C compared with 29.8 observed;68 

the change in partial rate factor is about two thirds of that predicted. 

(2) Alkyl substituents are clearly ortho, para-directing and activating. 

(3) The meta partial rate factors for the methyl and fert-butyl groups do not 

increase regularly with increase in the para values. In some cases this may be due 

to inaccuracy in the meta data as a result of side-reactions, e.g. sulphonation, or 

(in the case of deuteriation) to the meta reaction being less than 1% of the overall 

observed exchange. Nevertheless, discrepancies remain and these arise from 

steric hindrance to solvation (Sections 1.4.3 and 11.1.4); this causes meta partial 

rate factors obtained under good solvating conditions (e.g. H0Ac-H20-H2S04) 

to be diminished relative to those obtained under poor solvating conditions (e g 
TFA).68 

(4) Media composed mainly of sulphuric acid give the Baker-Nathan 

activation order (p-Me > p-t-Bu), whereas media composed mainly of TFA give 

the inductive order.13 Hydrogen exchange is one of two electrophilic substitutions 

known in which this order can be reversed merely by changing the solvent; the 

other is molecular bromination (Section 9.6.1). This result has been of great 

significance in unravelling the cause of the Baker-Nathan order, which had been 

commonly assumed to be hyperconjugation (Section 1.4.3). If this were the cause 

then the order should become more pronounced as the electron demand by the 

reagent (measured by the value of /pMe) increased.73 The hydrogen-exchange 

results show that in fact the reverse is true, and that the occurrence of the order is 

dependent on some property of the solvent. Gas-phase data confirm this 

view68,74 and, together with the hydrogen-exchange results, show that in the 

more polar (i.e. solvating) media the tert-butyl group, because of its size, prevents 

maximum solvation of the charge acquired by the aromatic ring in the transition 

state. This same effect also causes a reduction in all meta partial rate factors 

obtained under these conditions [and noted in (3) above], and it can be seen from 

Table 3.2 that the maximum /p('Bu:/pMe values and maximum (accurate) fm 

values are all obtained in media composed mainly of TFA. Of all electrophilic 

aromatic substitutions, hydrogen exchange in anhydrous TFA gives results that 

parallel most closely those obtained in the gas phase, and are therefore the most 

meaningful for theoretical analysis. These aspects are considered further in 

Section 11.1.4. 

(5) The bicyclo[2.2.2]octyl-, adamantyl-, exo-norborn-2-yl-, and endo- 

norborn-2-yl para substituents are all more activating in hydrogen exchange (and 

even more so in gas-phase elimination of 1-arylethyl acetates)74 than in related 

reactions carried out in good solvating media.72 This again shows the relative 

absence of steric hindrance to solvation in TFA. For the neopentyl substituent 

(t-BuCH2—), fp for detritiation in TFA at 70 °C is All,12 i.e. greater than for p- 

ethyl, whereas in molecular bromination employing a more polar solvent 

(Section 9.6.2) the converse is true; in gas-phase elimination the activation of p- 

neopentyl relative to p-ethyl is even greater.74 The hydrogen-exchange (and 
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elimination) results again derive from the relative absence of steric hindrance to 

solvation and showed that the alternative explanation of the bromination results 

(‘secondary hyperconjugation’)75 is incorrect. 

The bicyclo[2.2.2]octyl substituent is significantly more electron releasing 

than the apparently similar adamantyl substituent. This has been ascribed to 

steric acceleration of carbon-carbon hyperconjugation in the former (4), which 

relieves eclipsing interactions (5) which are absent in the adamantyl substituent 

(6).72 

Steric hindrance to carbon-carbon hyperconjugation is believed to be the 

cause of the lower activation by the endo-norborn-2-yl substituent relative to the 

exo isomer. For maximum carbon-carbon hyperconjugation the aryl p orbitals 

must be able to lie coplanar with the electrons of the 1,2- and 2,3-bonds. There is 

no restriction on this in the exo isomer, whereas in the endo isomer there is an 

unfavourable interaction (7) between the aromatic ortho and endo hydrogens on 

C-6.72,74 This view is confirmed by the occurrence of dealkylation alongside 

detritiation of the endo (but not the exo) isomer.72 Dealkylation is known to 

occur when there is substituent-ort/io-hydrogen interaction,67 i.e. dealkylation 

becomes sterically accelerated. 

(6) The ortho:para ratios for toluene and tert-butylbenzene are similar, 

although in some media both are considerably less than the statistical value of 1.0. 

This argues against ascription of low ratios wholly or even mainly to steric effects, 

for if a low ratio for toluene was due to steric hindrance to ortho substitution, the 

ratio for terf-butylbenzene would be even lower.62 One reason for the apparent 

decrease in ratio with increasing partial rate factor is simply a mathematical 
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consequence of the Selectivity Principle (Section 11.2.1), a proper measure of the 

electronic effects of the substituents being the log /0:log/p ratio.76 These 

‘selectivity-corrected’ values show a smaller variation in the ratio, but a genuine 

decrease remains. It has been argued that where steric hindrance is relatively 

unimportant the ratios are governed mainly by electronic effects which them¬ 

selves depend on the extent of deformation of the aromatic sextet in the transition 

state.77 This theory is developed in detail later (Section 11.2.4). One of its 

important conclusions is that the ratio for toluene should decrease as the electron 

demand of the reagent increases. The exchange results are consistent with this, for 

the ratios for both toluene and tert-butylbenzene decrease as the selectivity of the 

attacking species increases.62 

(7) The cyclopropyl substituent is much more activating than other alkyl 

substituents. Severe strain in the ring weakens the bonds, thereby facilitating 

electron release by carbon-carbon hyperconjugation (8); cf. that described above 

for the bicyclo[2.2.2]octyl substituent. It follows that the electron release will be 

conformationally dependent78 and this may account for the low log f0:log f p 

value, i.e. in this conformation (8), one ortho position is substantially shielded, 

although this explanation is not wholly satisfactory in view of the very low steric 

hindrance to hydrogen exchange. The results confirm that the high ortho: para 

product ratio obtained in nitration of cyclopropylbenzene by acetyl nitrate79 is 

anomalous; a number of other aromatics give abnormally high ratios in nitration 

under these conditions [Section 7.4.3(iii)]. 

(8) 

The p-l-methylcyclopropyl substituent is more activating than the p- 

cyclopropyl substituent (cf. tert-butyl vs. methyl) and this contrasts with 

molecular bromination, where steric hindrance to solvation again causes the 

order to be reversed.80 
(8) The cycloalkyl groups activate in the order cyclopropyl > cyclopentyl > 

cyclobutyl > cyclohexyl, and the same order is obtained in solvolysis of 2-aryl-2- 

chloropropanes81 and in nitration [Section 7.4.3.(iii)]. An important difference is 

that in the solvolysis the latter three groups are less activating than p-methyl. This 

result parallels the relative reactivity orders for p-methyl and p-tert-buty\ in 

solvolysis82 and in hydrogen exchange (in TFA), and show once again that 

bulkier aromatics do not exhibit their full reactivity under good solvating 

conditions, owing to steric hindrance to solvation. 
The greater activation by the cyclopentyl group relative to the cyclohexyl and 

cyclobutyl groups (confirmed in nitration83) may arise because the C—H bonds 

of the cyclopentyl substituent are eclipsed. Interaction between adjacent 
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hydrogens may thus cause elongation of the C—H bonds and thereby enhance 

inductive delocalization. Further, this eclipsing can be reduced by either C-C 

hyperconjugation (which produces ring opening, cf. 8 or by C-H hyperconjug¬ 

ation (9); this is thus a further example of steric enhancement of hyper conjugation. 

The C—H bonds are also eclipsed in the cyclobutyl substituent, but here they are 

further apart because of the greater strain in the ring, so steric facilitation of C-H 

hyperconjugation should be less. On the other hand, steric enhancement of C-C 

hyperconjugation should be greater and the latter may account for the greater 

activation by cyclobutyl relative to cyclohexyl. 

(9) The cycloalkyl substituents are all more electron-supplying than their 

open-chain counterparts, and this is confirmed in nitration.83 Additional to the 

electronic explanations given above may be the fact that the transition states 

for reaction of the less bulky cyclo compounds may be better solvated. 

(10) The log /„:log fp values for the secondary open-chain alkyl-substituted 

benzenes PhR (Table 3.3, R = but-2-yl, pent-3-yl, or hex-3-yl) are lower than 

those for the alkylbenzenes under the same conditions (Table 3.2) and the 

corresponding cycloalkylbenzenes (Table 3.3). The ratio also tends to decrease 

with increasing size of the open-chain substituent, indicating a steric effect, albeit 

a very small one; these substituents have a larger steric requirement than the 

tert-butyl group (which shows no hindrance). The ratio is of fundamental 

significance because not only do many other substituents in hydrogen exchange 

(and indeed in other electrophilic substitutions for which steric effects are 

minimal) give the same value,84 but it is also predicted from the charge 

distribution in the Wheland intermediate (3). This means that in principle a linear 

free energy relationship can be derived for ortho substitution in the same way as 

for meta and para substitution (Section 11.2.4). 

3.1.2.2 Polyalkyl substituents 

Relative rates for deuteriation of polymethylbenzenes in aqueous TFA gave 

excellent agreement between observed and calculated reactivity,95 and this has 

been widely quoted in support of the Additivity Principle. However, the data 

were only approximate,86 and the more accurate partial rate factors for 
detritiation (Table 3-4)62-66.70-87-88) show that the observed values are up to 

ten times smaller than calculated. Moreover, this discrepancy increases regularly 

with increasing reactivity of the aromatic. This is consistent with current theories 
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Table 3.4 Observed and calculated partial rate factors for detritiation of polymethyl- 
benzenes in trifluoroacetic acid 

Position of methyl 
substituents 

Position of 
tritium 

Observed partial 
rate factor2 

Calculated partial 
rate factor 

1 2 210 
3 6.12 
4 439 

1,4 2b 1510 1285 
1,2 3 1330 1285 

4 1900 2690 
1,3 2b 39100 44100 

4 77 700 92200 
5 45 37.5 

1,2,4 3 165000 270000 
5 288000 564000 
6 8175 7865 

1,2,3 4 253 000 564000 
5 8560 16450 

1,3,5 2 7100000 19 400000 
1,2,3,4 5 1 190000 3 450000 
1,2,4,5 3 776000 1650000 
1,2,3,5 4 25 750000 118 000000 
1,2,3,4,5 6 73 800000 711000000 

“Calculated using the correct coefficient of 0.095 x 10-7 s“1 for detritiation of benzene14 (cf. ref. 70). 
bIn detritiation in aq. H2S04 media, /fobs.) is substantially less than /(calc.), but this may be an 
artifact of the variation in /Me values with acid concentration.61 

of substituent effects, viz. that the more reactive an aromatic, the nearer to the 

ground state will be the transition state for reaction of it, and the smaller the 

observed effect of an additional substituent. This is one aspect of the Reactivity- 

Selectivity Principle which is discussed more fully in Section 11.1.5. Other 

features of these data are the following: 

(1) The deviation noted above is small compared with the overall reactivity 

relative to benzene, and this provides further evidence that steric hindrance to 

hydrogen exchange is very small. 

(2) The 3-position of o-xylene is ortho and meta to a methyl substituent 

whereas the 4-position is para and meta to a methyl substituent. The ratio of 

their reactivities should therefore be the same as that of the ortho and para 

positions in toluene, but this is not so, the respective log /0:log fp values being 

0.94 and 0.88.87 The 4-position seems to be abnormally unreactive, and solvent 

effects are not responsible since the same result is observed in gas-phase studies 

of electrophilic reactivity.89 Steric hindrance to hyperconjugation through 
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buttressing (10) may be the cause since conjugative effects are relayed more 

effectively to the para position.70 This view is supported by the lower reactivity 

of the 3-position of o-xylene relative to that of the 2-position of p-xylene, the 

latter being also ortho and meta to methyl substituents. However, some other 

factor may be involved because, although this theory accounts for the 5-position 

of the highly buttressed 1,2,3-trimethylbenzene (p- x m2-substituents) being 

hardly any more reactive than the 6-position of 1,2,4-trimethylbenzene 

(o- x m2-substituents), it predicts that the difference in the reactivities of 

the 4-position of 1,2,3-trimethylbenzene and the 5-position of 1,2,4-trimethyl¬ 

benzene (each with o- x m- x p-substituents) should be greater than between 

the 3-position of o-xylene and the 2-position of p-xylene; the converse is in fact 

observed. 

(3) The log fo'-logfp ratio for 1,2,4-trimethylbenzene (0.895) is similar to 

that for m-xylene (0.885), toluene (0.88), and the value (0.87) predicted by the 

charge distribution in the Wheland intermediate (3) (Section 11.2.4). However, 

it is significantly different from that for o-xylene (0.94), yet the steric hindrance 

to hyperconjugation explanation should apply equally to each. 

(4) An alternative explanation of these results is that there is some partial 

bond fixation in the polymethyl aromatics. Buttressing between adjacent methyl 

groups could cause elongation of the bonds between the aromatic carbons to 

which they are attached, resulting in lowering of the bond order and reduced 

transmission of substituent effects. 

3.1.2.3 Cyclic alkyl substituents: the Mills-Nixon effect 

Partial rate factors for detritiation in anhydrous TFA at 70 °C of aromatics 

bearing cyclic alkyl substituents, viz. indane (benzcyclopentene), tetralin (benz- 

cyclohexene), and benzsuberane (benzcycloheptene), are shown in Table 3.5 

together with those for o-xylene.90,91 The data show that the a-position of 

indane is itself exceptionally unreactive, so accounting for the bromination 

results of Mills and Nixon (Section 2.6).92 The explanation of this unreactivity 

by Vaughan et al.93 was extended by Taylor and co-workers76,88,94-96 (see 

Section 2.6) to predict that the reactivity of the /i-position of indane should be 
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Table 3.5 Partial rate factors for detritiation in trifluoroacetic acid at 70 °C 

enhanced.* Thus, whereas the log f0:\ogfp ratio for benzsuberane is exactly 

that theoretically predicted by the charge distribution in the Wheland inter¬ 

mediate (3), the ratios for indane and tetralin are low and high, respectively 

(the ratio for o-xylene is, as noted above, abnormally high). 

One other factor may contribute towards making indane and tetralin overall 

more reactive than o-xylene. Both of the former molecules have C—H bonds 

at the side-chain a-carbon atoms which are constrained almost perpendicular 

to the adjacent p-orbital, e.g. 11, and this must considerably facilitate C-H 

hyperconjugation.98,99 Deuteriation of benzcylooctene in aqueous TFA showed 

that it was less reactive than benzsuberane,100 and so there appears to be a 

regular decrease in reactivity as the alkyl chain is lengthened. This follows not 

only from the loss of conformational advantage, but also the larger chain may 

hinder solvation of the aromatic ring in the transition state.91 

H 

(11) 

Taylor and co-workers showed that the bond-order theory explains why 

strained aromatic molecules in general are very unreactive at the a-position, and 

also that a parallel exists between the a//?-substitution ratio and the amount 

of strain. The cause of the abnormal substitution pattern in molecules such as 

benzcyclobutene, triptycene, biphenylene, etc., can therefore be under¬ 

stood;76,88,94-96 further details are described in Sections 3.1.2.4 (9), 3.1.2.10 (11 

*The /(-position of indane should therefore be more reactive than that in tetralin as is found in 
protiodesilylation (Section 4.7) and solvolysis of 2-aryl-2-chloropropanes.97 If the quoted experi¬ 
mental error93 is taken into account, this order may also obtain in detritiation. 
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Table 3.6 Rate coefficients (107/c/s *) for detritiation in TFA at 20 °C 

and 12), 3.1.2.12 (ii)(d), and 11.3. More recently, an attempt was made to explain 

the Mills-Nixon effect in terms of the strain in the bridgehead carbon 

atoms.97,101 It was argued that this strain would modify their hybridization 

such that the orbitals which are used to form part of the aromatic ring have 

increased s character, and will therefore be more electronegative. Consequently 

the adjacent ring a-carbon atoms should be inductively deactivated. However, 

this effect should also diminish the reactivity of the /Tcarbon atoms, and further 

the reduction in reactivity of the aromatic a-positions should be less in reactions 

related to.aromatic substitutions in which a carbocation is developed at a 

side-chain a-position in the transition state; neither of these predictions is fulfilled 

[Table 3.5; Section 4.7.l(ii)(17); refs. 94-96]. Bond-order effects are evidently 

the important factors in electrophilic aromatic substitutions which are 

dominated by conjugative effects, although when the latter are largely absent, 

electronegativity effects may dominate.94,102 

Data for detritiation of oxy-substituted benzocycloalkenes in TFA at 20 °C 

(Table 3.6)103 parallel the bromination results obtained by Mills and Nixon, 

but there are additional notable features. (Since oxy-substituents hydrogen bond 

in TFA,104-106 which was not purified, and the exchange-rate coefficient for 

benzene is not known under this condition, partial rate factors are not 

calculated.) First, 7-hydroxybenzcycloheptene is less reactive than the other 

compounds, which confirms the results for the parent compounds (Table 3.5). 

Second, the ratios of the reactivities at the a- and a'-positions decreases along 

the series (/l-oxy-)tetralin, o-xylene, indane. Since the a'-position is affected only 

by inductive effects of the oxy-substituent, the ratio provides a measure of the 

transmission of conjugative effects between the a- and j9(oxy)-positions, and 

shows that even if there is no bond fixation in the ground state (Section 2.6), it 

must develop on going to the transition state. 
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Table 3.7 Rate coefficients (107fc/s *) for hydrogen exchange3 in TFA 

T/°C 

“For reaction, see text. 

Taylor107 showed that the theory based on the change in bond lengths on 

going to the transition state also accounted for the relative positional reactivities 

of 1,2-dimethoxybenzene (12), benzo-l,3-dioxole (13), and benzo-l,4-dioxane 

(14); analysis107 of deuteriation work of Serebryanskaya et al.108 indicated that 

the reactivity of the a-position of 13 was considerably less than that of the other 

positions. This was confirmed by the more accurate rate coefficients (Table 3.7) 

for detritiation of 12-14.109 For benzene k may be calculated to be 6.3 

x 10““s-1 under these conditions,6 permitting calculation of partial rate 

factors and hence the log /„: log fp values shown in Table 3.7. These confirm that 

the ratios for 13 and 14 are low and high, respectively, as foufid for the carbocyclic 

analogues. More detailed analysis of the data is precluded by the hydrogen 

bonding of oxy-substituted aromatics which occurs in TFA [for example, 

whereas rate coefficients (107/c/s-1) for detritiation of the ^-positions of 12 

and 14 in TFA at 70 °C are 2320 and 2910 respectively, in a mixture (60:40, v/v) 

of TFA in HOAc the reactivity order is reversed, the respective coefficients 

being 52.6 and 50.6110]. Data for deuteriation of the dimethyl derivatives 

15-17108 likewise show the diminished and enhanced reactivities, respectively, 

of the a-positions of 16 and 17 relative to their open-chain analogue. 
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The ring strain effects are also evident from the detritiation data for compounds 
18-20.111 These also show the importance of hydrogen bonding because they are 
at least three orders of magnitude less reactive than their analogues in Table 3.6, 
whereas oxy substituents normally activate strongly relative to alkyl substituents. 

For detritiation of hexahydrophenanthrylene (21) and hexahydroacean- 
thrylene (22) in TFA at 70 °C, the partial rate factors at the indicated positions 
were each 5.7 x 107. This is greater than the value which may be calculated 
from the effects of alkyl substituents in naphthalene (Section 3.1.2.13) and 
is attributed to steric facilitation of hyperconjugation.112 

(21) (22) 

3.1.2.4 Substituted alkyl substituents 

Partial rate factors for hydrogen exchange of derivatives of toluene under 
various conditions are shown in Table 3.8.6,66,113-117 Notable features are the 
following: 

(1) The CH2SiMe3 substituent is very strongly activating, showing that C-Si 
hyperconjugation (23) is greater than C-H hyperconjugation. This is because 
SiMe3 is more electropositive than H, and the C—Si bond is weaker than the 
C—H bond. 

(23) 

(2) When the SiMe3 group is conjugatively insulated from the ring a small 
activation (relative to methyl) remains. This confirms that the SiMe3 substituent 
has a + / effect. 

(3) The lower para activation by (CH2)3SiMe3 relative to the other 
(CH2)„SiMe3 substituents is paralleled in protiodesilylation and nitration, 
[Section 7.4.3.(xi)]. An explanation for this anomaly is given in Section 4.7.1.(ii). 

(4) With the exception of the (CH2)2SiMe3 substituent, the other SiMe3- 
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Table 3.8 Partial rate factors for substituted alkyl groups in hydrogen exchange 

(i) Detritiation in TFA at 70 °C: 

log fP 

(ii) Deuteriation in liquid DBr at 25°Ce 

0.00005 1.14 

a bValues of 1200 and 160 have been obtained for deuteriation in liquid DBr at 25 °C.118 
c dThe corresponding values at 110°C are 77 and 159, with log/„:log fp = 0.86. 
e Data quoted as accurate to ±20%.116'117 

containing substituents give the constant log f0:log fp ratio predicted by the 

charge distribution in the Wheland intermediate (3) (Section 11.2.4). The slightly 

lower value for the CH2SiMe3 substituent may reflect a small amount of steric 

hindrance, similar to that found with some sec.-alkyl substituents (Table 3.3). 

(5) In contrast to the CH2SiMe3 substituent, CH2SiCl3 does not show strong 

activation because the inability of SiCl3 to stabilize a positive charge makes 

C-Si hyperconjugation negligible. The results show SiCl3 to have a — /, — M 

effect, in contrast to SiMe3, which is +/, — M. Deactivation by SiCl3 at the 

para position is greater than at the ortho position because conjugative effects are 

relayed maximally to the para position, and this substituent gives a log f0:log fp 
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value (0.82) close to that (0.87) predicted theoretically. The ratios for some of 

the other SiCl3-containing substituents are lower than expected, indicating some 

steric hindrance; these data and others below (Sections 3.1.2.5 and 3.1.2.6) suggest 

that the steric requirement of exchange in HBr is greater than under other 

conditions. For example, the relative rates of exchange at the 2- and 6-positions 

of S-methy^trichlorosilylmethytybenzene114 and 3-methylbenzyl chloride115 (the 

2-positions are more hindered in each case) is lower compared with that of the 

corresponding 2- and 4-positions in toluene. 

(6) The ability to detect long-range substituent effects in hydrogen exchange 

(because of the high p-factor) is exemplified by the results for the (CH2)4SiR3 

substituents. Even through a four-carbon chain, a 5-fold deactivation by SiCl3 

and a 1.5-fold activation by SiMe3 are observed. 

(7) The meta and para partial rate factors for toluene, diphenylethane, 

diphenylmethane, and triphenylmethane show that phenyl has a — / effect, and 

this also causes the log f0:log fp ratio to decrease regularly on going to the latter 

two compounds. This ratio is however very much lower for tetraphenylmethane 

and it is probable that exchange at the ortho position of this highly crowded 

molecule is sterically hindered. 

(8) The meta and para positions of tetraphenylmethane are more reactive 

than those in triphenylmethane. This is unlikely to be a solvation effect because 

almost the same rate ratio is obtained on adding a substantial quantity of a 

better solvent to TFA.6 It is probable that steric crowding in tetraphenylmethane 

facilitates either neighbouring group stabilization of the transition state by one 

of the phenyl groups (24), or C-C hyperconjugation. In protiodesilylation, 

tetraphenylmethane is also more reactive than predicted, though less reactive 

than triphenylmethane,6 which may reflect the smaller demand in this reaction 

for conjugative stabilization of the transition state. 

(9) Partial rate factors for detritiation of o-xylene, 9,10-dihydroanthracene, 

and triptycene (Table 3.9)88 show that whereas the log/a:log//S ratio for 

9,10-dihydroanthracene is the same as that for o-xylene, the value for triptycene 

(which has a strained side-chain) is much lower, as predicted by the theory 

based on bond-order effects (Section 3.1.2.3). Further, each position in 9,10- 
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Table 3.9 Partial rate factors for detritiation in trifluoroacetic acid at 70 °C 

83 

dihydroanthracene is reduced in reactivity by a factor of ca 3.0 relative to 

o-xylene, through the addition of the benzo substituent. Addition of a second 

benzo substituent should produce a similar rate reduction, the partial rate 

factors for triptycene being calculated to be 148 (a-position) and 221 (/^-position). 

The observed a-reactivity is lower whereas that of the ^-position is higher, as 

predicted by the bond-strain theory,76 but not by the theory based on 

electronegativity effects. 

9,10-Dihydroanthracene is ca twice as reactive as calculated by additivity 

based on the effect of the benzyl substituent (Table 3.8). This may reflect the 

reduced — / effect of the phenyl group when acting through two chains, or it 

Table 3.10 Rate coefficients for deuteriation in 96% sulphuric acid at 25 °C 

R3N*(Ch2)„ (ch2)„nr 

(25) (26) 

n R 105/c/s-1 n R m 

3 H 1.82 x 105 
3 Me 1.32 x 905 
2 H 725 
1 H 1.5 x 10“4 

2.10 3 Me 2 
0.132 2 Me 4 

(27) 
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may be a further example of steric facilitation of hyperconjugation since one 

C—H bond on each methylene group is constrained parallel to the adjacent 

aryl p-orbital. 
Rate coefficients have been measured for deuteriation of the quaternary salts 

of diazocyclophanes and related compounds (Table 3.10), in order to assess the 

importance of the direct field effect. The reactivities of compounds 25 decreases 

as n decreases, as expected for the operation of an inductive or field effect from 

the pole; the low reactivity of 26 relative to 25 for a given value of n suggested 

that a field effect was reponsible.119 However, the partial rate factors for 

deuteriation of 27 in TFA-aqueous H2SO4., coupled with the fact that the 

exchange rates in each ring were identical, indicate that the NH3+ group exerts 

an inductive rather than a field effect in each ring.120 Moreover, the compound 

with a para (CH2)9 bridge alone is very unreactive towards exchange,121 

probably owing to steric hindrance to solvation of one face of the aromatic ring, 

and it is this factor rather than a field effect which produces the low reactivity in 

compounds 26. 
Exchange between superacid and other aromatics possessing positively 

charged substituents has also been observed.122 

3.1.2.5 Halogen substituents 

Partial rate factors for exchange in the halobenzenes (Table 3.11)5,7,110,123,124 

show the following notable features: 

(1) The data have been obtained using the widest variation in electrophilic 

reactivity for a given aromatic substitution, exchange in CF3SO3H being ca 

2 x 1011 times faster than that in CF3C02H at 70 °C. 

(2) The data have been obtained over the largest temperature range employed 

for an electrophilic substitution, and therefore provide a valuable test of the 

Arrhenius relationship (eq. 3.3). Thus, although the rate factors depend on the 

conditions (shown also by the data for alkylbenzenes, Table 3.2), much of this 

variation arises from the temperature effect, e.g. the sixfold difference in partial 

rate factors for the m-Cl substituent at 55 and 180 °C can be shown to arise 

from the temperature difference. However, the observed deactivation at — 40 °C 

is significantly less than calculated, probably owing to a much more reactive 

electrophile in CF3S03H leading to a smaller p-factor. 

(3) At lower temperatures the o- and p-chloro substituents are more deactivat¬ 

ing than calculated from the partial rate factors at 55 °C, whereas at higher 

temperatures they are less deactivating than calculated.* This accords with a 

variation in the demand for conjugative electron release which will be strongest 

in the weakest acid (TFA) and weakest in the strongest acid (TFSA). This 

* Comparison with the corresponding meta partial rate factors shows that this effect lies outside any 
possible failure to adhere rigidly to the Arrhenius relationship. 
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effect is also apparent both from the data for each of the aqueous HC104-TFA 

media at 55 °C the deactivation being greatest in the strongest acid, and from 

exchange in liquid HBr which involves a weaker electrophile so producing less 

deactivation than does exchange in TFA. 

(4) The small increase in p-factor (20%) on changing the exchange medium 

from TFA to trifluoromethane sulphonic acid (TFSA) shows that there is no 

tendency to change to a 7r-complex mechanism for the substitution, despite the 

enormous change in reactivity of the electrophile. This is very relevant to the 

evidence presented to support such a mechanism for nitration and alkylation 

under certain conditions [Section 7.4.l.(vii) and 6.l.l.(iii)(d)]. 

(5) The p-F substituent activates under each set of conditions as it does in 

other electrophilic substitutions in which the reagent is very selective and the 

demand for resonance stabilization of the transition state is large, e.g. molecular 

chlorination and bromination (Chapter 9). On the other hand, the fpF value 

does not exactly parallel the fpMe value, the latter usually being taken as a 

measure of the selectivity of the reagent (Section 11.1.1), and this may reflect 

differences in solvation between the media. 

(6) For meta substituents, the deactivation order is I<F<Cl=Br, as it is 

for molecular bromination of polymethylbenzenes in nitromethane (Table 9.10). 

This shows that there is a secondary relay of resonance effects to the meta 

position, notably for fluorine. This is found in other reactions for which there 

is a strong demand for resonance stabilization of the transition states 

(Section 11.1) [cf. nitration, where meta halogens give the inductive deactivation 

order [Section 7.4.3.(viii)]. 

(7) For para substituents the deactivation order is Cl<I<Br, again as 

in molecular bromination in nitromethane, whilst in reactions of low electron 

demand such as protiodesilylation and protiodegermylation the order Cl< 

Br «I obtains (Sections 4.7.1 and 4.8.1). This may be a further example of the 

dependence of the substituent effect on the nature of the reagent, and is discussed 

further in Chapter 11. 

(8) The ortho halogens deactivate in the order F < I < Cl < Br, and when the 

halogen is moved from the ortho to the para position the increase in the partial 

rate factors is in the order F > Cl > Br > I. This demonstrates the increased 

effectiveness of the —I effect at the ortho position. The significantly lower 

ortho: par a ratio for exchange in chlorobenzene in liquid HBr may again indicate 

a small amount of steric hindrance in this medium. The electrophile under these 

conditions is considerably less reactive, and will be more closely associated with 

the acid anion in the transition state (see also Section 3.1.2.6). 

3.1.2.6 Polysubstituted aromatics containing a halogen substituent 

The deactivation factors produced by halogen substituents in detritiation of 

some polysubstituted aromatics in trifluoroacetic acid at 70 °C are shown in 
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Table 3.12 Exchange rate coefficients for detritiation in TFA at 70 °C and halogen 
deactivation factors 

Me Me Me 

10'7A'/s-1 7 x 10-4 3.7 x 10-2 7 9 31 2870 

(4.0 x (O-2) (8 6) 

Table 3.12 together with the rates of exchange.125 The following features are 
notable: 

(1) All of the compounds are more reactive than calculated from additivity. 

This deviation is predicted by the Reactivity-Selectivity Principle126 

(Section 11.1.5); similar results are found in halogenation (Section 9.6.5). 

(2) The deactivating effect of the halogens decreases with increased aromatic 

reactivity and similar results are found in deuteriation in a medium composed 

mainly of TFA.127 A plot of the deactivating factors in Table 3.12 vs reactivity 

of the m-halogen-containing alkylbenzenes is approximately linear, and has a 

greater slope than that drawn through the corresponding points for the 

o-halogen-containing alkylbenzenes. This is reasonable since in an infinitely 

reactive aromatic the deactivating effects of both ortho and meta halogens will 

tend to zero. 

(3) The methoxyaromatics show the same trends noted in (2), but the 

deactivating effects of the halogens appear to be much smaller. This is because 

the methoxy substituent is hydrogen bonded in trifluoroacetic acid104-106,128 

but in the presence of the electron-withdrawing halogens this bonding is reduced 

and the methoxy group becomes more activating. Comparison of the reactivities 

of the 2-methoxy-3-chloro- and 2-methoxy-5-chloro compounds indicates that 

in the former the methoxy group is twisted very slightly out of the plane of the 

aromatic ring. 
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(4) Further indication that exchange in liquid HBr is sterically hindered (cf. 

Sections 3.1.2.4 and 3.1.2.5) conies from the partial rate factors for the 2- and 4- 

positions of 3-chlorotoluene of 14 and 10, respectively.7 This gives a value of 

log/0:log/p of 0.53, compared with 0.84 in toluene itself (Table 3.2). In the less 

hindered 3-fluorotoluene, the ratio is 0.74.124 

3.1.2.7 Oxygen- and sulphur-containing substituents 

Partial rate factors for the OMe, SMe, OPh, and SPh substituents in 

detritiation in TFA at 70°C are shown in Table 3.13.104,129,130 Additional 

rate factors (for exchange in acetic acid containing 2 mol-% H2S04 at 99.3 °C) 

are /0SMe =110, fpSMe = 390, fpOMe = 17 900131,132 and /0OMe:/pOMe - 0.33-0.52 

(depending on temperature and workers)131,133,134; /mOMe is 0.25 in 63 wt-% 

aqueous F1C104.135 Notable features are: 
(1) Both m-OMe and m-OPh are deactivating, showing that secondary relay of 

the conjugative ( + M) effect of oxygen to the meta position is not sufficient to 

offset the — / effects of these groups. 

(2) The log /„: log fp ratios are closely similar and have the value predicted 

from the charge distribution in the Wheland intermediate (3) (see also 

Section 11.2.4). 

(3) The order p-OMe > p-OPh shows that the oxygen in methoxyl is better 

able to supply electrons by a conjugative effect than that in phenoxyl. This 

follows from oxygen being able to interact mesomerically with both phenyl 

groups in diphenyl ether, and the fact that phenyl is electron withdrawing 

relative to methyl. The orders p-OMe > p-SMe and p-OPh > p-SPh reflect the 

greater + M effect of oxygen compared with sulphur (cf. the order p-F > p-Cl); 

in each pair the smaller atom has the greater +M effect when attached to 

unsaturated carbon, and in addition the larger atom may have a — M effect 

arising from the empty d-orbitals. 

(4) In TFA the p-OMe substituent is less activating than expected, owing to 

hydrogen bonding with the solvent,105 and this is shown by the reduced <r+ 

value of 0.60 needed to correlate its effect. This is also evident from the lower 

log /pOMe:log /pSMe value of 1.08 compared with a value of 1.64 for exchange in 

Table 3.13 Partial rate factors for detritiation of substituted benzenes in TFA at 70 °C 

Substituent 0 m V Log /„: log / 

OMe 7.30 x 104 1.9 x 105 0.92 
SMe 2.15 x 104 8.2 x 104 0.88 
OPh 6.90 x 103 -0.12 3.1 x 104 0.855 
SPh 3.30 x 103 9.8 x 103 0.88 
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H0Ac-H2S04 (in which hydrogen bonding appears to be unimportant) and 1.68 

for protiodesilylation [Section 4.7.1.(ii)]. Hydrogen bonding is also indicated 

by the higher activation energy for para exchange in anisole (78 kJ mol - x) than 

for thioanisole (75 kJ mol-1).136 A second factor contributing to the differences 

in these ratios is the very high polarizability of the SMe substituent129,137,138 

which may arise from its ability to exhibit both + M and — M effects. The SMe 

substituent therefore activates relatively more in reactions with the largest rate 

spread. Similar arguments account for the differences in the log /pOPh: log /pSPh 

values for detritiation (1.12) and protiodesilylation (1.89).129 

3.1.2.8 Substituted i\,lV-dialkylanilines 

The rates of tritiation of ortho-, meta- and para-substituted N, N- 

dialkylanilines have been determined in tritiated ethanol containing enough 

H2S04 to protonate the base fully.139 The exchanging entity is the free base 

which exists in equilibrium with the protonated form, although where a strongly 

electron-supplying group, e.g. OMe, is para to the amino group, exchange takes 

place on the conjugate acid,140,141 because the substituent increases the 

availability for protonation of the lone pair on the nitrogen. Such changes in the 

nature of the species undergoing reaction according to the substituent present are 

a common feature of aromatic substitutions.142 

Most of the ortho-substituted compounds examined (especially those with 

bulky substituents) failed to undergo exchange. These groups probably inhibit 

attainment of the coplanarity necessary for resonance stabilization of the 

transition state 28. This also shows that reaction occurs on the free base since 

the electronic effect of the protonated substituent would be independent of the 

conformation about the C—N bond. Moreover, the p-factor for the reaction 

( — 3.54) is considerably less than that (ca —7.5) which applies for exchange of 

alkylbenzenes in aqueous H2S04.10 The transition state must therefore be 

substantially nearer the ground state and this would only be true if the 

substituent was the strongly electron-supplying NMe2 rather than the electron- 

withdrawing NMe2H+. This provides further evidence for the Reactivity- 

Selectivity Principle, which is additionally confirmed by the p-factors for 

exchange in phenols (—4.9) and pyridinium ions (—12.9),143 i.e. they parallel 

the reactivity of the aromatics. 

(28) 
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3.1.2.9 Substituted acetophenones 

Deuteriation of para-substituted acetophenones in sulphuric acid occurs on 

the free base,144 as expected in view of the low reactivities of the aromatics. 

However, there was a marked difference in the log k vs acidity plots and those for 

benzene, toluene, or naphthalene.10,145 The reason for this is not known; 

hydrogen bonding or increased steric hindrance to solvation with increasing 

acidity are possible explanations. In 75% acid the exchange rates were similar to 

that of benzene, yet the Br^nsted a-coefiicients for the acetophenones (ca 0.5) 

were markedly different, that for benzene being ca 1.0. This result was interpreted 

as evidence against the Reactivity-Selectivity Principle. However, errors in 

determining a can be very large (> 0.3), especially if an insufficient acidity range is 

covered, as shown for example by data for naphthalene exchange in aqueous 

H2S04 (Section 3.1.2.12). 

3.1.2.10 Biphenyl and related compounds 

Partial rate factors for exchange in biphenyl1'7,69'146-149 and deriva¬ 

tives1,66,104,105,115,148-152 are set out in Table 3.14 and 3.15. These data 

demonstrate the following: 

(1) The deactivation, and activation by the m-Ph and p-Ph substituents 

respectively, show the phenyl group to have —I and + M effects (cf. structure 48 

in Chapter 1 for the latter effect). 

(2) Comparison of the /pPh values, 52,130,163, and 2800, with the correspond¬ 

ing /pMe values, 313, 420, 450, and 3800, obtained under the same conditions 

(Table 3.2) shows that the ratio of the reactivities at the two positions decreases as 

Table 3.14 Partial rate factors for hydrogen exchange in biphenyl 

0 m P o:p Log /0:log fp Conditions3 Ref. 

45 0.81 48 0.94 0.98 cf3co2h-h2o-hcio4 
(92.04:5.45:2.51), 70°C 1 

52 0.68 52 1.0 1.0 cf3co2h-h2o-hcio4 
(92.04:5.45:2.51), 25 “C 146 

82 0.49 130 0.63 0.91 Aq. CF3C02H, 70 °C 147 
133 < 1 143 0.93 0.99 cf3co2h-h2o-h2so4 

(95.31:2.21:2.48), 25 °C 146 
85 163 0.6 0.87 CF3C02H, 70 °C 148,149 

132 cf3co2h, 100 °c 149 
0.43 C3H7C02H, 70 °C 148 
0.25 Liq. HI, 25 °C 69 

520 <0.4 2800 0.19 0.79 Liq. HBr, 25 °C 7 

Molar percentages in parentheses. 
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Table 3.15 Partial rate factors for detritiation of biphenyl and derivatives 

(i) In TFA at 70 °C: 

125>^ V21.4 

16 8001 

104 

14100 

(29) (30) (31) (3! 

log fo 0.87 0.88 (1:3) 0.63 (1:3) 0.- 

log fp 0.95 (4:2) 0.885 (4:2) 

r\ 
Ui\ yl 

1 /° I s CHMe 
135 274|<^VsY A 

3670^^ _[J160 
183ol^s. jJs62 

313 4 30 17 5006 20 000C 

(33) (34) (35) (36) 

log f0 0.62 (1:3) 0.785 (1:2) 

log fp 0.85d (4:2) 0.92 (4:2) 

CMe, 

Me OMe Cl8 Br co2h no2 

R = 650 540 48 41 0.157 

R' = 65 000 51000 4500 3600 345 6.3 

(continued) 
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Table 3.15 (continued) 

(ii) In TFA containing ca. 5.5 moles-% H20 and ca. 2.5 moles-% HCIOa at 70°C: 

a,h,cThese values become 3610,3800, and 4870, respectively, in TFA(99.96)-H20(0.03)-HC104(0.01), 
and 2100, 2040, and 1930, respectively, in HOAc (20.83)-H2O(34.43)-H2SO4 (44.74) at 25 °C. 

dThis value was misreported as 0.43 in ref. 95. 
e,f These values become 1200 and 14000, respectively in liq. HBr at 25 °C,7 giving a log /<,:log fp value 

of 0.74. 
8For R' = 3'-Cl, / = 20. 
hThe data are obtained from the experimental data at 45 °C by means of the Arrhenius relationship; 

this correction was applied wrongly in ref. 153. 

the reagent becomes more selective, owing to phenyl being more polarizable 

than methyl. 

(3) Comparison for biphenyl of the log /0:log/p values with the ortho: par a 

ratios shows that the large variation in the latter is mainly a selectivity effect. The 

variation in the former ratio is due to the change in structure of the transition 

state with reactivity of the electrophile (Section 11.2.4). Toluene shows similar 

behaviour (Table 3.2), and p-terphenyl (37) also shows the lowest log f0:log fp 

value under the most selective conditions. 

(4) The much greater reactivity of the 2- and 4-positions in fluorene (31) 

compared with the corresponding positions in biphenyl arises from coplanarity 

of the aromatic rings in fluorene, which permits greater resonance interaction 

between them; a contribution from hyperconjugation in the methylene group is 

also involved.113 The 2- and 4-positions in 9,10-dihydrophenanthrene (30) show 

intermediate reactivity, since its planarity lies between that of fluorene and 

biphenyl. 

(5) Substituent effects are transmitted across the phenyl—phenyl bond but 

with a reduced magnitude, the p-factor being ca —2.1 compared with —8.75 in 

benzene. [The same 4-fold reduction factor is found in related gas-phase 

elimination reactions154 and in protiodesilylation and other reactions 

[Section 4.7.l.(iii)]. Similar but slightly greater substituent effects are found in 

fluorene, the greater planarity of which facilitates the transmission of these effects. 

The lower reactivity of methoxybiphenyl and methoxyfluorene relative to their 

methyl counterparts shows again the effect of hydrogen bonding in TFA; 

addition of acetic acid causes the methoxy compounds to become increasingly 

reactive relative to the methyl compounds.105 The reactivity of nitrobiphenyl 

may also be affected here by hydrogen bonding.105 
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(6) The reduced transmission of conjugative effects in biphenyl is also evident 

from the deactivation by p-F in contrast to its activation in benzene and by the 

m-F substituent deactivating more than the m-Cl substituent (cf. Table 3.11). 

(7) Whereas changing the position of a fluoro substituent from para to ortho in 

one ring decreases the reactivity of the para position in the other ring by a factor 

of ca 4, keeping the position of the fluorine constant and changing the position of 

substitution from ortho to para in the other ring produces a rate change of only 

20% (when the fluorine is ortho) and 6% (when the fluorine is meta). Since these 

rate changes are not proportional to the substituent-reaction site distance, this 

suggests (see also Section 3.1.2.4) that field effects are unimportant relative to 

inductive effects. The fluorophenyl substituent evidently produces its effect 

almost entirely by altering the electron density at the carbon by which it is 

attached to the ring undergoing substitution. Hence there is a strong parallel 

between 41 as a structure on the reaction path for biphenyl exchange and 42 

which is on the path for benzene exchange; indeed, the difference between the 

para:ortho reactivity ratios in fluorobenzene (13.6) and 4-fluorobiphenyl (3.7) is 

very close to that predicted from the p-factors for exchange in the two systems.1 

(41) (42) 

(8) The pentafluorophenyl substituent is a — I, +M group producing 

deactivation with ortho, para orientation in hydrogen exchange. However, in 

reactions of low electron demand for resonance it produces greater electron 

withdrawal at the ortho and para positions, i.e. it can also exhibit a — M effect.1 

This ability to change from — M withdrawal to + M supply according to electron 

demand is only shown by one other group, the ethynyl substituent. The 

pentafluorophenyl substituent is also less deactivating than predicted from 

additivity (2.2 x 10"3) and this is paralleled by the greater reactivity than 

predicted of pentafluorobenzene towards demetallations (Sections 4.7 and 4.9) 

and in pyrolysis of 1-arylethyl acetates,155 and of pentachlorobenzene towards 

nitration [Section 7.4.3.(ix)]. This may be attributed to enhanced mesomeric 

electron release under conditions of high electron demand156 coupled with the 

inability of the halogens to exert their full — I effect when acting in opposition.15 5 

(9) The order of reactivities of the 2-position of fluorene (31), 9-methylfluorene 

(35), and 9,9-dimethylfluorene (36) can be reversed by changing the medium. 

Further, the media in which the order is 31 > 35 > 36 are those in which the para 

position in toluene is more reactive than that in tert-butylbenzene, and the 

converse is also true. Originally this was considered as evidence against ascribing 

the Baker-Nathan effect to steric hindrance to solvation (cf. Section 3.1.2.1), since 

the number of carbon atoms which share the positive charge of the electron- 
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deficient transition state is greater for the fluorenes than for the alkylbenzenes.152 

However, linear free-energy analysis of the data shows that steric hindrance to 

solvation is indeed less in the fluorene series; the difference between the ratios log 

/2F1:log/2DMF1 obtained in the TFA and aqueous H2S04-H0Ac media (0.029) 

is considerably less than the difference in the corresponding log/pMe:log/pt Bu 

ratios (0.077). 

(10) The positions in the terminal rings of p- and m-terphenyl (37 and 38) are 

respectively more and less reactive than the corresponding positions in biphenyl, 

which follows from the expected electronic effects of the p- and m-phenyl 

substituents. By contrast, o-terphenyl (40) is less reactive than biphenyl because 

interaction between the ortho hydrogens of the terminal rings reduces the 

coplanarity and hence conjugation between the latter and the central ring. 

The partial rate factor for the central ring position in p-terphenyl is correctly 

predicted by additivity (85 x 0.7 = 59.5). By contrast, the partial rate factor for 

the 4-position in m-terphenyl is three times less than predicted (85 x 163 = 

13 900), indicating that m-terphenyl is slightly less planar than biphenyl. The 

central ring position of 1,3,5-triphenylbenzene (39) is 16 times less reactive than 

predicted, and since two m-phenyl substituents produce only twice the deactiv¬ 

ation at the para-position of the terminal ring as does one m-phenyl substituent 

at the corresponding position in m-terphenyl, the degrees of coplanarity in 

m-terphenyl and 1,3,5-triphenylbenzene are likely to be similar. The low 

reactivity of the central ring of the latter is therefore probably one of the very 

few examples of steric hindrance to hydrogen exchange; few other electrophilic 

substitutions will take place at all at this position. Steric hindrance may slightly 

affect the reactivity of the ortho-position of the peripheral ring in 1,3,5- 

triphenylbenzene and, more probably, of the ortho-position of the terminal ring 

in o-terphenyl since the log f0:log fp ratios for exchange in these rings are 

significantly less than for biphenyl. 

(11) The 1- and 4-positions of 9,10-dihydrophenanthrene (30), dibenzothio- 

phene (34), dibenzofuran (33), and fluorene (31) are each alpha to a cyclic 

substituent, the strain in which increases along this series, and the 2- and 3- 

positions are beta positions. The 1- and 3-positions are meta to the phenyl group 

and respectively ortho and para to the other substituent. In the absence of other 

effects the log f r :log /3 ratio should be the same as the log f0:log fp ratios in the 

open-chain analogues PhXPh (Tables 3.8 and 3.13). The bond order-strain 

theory (Section 3.1.2.3) correctly predicts that the former ratio will decrease along 

the series so that the difference in the two sets of ratios will increase along the 

series, viz. X = (CH2)2, 0; S, 0.095; O, 0.165; CH2, 0.18 (the ratios for 

diphenylethane and 9,10-dihydrophenanthrene are identical because bond 

shortening does not produce any increase in strain in the central ring of the latter). 

Similarly, the 4- and 2-positions are respectively ortho and para to phenyl and 

meta to the other substituent so that the log /4: log f2 ratio should be constant in 

the absence of other effects. Strain, however, causes it to fall along the series, viz. 
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X = (CH2)2, 0.95, S, 0.92; O, 0.85; CH2, 0.885. The effect is less clear cut here 

because for fluorene the ratio is enhanced as a result of its reactivity being much 

higher than that of the other compounds.95 

(12) The ratio of the reactivities of the a- and /i-positions in biphenylene (32) is 

very low (log f1 Tog f2 = 0.485). Since these positions are respectively ortho and 

meta, and para and meta to phenyl, the ratio should be the same as the log 

/0:log/p ratio in biphenyl (0.87). The low value observed (less than for any 

other compound examined) arises from the increase in strain produced at the 

bond common to both rings on going to the transition state for a-substitution (see 

Section 3.1.2.3); since the central ring is only four-membered, the increase in 

strain is very large. Since both biphenylene and fluorene are planar, and the 

activation by m-methylene in hydrogen exchange will be ca 4-fold, the 2-position 

of biphenylene is predicted to be ca four times less reactive than the 2-position in 

fluorene, whereas it is only 16% less reactive. This is predicted by the bond strain 

theory (the reactivities of ^-positions should be enhanced in strained aromatics) 

but not by the theory based on electronegativity effects.95 

3.1.2.11 Atropisomers 

Hexa-o-phenylene can exist as two stable conformers, or atropisomers, referred 

to as the helical (43) and crown (44) isomers. Partial rate factors have been 

determined (see 43,44) for detritiation of these conformers in TFA at 70 °C along 

with those for tetra-o-phenylene (45) (which can exist only in the crown form) in 

(43) (44) (45) 

order to assess the effect of the different angles between the phenyl rings in the 

conformers on the reactivities. The main features of the results are: 

(1) The helical atropisomer is much the more reactive because adjacent phenyl 

rings are more coplanar, thereby permitting greater resonance stabilization of 

the transition state. 
(2) In both crown conformers, adjacent phenyl rings are virtually orthogonal. 

If the inter-ring angles were the same as in biphenyl then to a first approximation 

the partial rate factors for the 3- and 4-positions should be equal to o- x m-phenyl 

(60), and p- x m-phenyl (114), respectively. In fact, both are less owing to the 

orthogonality of the rings. Models show that some twisting towards coplanarity 
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is possible in 44 but not in 45, which accounts for the greater partial rate factor 

at the most reactive site in the former. The very low reactivities of the ‘ortho’ 

positions in both compounds may be due to the particular effectiveness of the 

— I effect of the orthogonal phenyl groups. 

(3) The log f0:logfp ratio for helical hexa-o-phenylene is 0.81, in good 

agreement with the value obtained for a wide range of substituents noted above, 

and also with theoretical prediction (Section 11.2.4). 

(4) The 4-position of helical hexa-o-phenylene is (a) deactivated by a m-phenyl 

substituent (itself containing an o-phenyl substituent which will have only a 

small effect on the m-phenyl partial rate factor of 0.7), and (b) activated by a 

p-phenyl substituent (containing an o-phenyl substituent, calculated157 to 

increase the value of fpPh ca threefold. The calculated partial rate factor for the 

4-position is thus ca 0.7 x 163 x 3 = 342, and for the 3-position the value may 

be similarly calculated to be 178. The observed reactivities are greater, indicating 

that the coplanarity between adjacent phenyl rings is greater than in biphenyl 

and about the same as in 9,10-dihydrophenanthrene; models confirm this. 

3.1.2.12 Polycyclic aromatics 

The partial rate factors for hydrogen exchange of naphthalene (Table 3.16) 

show two features of interest: 

(1) The 1-position is more reactive than the 2-position under all conditions, 

and the log f log f2 ratio is approximately constant (ca 1.5); this suggests that 

ratios, in other reactions, which are significantly less than 1.5 may reasonably be 

attributed to steric hindrance.159 

(2) Comparison of the log f2 values of 62, 151, and 1200 with the log fpMe 

values obtained under the same conditions, 313,450, and 3800 (Table 3.2), shows 

Table 3.16 Partial rate factors for hydrogen exchange in naphthalene 

Position 

1 2 Log/x dog f2 Conditions3 Ref. 

370 62 1.44 TFA(92.04)-H2O(5.45)-HClO4(2.51), 
25 °C 

146 

1079 127 1.44 TFA(95.31)-H20(2.21)-H2S04(2.48), 
25 °C 

146 

1160 151 1.41 TFA, 70 °C 158 
40000- 
60 000b 1200 1.55-1.49 Liq. HBr, 25 °C 7 

“Molar percentages in parentheses. 
bApproximate value. 
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that the 2-position of naphthalene becomes more strongly activated relative to 

the para position of toluene as the selectivity of the reagent increases. This is 

due to the 3:4-benzo substituent being more polarizable than p-Me.146 

Partial rate factors (f t — 17 800, f2 = 266) for detritiation of naphthalene in 

aqueous H2S04 at pH — 0 and 100 °C have been calculated from exchange data 

at lower temperatures and higher acidities.160 However, exchange at the 

2-position showed an anomalous acidity dependence compared with the normal 

behaviour observed earlier under similar conditions by Stevens and Strickler.145 

Since the ability of sulphuric acid to dissolve aromatics decreases with decreasing 

acid concentration, anomalously low exchange rates can be observed parti¬ 

cularly if the vapour space of the reaction vessel is not kept to the absolute 

minimum.154 This accounts for the anomalous results reported in ref. 160; 

extrapolation of kinetic data obtained at 55 °C160 would lead to the erroneous 

conclusion that the 1- and 2-position would be deactivating above acid 

concentrations given by H0 = — 11 and — 8, respectively. 

The excited states of naphthalene are more basic than the ground state, leading 

to faster exchange; in H2S04 above ca 55 wt-% the 2-position is more reactive 

than the 1-position.161,162 Although the first excited triplet is longer lived than 

the first excited singlet, the greater basicity of the latter (by a factor of 1013) means 

that it is involved in the exchange process. By contrast, the first excited singlet and 

triplet states for anthracene have similar basicities so the greater lifetime of the 

latter results in it being the species involved in anthracene exchange under 

photochemical conditions. 

Partial rate factors have been determined for exchange in a large number of 

polycyclic aromatics in anhydrous TFA at 70 °C (Table 3.17), and these have 

provided the following detailed insight into benzo substituent effects. 

(i) Annelation 

With only one exception, annelation increases the reactivity of the adjacent a- 

and /^-positions, the greatest effect being at the former; Table 3.18 shows the 

annelation factors produced by the (dotted) benzo substituent at the positions 

shown. The reasons given in Chapter 2 to account for the higher reactivity of the 

1- relative to the 2-position in naphthalene can evidently be applied to the other 

molecules. The magnitude of the annelation factor varies considerably, being 

much higher when a linear (anthracene-like) rather than an angled 

(phenanthrene-like) array of aromatic rings is produced. By contrast, the a//J rate 

ratios are reasonably constant. 
The reactivity of a simple annelated molecule can be predicted by considering 

the principal canonical forms (those retaining benzenoid character) representing 

the transition states. For substitution at the 1- and 2-positions of anthracene 

there are more structures (46 and 47, respectively) than for substitution at the 

corresponding positions in naphthalene, and the ratio of the number of structures 
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Table 3.17 Partial rate factors for detritiation of polycyclics in TFA at 70 °C 

8680 2050 18 400 6650 25000 8770 

930 

2405 

Benzo[t']phenanthrene‘"‘* Dibenzo[c,/]phenanthrene‘ 

4485 

Benzo[c]naphtho[l,2-g]- 
phenanthrene166 

268 

Benz[«]anthracene‘ Chrysene1 Benzofajnaphthofl^-hjanthracene1 

4380 

Interpolated from data obtained in a slightly different medium. 
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Table 3.18 Annelating effects of benzo substituents 

Structure / 2:3-benzo /3:4-benzo f2-.3-fy.4 

1160 151 7.7 

10900 — — 

3900 

11 1.42 7.75 

3.95 

31.7 3.44 9.2 

50 2.74 18 

44 3.4 13 

26.9 1.0 26.9 
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for 1- and 2-substitution is 1.5 and therefore less than for naphthalene (2.0). 

The 1- and 2-positions in anthracene should therefore be more reactive than 

the corresponding positions in naphthalene, and the difference in reactivity 

between them should be smaller; this is observed.16 Molecular orbital calcu¬ 

lations predict the same result. 

(46) 

(47) 

The effects of a remote benzo substituent (shown in Table 3.19) are described 

using the notation given in ref. 166. Thus in 48 the effect at the 5-position of 

the (dotted) ring annelated across the 1,2-bond is referred to as a 1,2-5- 

interaction; for simplicity, the notation is based on the naphthalene fragment 

regardless of the molecule under consideration. The substituent effects are as 

follows: 

(a) The 1,2-5-annelation factor. For planar molecules this produces a small 

deactivation, whereas in the non-planar helicenes a small activation results. The 

latter almost' certainly arises from superimposition of the rate enhancement 

arising from non-coplanarity upon the deactivation that would otherwise apply 

(and is predicted by calculations). 

(b) The 1,2-6-annelation factor. Except in the phenanthrene-triphenylene 

transformation (which is also anomalous with regard to the 1,2-7 factor that 

describes, through symmetry, the same position in triphenylene), this factor 

produces a moderate activation, largest in the helicenes, probably owing to the 

effect of non-coplanarity. 

(c) The 1,2-7-annelation factor. With the exception of the anomalous 
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Table 3.19 Activating and deactivating effects of remote benzo substituents 

Interaction 

Structure 1,2-5 1,2-6 1,2-7 1,2-8 
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phenanthrene-triphenylene transformation, this factor is the largest of the four 

interactions considered. 

(d) The 1,2-8-annelation factor. This is slightly more deactivating than the 

1,2-5 factor in the naphthalene-phenanthrene and phenanthrene-triphenylene 

transformations. However, activation is obtained in the phenanthrene-chrysene 

transformation which is both anomalous and contrary to localization energy 

predictions. 

(ii) Positional reactivity orders 

These have been calculated by various methods of which the simple Hiickel 

method gives the best results. The positional order within a given molecule is 

predicted better than the order between different molecules. Results for 

individual molecules are as follows: 

(a) Phenanthrene. The positional reactivity orders for phenanthrene in 

detritiation and other electrophilic substitutions are set out in Table 3.20, down 

which steric hindrance to substitution increases. In the unhindered exchange, the 

order is as calculated. The 4-position is clearly the most hindered, and with 

increasing size of electrophile soon becomes the least reactive position, so much 

so that no 4-substitution was detected in sulphonation. The 1- and 9-positions are 

about equally hindered and show a parallel decrease in positional order with 

increasing size of the electrophile. 

(b) The helicenes. Observed and calculated reactivities for tetra-, penta-, and 

hexahelicene (Table 3.21) agree very well; only the reactivity of the most central 

position in each compound (the 6-, 7-, and 8-positions, respectively) is under¬ 

estimated. Exchange at the 1-position in each compound is correctly predicted, so 

exchange at these sites is unlikely to be hindered. Models show these positions to 

be very crowded (especially in penta- and hexa-helicene), so the results 

demonstrate further the very low steric requirement of hydrogen exchange. The 

results also suggest that it is the 7-isomer which accompanies the formation of the 

5-isomer in nitration, bromination, and acetylation, and not the 8-isomer 

reported in the literature.174 

Table 3.20 Positional reactivity order for substitution in 
phenanthrene 

Order Reaction Ref. 

9>1>4>3>2 (Calculated) 175 
9>1>4>3>2 Hydrogen exchange 163 
9>1>3>2>4 Nitration 171 
9>3>1>2>4 Benzoylation 172 
3>9>1>2>4 Acetylation 172 
3 > 2 > 9 > 1 > (4) Sulphonation 173 
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Table 3.21 Observed and calculated reactivity orders for the helicenes 

Compound Observed Calculated Ref. 

Tetrahelicene 5>6>4>1>2>3 5>4>6>1>2>3 164 
Pentahelicene 5>7>6>4>1> 2 > 3 5>4>6>7>1>2>3 165 
Hexahelicene 5>7>8>1>4>6>2>3 5>7>4>8>6>1>2>3 166 

(c) Benzo[a]naphtho[ 1,2-h]anthracene and chrysene. The order in 

benzo[a]naphtho[l,2-/i]anthracene, 5> 1 >4>2, is as predicted153 except that 

the reactivity of the 1-position is greater than that of the 4-position (as it is in the 

isomer hexahelicene). For chrysene the observed order 6>5>1>4>3>2 is 

close to that predicted, 6>l>5>4>3>2;asin the helicenes, the most central 

position in the molecule is more reactive than predicted.168 

(d) Fluoranthene. The positional reactivity order (3 > 8 » 1 > 7 > 2) differs 

from that calculated by various methods (3 > 8 > 7 > 1 »2) in that both the 1- 

and the 7-positions are much less reactive than expected.169 This deviation is 

understandable in terms of bond-strain theory (Section 3.1.2.3) because both 

positions are a to a strained five-membered ring. Moreover, the ground-state 

strain in fluoranthene is greater than that in indane so the increase in strain on 

going to the transition state will be correspondingly larger. 

(iii) The effect of benzene ring distortion 

The addition of successive benzo substituents to naphthalene, giving the series 

phenanthrene (trihelicene), benzo[c]phenanthrene (tetrahelicene), pentahelicene, 

and hexahelicene, is accompanied by decreasing planarity as the molecules 

distort in order to achieve a minimum of 3 A between the terminal carbon atoms. 

Calculations predict that the overall reactivity of each molecule, of which the 

average localization energy is an index, should remain constant. However, the 

reactivity increases regularly as the ring size is increased (Fig. 3.2). This is not a 

solvation effect (whereby poorer ground-state solvation of a large molecule 

would make it more reactive) because the less soluble benzo[a]naphtho[l,2- 

/ijanthracene is much less reactive than the isomeric hexahelicene. Thus, 

whereas the sum of the localization energies for substitution at the 1-, 3-, 4-, and 5- 

positions in both benzo[u]naphtho[l,2-/i]anthracene and hexahelicene is ident¬ 

ical ( — 9.42/1), the sum of the partial rate factors is 16 368 and 44 920, respectively. 

Moreover, coronene, which is the least soluble of all the aromatics shown in 

Table 3.17, has a partial rate factor which is significantly less than the average 

value per position for hexahelicene (11 950), yet the localization energy (— 2.306/i) 

predicts it to be more reactive than hexahelicene (for which the average value is 

— 2.366/?). The overall effect in hexahelicene of the distortion of the aromatic rings 

(which lowers the aromaticity and destabilizes the ground state towards 
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Number of rings 

Figure 3.2. Variation in positional reactivities with number of rings in helicenes. 
1-8 = Positions in each helicene. 

substitution) appears to be a ca tenfold enhancement of reactivity, with a ca 

three to four-fold enhancement for the less distorted pentahelicene. 

(iv ) Silver-complex formation 

The effect of the formation of silver complexes (Section 2.1.3) on the reactivity 

of an aromatic has been measured in hydrogen exchange.176,177 The reactivities 

of ferrocene, phenanthrene (9-position), naphthalene (1-position), and p-xylene 

(2-position) were reduced by factors of ca 390, 13.7, 8.5 and 6.1, respectively, 

showing that the ease of formation parallels basicity; spectroscopic studies 

indicated that the [phenanthrene.Ag]+ complex was more reactive than the 

[phenanthrene2.Ag]+ complex. 

3.1.2.J3 Substituted polycyclic aromatics 

The study of substitution in benzene derivatives during the past 60 years has 

led to well developed theories accounting for benzene substituent effects; similar 

studies in polycyclic aromatics have been much more recent. Use of the 

hydrogen-exchange reaction has been particularly valuable in this respect 

because of the freedom from steric hindrance. Sufficient data have been amassed 

in detritiation (Table 3.22) to permit the identification of the basic factors 

governing these substituent effects. These are: 
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(1) Bond fixation, arising out of the need for the molecule to retain maximum 
benzenoid character, or to minimize bond strain. 

(2) The number of sites over which charge can be delocalized. 
(3) The inductive and mesomeric effects of the substituents, modified to take 

account of (1) and (2). 
In considering the data in Table 3.22, it is important to distinguish between the 

overall partial rate factors relative to a single site in benzene (the values given in 
the table) and the effect of a substituent in a particular hydrocarbon; the latter is 
obtained by division of the partial rate factor for the position in question by the 
partial rate factor for the same position in the parent hydrocarbon. Thus the effect 
of a 2-methyl substituent at the 1- and 3-positions of naphthalene is 347 000/1160 
and 541/151, i.e. 300 and 3.58, respectively. Failure to allow for the intrinsic 
reactivity of the appropriate position in the parent hydrocarbon can lead to very 
misleading conclusions.98,178 Salient features of the data are as follows. 

(i) Prediction of isomer yields in other reactions 

The data in Table 3.22 permit the prediction of the yields of isomers in other 
reactions, e.g. 1-methylnaphthalene should give the order 4>2>5>8>7^ 
3 > 6. Where the predicted orders are not obtained, steric hindrance is usually the 
cause, although in some cases discrepancies arise from incorrect analysis of 
products. 

(ii) Conjugated vs non-conjugated sites 

Electron-supplying substituents which are conjugated with a reaction site 
produce higher reactivity at that site than substituents that do not, and vice versa 
(see the data for the methylphenanthrenes, the starred sites being those 
conjugated with respect to the 9-position). 

Relevant to this is the proposed involvement of covalent hydrates to account 
for 2-substitution in phenalone (last entry in Table 3.22).187 It is notable that only 
the 2-, 5-, and 8-positions are not conjugated with the carbonyl group, so these 
will in any event be the most reactive. Moreover, substitution at the 5- and 
8-positions involves loss of benzenoid character in the transition state, whereas 
2-substitution does not. The 2,3-bond is also highly localized and will therefore 
have a high electron density. Consequently, 2-substitution is predicted; more 
complicated explanations seem unnecessary. 

(iii) Bond fixation 

The conjugative electron-supplying effect of a substituent across a 1,2-bond in 
naphthalene is greater than across a bond in benzene, and much greater than 
across a 2,3-bond in naphthalene, e.g. a 2-methoxy substituent activates the 
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Table 3.22 Partial rate factors for detritiation of substituted polycyclics in TFA at 70 °C 

Me 

11770 
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^451 
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Ref. 158 
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61.5 
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Ref. 158 
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2.04|<^VN^ 6.63 
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Ref. 158 
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Ref. 158 
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Ref. 181 
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The different value given in ref. 158 is a typographical error. 
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adjacent 1- and 2-positions by factors of 3.7 x 105 and 36, respectively, compared 

with 7.3 x 104 in benzene. Likewise, a 2-fluoro substituent deactivates the 3- 

position by a factor of 0.044 (cf. 0.136 in benzene) but activates the 1-position 1.74 

times. These results arise because there is bond fixation in naphthalene caused by 

the greater stability of the doubly benzenoid canonical 49 compared with the 

singly benzenoid canonicals 50 and 51. Hence the bond orders for the 1,2- and 2,3- 

bonds in naphthalene and a bond in benzene are 1.725, 1.603, and 1.667, 

respectively.188 Likewise, the preferred canonicals for phenanthrene and 

benz[a]anthracene are 52 and 53, respectively. In both of these molecules bond 

(49) (50) (51) 

fixation is greater than in naphthalene, and consequently conjugative effects 

should, for example, be even greater than across the 9,10-bond in phenanthrene, 

confirmed by fluorine activating 4.1 times across this bond. However, the 182- 

fold activation by methyl is less than across the 1,2-bond in naphthalene because 

of the intervention of a second factor, the number of sites available for 

delocalization of the charge, described in Section (iv) below. 

Bond fixation can also be induced by strain as shown by the data for 

fluoranthene.115 The need to minimize strain and therefore avoid having double 
bonds in the central ring should lead to greater stability of structure 54 relative 

to structures 55 and 56. Bond fixation should therefore be greater than in 

naphthalene. The resulting low order of the 3,16- and 4,16-bonds produces low 
transmission of the deactivating effect of bromine from the 3- to the 4-position, 

whereas the high order of the 2,3-bond facilitates transmission of the mesomeric 

effect of bromine from the 3- to the (conjugated) 2-position. Thus a 3-bromo 

substituent deactivates the 2- and 4-positions by much smaller factors (0.274 and 

0.102, respectively) than those by which a 1-bromo substituent deactivates the 

corresponding 2- and 8-positions in naphthalene (0.047 and 0.044, respectively). 

Since the effect of the halogens is the product of a fine balance between the 

inductive and mesomeric effects, slight enhancement of one effect can lead to a 

large change in the observed overall result. 

Formation of a double bond between the 12- and 13-positions of the central 
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ring of fluoranthene is also difficult because this would bring the benzene and 

naphthalene rings closer together, so making it harder for the 11,12-bond to 

bridge the C-13-C-15 distance. Conjugation between the benzene and naphtha¬ 

lene rings is therefore inhibited. Thus, whereas 4'-bromo and 4'-nitro substitu¬ 

ents deactivate the 4-position of lluorene by 4.7 and 2670 times, respectively 

(Table 3.15), the analogous deactivation of the 3-position by the corresponding 8- 

substituents in fluoranthene is halved, being 2.35 and 1260 times, respectively. The 

greater deactivation by the 8-nitro substituent of the 3- relative to the 4-position 

in fluoranthene is due to resonance between the 8- and 4-positions requiring loss 

Table 3.23 Calculated and observed substituent interactions in polycyclics 

Aromatic Interaction 10 2Af 

Effect of CH2 
on localization 

energy//? 
Activation 
by methyl 

Benzene 1,2 16.7a -0.80 220 
1,4 16.7a -0.71 450 

Naphthalene 1,2 18.2 -0.85 270 
2,1 18.2 -0.80 300 
1,4 14.5 -0.66 83.0 
1,5 3.6 -0.33 2.18 
1,7 7.3 -0.38 2.90 
2,8 7.3 -0.40 3.11 
2,3 10.9 -0.58 3.60 
2,6 10.9 -0.43 19.4 

Phenanthrene 9,10 13.4 -0.66 182 
9,1 8.0 -0.415 4.24 
9,3 9.8 -0.425 17.4 
9,5 6.25 -0.22 2.37 
9,7 8.0 -0.25 3.05 
1,4 11.6 — 45b 
3,4 13.4 — 55b 

Benz[a]anthracene 5,7 9.0 -0.44 5.79 
7,12 9.5 -0.56 24.0 

a Because there is no bond fixation in benzene, these values are the averages of those obtained by using 

both Kekule forms for the ground state. 
bCalculated as 1.5 times the effect of methylene in 4//-cyclopenta[de/]phenanthrene. 
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of benzenoid character of both rings in the naphthalene moiety, whereas 

resonance between the 8- and 3-positions requires loss of benzenoid character 

in only one ring. 

(iv ) Number of sites for delocalization of charge 

Substituents at the 3- and 4-positions of naphthalene have a substantially 

smaller effect on the reactivity of the 1-position (/3Me = 2.75,/4Me = 83) than they 

do in benzene. The effect of benz[a]anthracene is even smaller, a 12-methyl 

substituent activating the 7-position only 53 times. This arises in part because the 

number of sites over which the transition state charge may be delocalized 

increases along the series benzene < naphthalene < phenanthrene 

< benz[a]anthracene, i.e. there will be less charge on any given site along this 

series. Calculations of the change in delocalization energy produced by 

introducing a CH2~ substituent (i.e. an alkyl group with a + M effect) at each 

point in the molecule (and which take account of the bond fixation factors) give a 

satisfactory indication of the substituent effect observed.158 However, a much 

simpler method which requires no lengthy calculations is the following:182 

(1) The number of C—C linkages which have the same bond order in the 

transition-state canonicals, e.g. 57, 58, and 59, as in the most stable ground-state 
canonicals, e.g. 49 and 53, are summed. 

No. of bonds in ground- 

state position: 3 8 

Total no. of C—C linkages: 6 11 

Sites available for charge 

delocalization: 3 5 

102A{: 16.7 14.5 

18 

21 

9 

9.5 

(2) This number is divided by the product of the total number of C—C 

linkages and the number of positions over which the transition state charge can 

be delocalized, i.e. factors for 18 (benzene), 55 (naphthalene), 11.2 (phenanthrene), 

18.9 (benz[u]anthracene), etc., to give the Substituent Interaction Factor, A{; the 

larger this number, the larger is the observed substituent effect. Some factors are 

listed in Table 3.23 together with the effect of the CH2 substituent on the 

localization energy, and the observed methyl substituent effect. 

Both methods incorrectly predict the relative activations by the o- and p-Me 
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substituents in benzene, and the 2,3- relative to the 2,6-interaction in naphth¬ 

alene, the localization energy method being worse in each case. The Af factors 

correctly predict the following features: (a) the relative para interactions in 

benzene, naphthalene, phenanthrene, and benz[a]anthracene; (b) the poorer 1,5- 

relative to the 1,7-interaction in naphthalene; (c) the stronger interaction across 

the 1,2-bond in naphthalene than across the equivalent 3,4- and 9,10-bonds in 

phenanthrene; (d) the stronger 2,6-interaction in naphthalene than the corres¬ 

ponding 3,9-interaction in phenanthrene; and (e) the relative strengths of the 

interactions across the corresponding 2,8-, 1,9-, and 5,7-positions in naphthalene, 

phenanthrene, and benz[a]anthracene, respectively. Where they have been 

measured, the effects of other substituents are correctly predicted. 

The effects of substituents in non-conjugated positions are incorrectly 

predicted by the localization energy method (which, for example, predicts 

deactivation by methyl in all positions). However, a modification of the A{ 

factor method can be applied which uses the average of the ortho values adjacent 

to the non-conjugated site, and these are designated A/ values (Table 3.24).182 

They are not directly comparable to the A{ values but give good predictions 

of the relative reactivities: (a) activation in the polycyclics is predicted to be 

less than in benzene; (b) the activating effect of methyl substituents on the 

1-position of naphthalene is correctly predicted to be 3 > 8 > 6; (c) the activating 

effect of methyl substituents on the 2-position of naphthalene is predicted to 

be 4 = 5 > 7 compared with 4 > 5 > 7 observed; (d) the activating effect of methyl 

substituents on the 9-position of phenanthrene is predicted to be 4>2 = 8>6 

compared with the observed order of 6 > 4 > 2 « 8; the activation from the 

6-position appears to be too high but there is an important reason for this 

discrepancy and it is described under (viii) below. 

Table 3.24 Calculated and observed interactions between 
non-conjugated sites in polycyclics 

Aromatic 
Site, 

substituent A/ 

Activation 
by methyl 

Benzene 1,3 16.7 6.1 
Naphthalene 1,3 16.5 2.75 

1,6 5.4 1.31 
1,8 9.1 1.53 
2,4 12.7 3.0 
2,5 12.7 1.76 
2,7 9.1 1.67 

Phenanthrene 9,2 8.9 2.72 
9,4 10.7 2.96 
9,6 7.1 3.16 
9,8 8,9 2.67 
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(v) The effect of i, j- vs j,i-substituent-site interactions 

A substituent in a position i has approximately the same effect on the reactivity 

of a position j as does the same substituent in position j on the reactivity of 

position i. Most discrepancies, e.g. /13C1 = 0.0023, f2^a — 0.0103; ff~a — 0.032, 
f52~a = 0.0105 can be accounted for in terms of the Substituent Interaction Factors 

noted in (iv) above. However, the effect of 2-halogens on the reactivity of the 1- 

position in naphthalene is three times greater than in the reverse direction and 

there is no obvious reason for this; the corresponding effects of methoxyl are 

2.2 x 104 and 3.7 x 105. 

Other theoretical methods are available for calculating substituent effects in 

polycyclics (Section 11.1.6), but these give no significant improvement over the 

above empirical methods. The substituent-reaction site interactions observed in 

detritiation are paralleled in the positional reactivities of the heterocycles 

quinoline and isoquinoline, measured in the gas phase,189 so the substituent 

effects clearly describe the fundamental transmission properties of bicyclic 

aromatics. 

(vi) Additivity of methyl substituent effects 

Hydrogen exchange provides the only test of the Additivity Principle in 

polycyclic molecules. The observed polymethyl substituent effects for naphth¬ 

alene and phenanthrene are shown in Table 3.25 together with calculated values 

derived from those in Table 3.22. In many cases there are substantial departures 
from additivity. 

For 1,8-dimethylnaphthalene there is very good agreement at the 2- and 

4-positions, showing that steric effects are unimportant. Hence the much higher 

reactivities of the corresponding positions in acenaphthene and perinaphthane 

(Table 3.22) do not arise from reduced steric hindrance, due to ‘exposure’ of these 

positions through strain in the bridge. This latter had been assumed to account 

for the high reactivities of the positions ortho and para to the 1,8-bridge in other 

substitutions of acenaphthene (Sections 6.7.3 and 9.6.7). Steric facilitation of 

C-H hyperconjugation (60)98,19° and strain-enhanced C-C hyperconjugation 

account for the phenomenon. Not only are the side-chain C—H bonds aligned 

almost perfectly for C-H hyperconjugation in both acenaphthene and peri¬ 

naphthane, but in the former molecule this process also removes the eclipsing 

(60) 
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Table 3.25 Observed and calculated activation by polymethyl substituents in naphth¬ 
alene and phenanthrene 

Substituent Position 
Observed 

effect 
Calculated 

effect 
Obs./calc. 
activation 

(a) Naphthalene: 
1,3-M e2 2 1870 955 1.96 

4 10000 28400 0.403 
(5,7,8) {7>1.If (27.2)a 1.39 

1,4-Me2 2 332 801 0.414 
5 6.03 3.34 1.81 
6 14.3 5.44 2.63 

1,5-Me2 2 219 466 0.47 
3 20.1 9.36 2.15 
4 121 127 0.95 

1,8-Me2 2 722 827 0.873 
3 12.1 5.27 2.30 
4 184 180 1.02 

2,3-Me2 1 870 825 1.05 
5 21.0 3.80 5.53 
6 46.2 29.9 1.55 

2,6-Me2 1 878 393 2.23 
3 53.4 5.53 9.67 
4 27.3 7.98 3.42 

2,7-Me2 1 3280 870 3.77 
3 172 69.6 2.47 
4 7.09 3.60 1.97 

(b) Phenanthrene: 
2,7-Me2 9 7.94 8.40 0.95 
3,6-Me2 9 36.7 37.7 0.97 
4,5-Me2 9 23.5 6.97 3.37 
2,4,5,7-Me4 9 141 58.5 2.41 
3,4,5,6-Me4 9 218 263 0.83 

“Average values. 

of the C—H bonds, whilst C-C hyperconjugation relieves the ring strain; these 

two factors are much less important for perinaphthane which therefore has 

intermediate reactivity. 
The deviations from additivity in the dimethylnaphthalenes indicate a decrease 

in bond fixation compared with the methylnaphthalenes, probably as a result 

of steric interactions causing a change in the bond lengths.179 A decrease in 

bond fixation will produce the following effects: 

(1) A decreased substituent interaction across the 1,2-bonds and an increased 

interaction across the 2,3-bonds. The latter will be of greater magnitude since the 

methylnaphthalene data show that relative to benzene, a decrease in bond order 

produces a much greater change in substituent effect than does a comparable 
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increase in bond order. This explains the deviations at the 2-positions of 1,3-, 1,4-, 

1,5-, and 1,8-dimethylnaphthalene, the 4-position of 1,3-dimethylnaphthalene, 

and the 3-position of 2,6- and 2,7-dimethylnaphthalene. 

(2) An increase in interactions between non-conjugated sites. These are 

considerably lower in naphthalene than in benzene (e.g. for methyl substituents, 

log fjlog /3 = 4.4 in naphthalene compared with 3.3 in benzene) because bond 

fixation causes relatively little of the resonance-delocalized transition state 

charge being relayed to an adjacent position. The increased interactions account 

for the deviations at the 3-positions of 1,5- and 1,8-dimethylnaphthalene, and 

at the 4-positions of 2,6- and 2,7-dimethylnaphthalenes; the reactivity of the 

1-position of 2,3-dimethylnaphthalene results from compensation of the effects 

in (1) and (2). 

(3) An increase in the inter-ring interactions except for the 2,6-interaction 

(which is high owing to bond fixation and will therefore be decreased). This 

accounts for all the remaining discrepancies and the magnitudes of some of the 

differences between them; some of the results are produced by a combination 

of this effect and that in (1). 

Detritiation of 1,8- and 1,4-dimethylnaphthalene was accompanied by some 

sterically and electronically accelerated protiodealkylation, respectively.179 This 

is described further in Section 4.5. 

For the dimethylphenanthrenes, the reactivities of the 2,7- and 3,6-compounds 

are as predicted. In each of these the methyl substituents are in /Tnaphthalene- 

like positions and remote from each other so no ring distortion should occur, 

as the results confirm. For the 4,5-dimethyl- and the 2,4,5,7-tetramethyl- 

phenanthrenes, steric crowding between the 4- and 5-positions causes twisting of 
the phenanthrene nucleus, thereby destabilizing the ground state through loss 

of aromaticity. Enhanced exchange rates are therefore obtained. This factor 

must also apply to the 3,4,5,6-tetramethyl compound, but here there is severe 

crowding between the methyl groups which inhibits resonance (C-H hyper¬ 

conjugation) and this will be particularly important at the 3-position, which is 

strongly conjugated with the 9-position (Table 3.22); these two effects approxi¬ 
mately cancel out. 

(vii) Substitution at an enclosed site 

The results for the cyclophanes (61) (Table 3.22) provide the only data for 

electrophilic substitution through a ‘hole.’112 Models indicate that access to the 

site X is prevented unless the alkyl chain lies to one side, and the required 

symmetry of the reaction path means that the process must occur as shown in 62. 
Reduction in the size of the alkyl chain also causes buckling of the aromatic ring 

and consequent loss of ground-state stability. Position Y (ortho x para to the 

alkyl chain) is subject only to this latter effect, and with decreasing n there is a 

small increase in reactivity consistent with this loss of stability. Position X (ortho 
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x ortho to the alkyl chain) is subject to both effects. As n decreases there is initially 

a small increase in reactivity, but then a decrease as the effect of steric hindrance 

becomes more severe. The effect of steric hindrance is more clearly indicated by 

the ratio of the partial rate factors fx/fy> which are 0.0245 (1,3-dimethyl- 

naphthalene), 0.0185 (61, n = 10), 0.0108 (61, n = 8), and 0.0051 (61, n = 7). 

(viii) Tritium migration during exchange 

Kinetic runs with 3-methylphenanthrene showed a decrease in rate coefficient 

with time, whilst runs with the 6-methyl isomer gave anomalously high rates 

[Section 3.1.2.13(iv)]. This is due to tritium migration during exchange182 

(eq. 3.4), which is facilitated by the highly symmetrical nature of the exceptionally 

stable doubly benzenoid intermediate 63; migration has not been observed in 

any other aromatic nucleus. 

(63) 

The reversibility of the reaction means that the 6-methyl isomer becomes 

contaminated with the (much more reactive) 3-isomer (leading to enhanced 

exchange rates) and the 3-methyl isomer becomes contaminated with the (much 

less reactive) 6-methyl isomer, leading to diminishing rate coefficients during a 

kinetic run. Rate coefficients for the 6-methyl isomer do not increase during runs 

because the more reactive ‘impurity’ exchanges rapidly. A similar factor affects 

the 1- and 8-isomers, but is less kinetically important since the former is only 

about 1.5 times as reactive as the latter. The reactivities of the other ‘pairs’ of 

isomers are so similar that no deviations are detectable. Correction for the 
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migration effect leads to corrected methyl substituent effects of 2.17 and 2.56, 

respectively, for the 6- and 8-methyl substituents (cf. the uncorrected values in 

Table 3.23). 

Under very forcing conditions (using superacids), proton migration occurs 

in protonated hexamethylbenzene and across the 9,10-bond of symmetrically 

substituted 9-protonated-9,10-dimethylphenanthrenes (64).191 The latter indi¬ 

cates that the proton migrates better than CH3+ and steric and symmetry 

factors must contribute to this. Proton migration also occurs in 1,2-dimethyl- 

and 1,2-difluorobenzene.192 In the latter case migration from the 3- to the 

4-position has a higher activation energy than the migration from the 4- to the 

equivalent 5-position. Olah and Mo192 proposed that benzonium ions (65) 
involving a 3-centre bond are intermediates in these rearrangements. 

H Me 

3.1.2.14 Long-range substituent effects 

The high p-factor for hydrogen exchange makes possible the detection of long- 

range substituent effects (see also Section 3.1.2.4). This explains the krei values 

2 

(66) 

Relative rates at position 

Substituent 5 8 

H 1.0 1.0 

2-F 0.7 1.0 

3-F 0.87 0.44 

2,10-F2 0.38 0.58 

obtained for deuteriation at the 5- and 8-positions of 2-, 3-, and 10-fluoro- 

substituted dibenzo[a,i]pyrenes (66).193 The 5- (but not the 8-position) is 

conjugated with the 3-fluorine, whereas the 8- (but not the 5-position) is 

conjugated with the 2- and 10-fluorines. The observed relative reactivities are 

then accounted for by the balance of —I and +M effects (where the latter can 
operate). 
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3.1.2.15 Metal-containing substituents 

The marked electron release by the CH2SiMe3 substituent due to C-Si 

hyperconjugation was noted in Section 3.1.2.4. Likewise, the very high activation 

of hydrogen exchange produced by the CH2Fe(CO)2C5H5 substituent194 

probably arises from C-Fe hyperconjugation; the corresponding molybdenum 

and tungsten compounds are three and six-times less activating, respectively, and 

methylene—metal bond cleavage accompanies the reaction.194 

Ferrocene is > 108 times more reactive than benzene towards exchange.149 

The deactivating factors produced by substituents in one ring upon deuteriation 

in the other (CF3C02D, 140 °C) are 26 (Br), 65 (C02H), and 217 (CN).195 In the 

same ring the effects are larger as expected: 69 (Br) and 256 (C02H) for the 

2,5-(pseudo-para) interaction, similar values being obtained for the 3,4-(pseudo- 

ortho) interaction. A methyl substituent increases the exchange rate tenfold, 

whilst octamethyl- and hexamethylferrocenes are respectively 105 and 104 times 

as reactive as the parent. The conclusion that the methyl effects are not 

additive196 is invalid, however, without the appropriate positional reactivity 

data. As a substituent, ferrocene produces marked activation with 
J ferr. ^ jq5 149,197 

Apart from silver ion [Section 3.1.2.12(iv)], other metals from ^-complexes to 

aromatics and the Cr(CO)3 and Cr(CO)2PPh3 ligands produce weak and strong 

activation, respectively. The 1,3,5-trimethyl- and 1,3,5-trimethoxy substituents 

produced only trivial activation in the presence of these ligands, whereas the 

acetoxy-, carbomethoxy-, and protonated dimethylamino substituents produced 

a larger activation.198 The overall result appears to be a delicate balance between 

two opposing effects, i.e. electron-supplying groups activate the ring, but weaken 

the bond to the electron-donating ligand, whereas electron-withdrawing groups 

produce the reverse effects. The Mn(CO)2PPh3 ligand is also much more 

activating than the Mn(CO)3 ligand.199 

3.1.2.16 Annulenes 

The reactivities of these non-benzenoid aromatics are of interest because of 

their predicted aromaticity. Partial rate factors for detritiation of azulene (67),200 
l,6-methano[10]annulene (68),201 1 l,ll-difluoro-l,6-methano[10]annulene 

(69),201 and l,6:8,13-propane-l,3-diylidene[14]annulene (70)202 show the fol¬ 

lowing features: 

(1) Azulene is extremely reactive and substitutes at the l(3)-position. This is 

attributable to the formation of an aromatic 6n seven-membered ring (71) in the 

transition state. Exchange is not observed at any other position and consider¬ 

ation of the aromaticity of the respective transition states200 predicts a positional 

reactivity order ofl>2>5>4>6. 
(2) The [10]- and [14]annulenes are very reactive and much more so than the 
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H H 

8 

(67) (68) (69) (70) 

H H 

(71) (72) (73) 

formally similar naphthalene and anthracene. This arises because their ground 

states are destabilized through non-planarity, and the greater reactivity of the 

[14]annulene accords with its calculated lower aromaticity.203 

(3) The difference in the reactivities of the 2- and 3-positions in the 

[10]annulenes can be explained by assuming that transition states based on the 

norcaradiene structure (72) make a significant contribution to the overall 

resonance hybrid.201 Spectroscopic studies have confirmed that in the ground 

state the bridgehead p-orbitals overlap to the extent of ca 40%.204 The 

predominant substitution in the 2-position of the [14]annulene (rather than the 

7-position corresponding to the 9-position in anthracene) also arises from the 

importance of the canonical 73 in which delocalization of the charge is not 

possible, thereby making the 7-position unreactive. By contrast, if 70 accurately 

described the molecule, delocalization over seven sites could occur. 

(4) The difference in the reactivities at the 2-positions of the hydrogen- and 

fluorine-containing [10]annulenes is predicted by the difference in electronic 

effects of the m-CH2 and m-CF2 substituents.201 

(5) From the exchange data and those for protiodesilylation 

[Section 4.7.1 .(ii)] the differences in o + and a values may be calculated to be 0.365 

for 68 and 0.31 for 70, showing the latter to be slightly less polarizable; this may 

reflect its lower ground-state stability and hence higher polarization. 

3.2 GAS-PHASE HYDROGEN EXCHANGE 

In the gas phase, tritium from helium tritiide molecular ion HeT+ exchanges 

into aromatics.205 The distribution of tritium is fairly uniform in halogenoben- 

zenes, mainly ortho in anisole, and meta in trifluoromethylbenzene, indicating the 
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reaction to be an electrophilic substitution. The reaction is accompanied by 

aryl—substituent bond cleavage (as is also, to a slight extent, hydrogen exchange 

in solution) and is most marked with tert-butylbenzene, one of the compounds 

that cleaves in acid-catalysed exchange (Section 4.5). Isomerization of the 

intermediate arenonium ion occurs so that rearranged products are obtained; for 

halogenobenzenes the extent of rearrangement tends to be greater the weaker the 
aryl—halogen bond. 

Deuterium tritiide, D2T+, also exchanges with aromatics. It is less reactive 

than helium tritiide, and shows higher intramolecular selectivity (as required by 

the Reactivity-Selectivity Principle). In the reaction with toluene the substitution 

pattern is predominantly ortho, par a, although some exchange in the alkyl group 

also occurs. 

3.3 BASE-CATALYSED HYDROGEN EXCHANGE 

In the presence of strong bases, aromatic hydrogens exchange in a reaction 

which may be represented by eqs 3.5 and 3.6, where M is an alkali metal and B - is 

p base, e.g. NH2-, O-t-Bu-. This reaction is therefore an electrophilic substi¬ 

tution in which loss of a proton is the first rather than the last step, i.e. the 

mechanism is B-SE1 (see Section 2.1). Rates of base-catalysed exchange correlate 

with energies of deprotonation of ArX, as do those for base-catalysed desilylation 

and destannylation, which involve the formation of a free carbanion in the rate¬ 

determining step (Sections 4.7.2 and 4.9.2).206 

ArD + MB J==± Ar-M + + BD (3.5) 
k-i 

Ar-M + + BH ArH -I- MH (3.6) 
k~2 

Since the ease of formation of the aromatic anion Ar~ governs the rate of 

reaction with a given base, it follows that electron supply decreases the rate of 

exchange and vice versa, as shown by the data for deuterium exchange given 

in Table 3.26.101,207-212 These data (which are less accurate than those obtained 

in acid-catalysed exchange because of the greater experimental difficulties) show 

the following features: 
(1) Inductive effects largely determine the exchange rates, and a correlation 

exists between ortho exchange rates and <r, values.213'214 Other data show that 

the o-nitro substituent activates more than the p-nitro substituent,215 the 

ortho: par a rate ratio being 2000.216 
(2) In contrast to acid-catalysed exchange, base-catalysed exchange is steri- 

cally hindered, as shown for example by the data for mesitylene compared with 

toluene, and by the very low overall rate ratio (0.15) for tert-butylbenzene.213 A 
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Table 3.26 Partial rate factors for deuterium exchange of substituted benzenes PhX and 
other aromatics with various bases 

X Position 

Base 

Potassamide 

Lithium Caesium 
cyclo- cyclo- 

hexylamide hexylamide 
Sodium 

methoxide 

Me 2 0.18 0.12 0.20 
3 0.38 0.54 0.59 
4 0.32 0.43 0.52 

1,4-Me2 2 0.1 
1,3,5-Me3 2 0.015 0.013 
1,2,4,5-Me4 3 0.004 
Ph 2 3.7 1.2 

3 3.2 3.7 
4 3.0 2.3 

OMe 2 8000 

a
 

O
 

o
 

3 10 la 
4 0.1 0.5a 

SMe 2 550 
3 24 
4 6.5 

OPh 3 41 
4 3.7 

NHMe 2 33 
3 2.9 
4 1.3 

NMe2 2 1.2 
3 0.13 
4 0.06 

F 2 >4x 106 6.3 x 105 1.8 xlO5 
3 4000 107 107 
4 200 11.2 3.5 

cf3 2 6 x 105 
3 1 x 104 580 
4 1 x 104 

l,4-(OMe)2 2 2330 
l,2-(OMe)2 4 1.47 
l-OMe-4-Me 2 192 
l,2-(OMe)2-4,5-Me2 3 72.5 
2-OMe-l,3,5-Me3 4 0.04 
l,4-(NMe)2 2 0.835 
l-NMe2-2-Me 4 0.945 
PMe2 2 2.0 

3 3.6 
4 2.3 

PPh2 2 9 
3 18 
4 17 
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Table 3.26 (continued) 

X Position 

Base 

Potassamide 

Lithium Caesium 
cyclo- cyclo¬ 

hexylamide hexylamide 
Sodium 

methoxide 

NPh2 2 29 
3 9 
4 4 

Aromatic: 
Naphthalene 1 9.8 6.5 

2 4.4 4.1 
Phenathrene 9 12.9 
Anthracene 1 14.1 

9 42(7 l)b 
Pyrene 1 26(32)b 

2 (27)b 
4 (40)b 

Biphenylene 1 (490)b 
2 (7.0)b 

Benzo[b]biphenylene 3 (1865)b 
Triphenylene 1 20.8 

2 2.77 
[2,2] Paracyclophane 2 0.45 

“For reaction with sodium ethoxide. 
bFor tritium exchange. 

possible explanation is that in acid-catalysed exchange the electrophile ap¬ 

proaches the ring above or below the ring plane. By contrast, in base-catalysed 

exchange the base must approach in the plane of the ring and hence of the 

substituent and so it is reasonable to expect greater hindrance here. 

(3) Steric hindrance is greater for reaction with the bulkier cyclohexylamides 

than for reaction with amide. 

(4) Since the partial rate factors for reaction at the a- and ^-positions of 

naphthalene are different, an addition-elimination mechanism is not involved. 

(5) With tritiated benzene, caesium cyclohexylamide catalyses exchange 3300 

times faster than does lithium cyclohexylamide. Since caesium is more electro¬ 

positive than lithium, its nucleophilic counterion is more reactive. However, 

other factors are important because the isotope effects kD/kT are substantially 

different for reaction with the two reagents, being 1.3-1.5, and 2.3 for the lithium 

and caesium compounds, respectively.207'208,217 This difference is ascribed to the 

greater stability of the intermediate Ar“Cs+ so that there is less tendency to 

undergo the reverse step /c_ t in eq. 3.5 before diffusion permits unlabelled solvent 
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BD to be replaced by unlabelled BH. For the lithium cyclohexylamide-catalysed 

exchange, reaction /c_ j is comparable in rate to k2, leading to a low isotope effect. 

(6) Substituents XPh are in general more activating than XMe, owing to the 

greater — I effect of Ph relative to Me. 
(7) Substituent effects are fairly additive, considering the semi-quantitative 

nature of some of the data. 

(8) The difference in the positional reactivities of the phosphorus-containing 

aromatics have been interpreted in terms of p7t-d7z:-bonding. This explanation 

may be incorrect since the rates of base-catalysed exchange are largely 

independent of conjugative effects. Ph2PO is much more strongly ortho- 

activating than Ph2P.210 

(10) The aromatic positions a to a strained ring, i.e. the 1-positions of 

triptycene and biphenylene, are much more reactive than the 2-positions. This 

arises from the strain factors described previously (Section 3.1.2.3) and, since 

conjugative effects are relatively unimportant for base-catalysed exchange, 

electronegativity rather than bond-fixation factors are likely to be the cause. 

Similar factors may enhance the reactivity of [2,2]paracyclophane relative to 

p-xylene. 

Substituents in the benzene ring of the highly reactive arenetricarbonyl- 

chromium compounds, ArCr(CO)3, produce only very small effects on the rate 

(in exchange with NaOEt-EtOH),218 and this is in accord with the Reactivity- 

Selectivity Principle. The cations ArCr+I“ exchange more readily than the 

diarylchromium compounds Ar2Cr; methyl substituents in the ring of the former 

produce a small decrease in the exchange rate.219 

Rate coefficients (107/c/s_1) for the deuterium exchange of some naphthalene 

derivatives with O-t-Bu/t-BuOD are shown in 74-77.220 Proper interpretation 

of these data requires the (unknown) or.fi reactivity ratio for naphthalene under 

the same conditions, but this ratio is likely to be smaller than that (1.6) obtained 

from reaction catalysed by lithium cyclohexylamide. In general, the data indicate 

that exchange with this reagent is very sterically hindered (see, for example, the 

(74) (75) (76) (77) (78) 
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ortho:para ratio in diphenylmethane (78). Owing to the distortion of the 

naphthalene framework produced by the peri substituent, steric hindrance to 

exchange at the a'- and ^-positions increases along the series 74-77; these 

positions should be less hindered in acenaphthene (74) than in naphthalene and 

all the data support this interpretation. The data for ^'-exchange have yet to 
be explained satisfactorily. 

Detritiation of 1,3-dinitronaphthalene gave only 15% exchange in the 

2-position and 85% in the 4-position,221 which contrasts markedly with the 

exchange pattern in 1,3-dinitrobenzene.216 This may be attributed to the low 

2,3-bond order, which attenuates substituent effects as it does in acid-catalysed 

exchange. Thus the 2-position will be poorly activated by the 3-nitro substituent 

which will, by contrast, strongly activate the 4-position because of the high 

order of the 3,4-bond. In addition, the 1-nitro group will be less able to achieve 

coplanarity with the naphthalene ring than it will in benzene, owing to the peri 

hydrogen, and so electron withdrawal by it will be poorer. Taken together the 
effects account for the observed results. 
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CHAPTER 4 

The Replacement of a Substituent 
by Hydrogen 

The reactions in this chapter include those which have been studied extensively 
with respect to both their mechanisms and the effects of substituents on the 
reaction rates, and others about which little is yet known. The former group has 
been especially useful in aiding our understanding of the mechanism of 
electrophilic aromatic substitution. In particular, the method of determining 
relative reactivities involves, as it does in dedeuteriation and detritiation, kinetic 
measurements on individual compounds which can be prepared in a high state of 
purity. Large differences in the rates of reaction of isomeric compounds can 
therefore be measured accurately. 

Steric acceleration (Section 2.5.2) is encountered in these reactions because 
hydrogen replaces a bulkier group. Steric acceleration can occur even in the 
absence of large ortho groups, compression by the ortho hydrogens being 
sufficient to produce rate enhancement. This has been detected in 
protiodealkylation. 

The rates at which various groups are cleaved relative to hydrogen are defined 
as the ipso partial rate factors.1 For example, the relative rates of reactions 4.1 and 
4.2 gives the ipso partial rate factor for the SiMe3 group (although reaction 4.2 

cannot in fact be measured without isotopic labelling which alters the rate and 
this must be corrected for). Interpretation of the numerical meaning of ipso 
factors is complex because they comprise at least four effects: 

(1) Ease of attack by the electrophile. This will be affected by electron supply to 
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C-l by the substituent being cleaved and, in some cases, by the bulk of the 

substituent. It follows also that the ipso factor will depend upon electron supply to 

C-l by other substituents in the ring, i.e. the relative rates of reactions 4.1 and 4.2 
will depend on the nature of R. 

(2) Ease of cleavage of the C-l-substituent bond. This will be affected by the 

bond strength, itself reduced if the substituent is very bulky. Under the latter 
circumstances, steric acceleration occurs. 

(3) The ease with which the hyperconjugation structure 2 can be formed from 

the intermediate l;2 this is related to condition (1). If C-l-substituent hyper¬ 

conjugation is favourable, then the substituent will be a good leaving group. 

(1) (2) 

(4) The extent to which nucleophilic attack of A “ on the substituent determines 
the reaction rate. 

It is therefore difficult to define a precise leaving-group ability. As an 

approximation, very reactive electrophiles, which have transition states for their 

substitutions near to the ground state with little or no kinetic isotope effect, will, 

by the principle of microscopic reversibility, be difficult to remove, and will have 

transition states near to products for the reverse reaction. Using this principle, a 

rough order of leaving group abilities has been defined3 as Cl+ ^ N02+ « R + 

< Br+ < D+ « ArN2+ « S03 « RCO+ < NO+ se H+ » I+ < Hg2 + . 

4.1 PROTIODEAURATION 

Reaction of phenylauritriphenylphosphine with alcoholic hydrogen chloride 

produces benzene in a reaction (eq. 4.3) which is almost certainly an electrophilic 

substitution, although no further details are yet available.4 

C6H5AuPPh3 C6H6 + ClAuPPh3 (4.3) 

4.2 PROTIODEMAGNESIATION 

The hydrolysis of arylmagnesium halides is an electrophilic substitution, but 

has not been examined kinetically in this context. However, the reaction between 

arylmagnesium bromides and hex-l-yne in diethyl ether, which results in the 
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replacement of magnesium by hydrogen ion (eq. 4.4), has been studied.5,6 

XC6H4MgBr + C4H9C=CH-> XC6H5 + C4H9C=CMgBr (4.4) 

The reaction is first order in each reactant (although the order can apparently 

vary with conditions6), and the relative rates for substituents are X = 4-Me, 2.2; 4- 

Cl, 0.21; 3-C1,0.12; and 3-CF3,0.08. This is typical of an electrophilic process and 

a plot of log/crel against a+ values for the substituents (Section 11.1) is 

approximately linear, with p = — 1.7. 

4.3 PROTIODEMERCURIATION 

Phenylmercury compounds undergo demercuriation in the presence of acids. 

The cleavage of diarylmercurials involves two mechanisms, and free-radical 

processes are not involved.7,8 Cleavage by carboxylic acids gives rise to an SE1 

process in which the order in aromatic is 1.0 (eq. 4.5). However, this mechanism 

(in which the removal of mercury is aided by nucleophilic attack) may be a 

simplification since the order in carboxylic acid is approximately 3.0; the low 

log A factors for the reaction support the concerted process. 

+ PhHgOAc (4.5) 

By contrast, the perchloric acid-catalysed reaction is strictly first order in both 

aromatic and acid, and is not catalysed by perchlorate ion and so is not aided by 

nucleophilic attack. This is consistent with the A-SE2 process (eq. 4.6) and this 

also applies to the perchloric acid-catalysed reaction with acetic acid (in which 

the electrophile is believed to be H2OAc+). The reaction is accelerated by 

chloride ion (but only in the presence of acid), so this catalysis does not arise from 

nucleophilic attack on mercury to give the aryl carbanion, but probably from 

production of a small equilibrium concentration of hydrochloric acid, which 
gives a high specific cleavage rate. 

HgPh 

kz 
fast 

> 

H 

+ PhHgA (4.6) 
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Table 4.1 Partial rate factors for protiodemercuriation of arylmercury compounds 
RC6H4HgX by hydrochloric acid 

R 

X: 
Solvent: 
T/°C: 

RC6h4 
DMSO-dioxane 

32 

RC6H4 
90% aq. dioxane 

30 

Cl 
10% aq. ethanol 

70 

4-OEt 99.7 
4-OMe 28.4 80.3 148 
2-Me 7.11 
4-Et 6.41 
4-Me 6.23 7.0 
2-OMe 2.14 
3-Me 1.92 2.54 
2:3-Benzo 1.92 
4-Ph 1.61 
H 1.0 1.0 1.0 
4-F 0.84 0.875 
3-OMe 0.83 0.71 
4-C1 0.295 0.185 0.67 
4-Br 0.127 
3-F 0.054a 
3-C1 0.04 la 0.26 
2-OAc 0.003 la 
4-C02Me 0.0283 
2-COzMe 0.0155a 
2-C1 0.0074 
3-N02 0.0086 

“Derived from data obtained at higher temperature. 

The effects of substituents on the rate of demercuriation of symmetrical 

diarylmercurials by HC1 in dimethyl sulphoxide-dioxane9 or in 90% aqueous 

dioxane10 are given in Table 4.1. Precise correlations with electrophilic sub¬ 

stituent constants using the Yukawa-Tsuno equation11 (Section 11.1.3) with 

p — — 2.8 and —3.8, respectively (r « 0.5 in each case), confirm that the reaction 

is a typical electrophilic substitution. The relative rates of steps k1 and k2 in 

cleavage of bis-o-phenylenedimercury (3) under the former conditions is 6.6;12 

Dessy and Kim12 argued that since the intermediate 4 gives 5 rather than 
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benzene and bis-o-chloromercuribenzene C6H4(HgCl)2, the o-chloromercuri 

substituent must be electron supplying. However, Petrosyan and Reutov13 

believed the chloromercuri group to be electron withdrawing, the above results 

arising from steric hindrance to formation of bis-o-chloromercuribenzene, but 

this is incorrect since this product would be less hindered than 4; a more 

reasonable explanation is that steric acceleration favours the formation of 5 

from 4. 
For reaction of bis(pentafluorophenyl)mercury (with Bu4N+I~ in DMF- 

H20) under base-catalysed conditions, an SE1 mechanism has been proposed.14 

The ionization step for this mechanism will be favoured by the weak C—Hg 

bond, and the resulting carbanion will be stabilized by strong electron 

withdrawal in the aryl ring. 

Protiodemercuriation of arylmercury(II) halides (in the absence of oxygen 

which affects the kinetics15) is first order in aromatic and acid, indicating an 

A-Se2 mechanism analogous to eq. 4.6. The kinetics are complicated by 

complexing of the mercury(II) halide product with starting material, thereby 

causing a fall-off in rate (if sodium iodide is added to complex the product, so 

avoiding this problem, the arylmercury(II) chloride itself is also complexed to 

give ArHgXI~Na+ which is very much more reactive owing to the increased 

polarization of the C—Hg bond16). Removal of the mercury is evidently aided 

by nucleophilic attack because although the reaction of phenylmercury(II) 

bromide in DMF is faster with HC1 than with HBr, added bromide ion is eight 

times as effective as chloride ion in catalysing the reaction.17 Moreover, neither 

sulphuric nor perchloric acid will cleave arylmercury(II) chlorides, although 

reaction occurs on addition of chloride or bromide ions.18 Partial rate factors 

in the latter work (Table 4.1) correlate with a+ values with p = — 2.45 at 70 °C; 

the similarity of the p factor to that obtained with the diarylmercurials suggests 

a similar mechanism for each reaction. 

4.4 PROTIODEBORONATION 

The aryl—boron bond can be cleaved by water in an acid-catalysed reaction 

represented by eq. 4.7.19 The reaction is first order in aromatic, is subject to 

general-acid catalysis, and is faster in a protium-containing than in a deuterium- 

containing solvent by factors of 3.7 and 1.7 for 4-methoxy- and 2,6-dimethoxy- 

benzeneboronic acid, respectively.20 Since proton transfer to the aromatic takes 

place in a rate-determining step, the A-SE2 mechanism is indicated and this is 

supported by the linear variation of rate with isotopic composition of the 

medium. (The Gross-Butler theory predicts a curve for the alternative A-l 

mechanism in which protonation takes place in a rapid pre-equilibrium, the 

intermediate complex then rearranging in a rate-determining step.) 

PhB(OH)2 + H20 —-► PhH + B(OH)2 (4.7) 
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Plots of log k against the acidity function — H0 in aqueous phosphoric and 

sulphuric acids are linear, the slopes being 1.9 and 1.15, respectively. Previously 

such linear plots were taken to indicate the occurrence of the A-l mechanism, but 

the general-acid catalysis observed in deboronation showed this diagnosis to be 

unacceptable. 

In aqueous sulphuric acid there is evidence of a second mechanism of 

protiodeboronation in which a pre-equilibrium involving attack of bisulphate 

ion on boron gives 6. Rate-determining rearrangement via a six-membered cyclic 

transition state then gives the intermediate 7, and thence the products (eq. 4.8). 

This (A-Se1) mechanism appears to be more important the lower the reactivity of 

the aromatic and the lower the sulphuric acid concentration. Substituent effects 

for the reaction of ArX with 74.5% H2S04 are for X = 4-OMe, 22 400; 4-Me, 66; 

4-F, 2.1; 4-Br, 0.3; 3-F, 0.032; 3-C1, 0.025; 3-NOz, 0.00041; ferrocene is 7 x 106 

times as reactive as benzene under these conditions.21 These data correlate with 

a+ values with p = — 5.2, confirming that protiodeboronation is a typical 

electrophilic substitution. However, data for reaction with substantially weaker 

sulphuric acid show a poorer correlation, probably owing to incursion of the first 

mechanism of deboronation. 

A third mechanism of protiodeboronation has been detected in the reaction of 

arylboronic acids with malonate buffers in the pH range 2-6.7.22 The rate 

coefficients pass through a minimum at ca pH = 5, indicating that in addition to 

the acid-catalysed reaction there is a base-catalysed reaction (eqs. 4.9 and 4.10). 

fciSt 

ArB(OH)2 + H20 ,-- ArB(OH)3 “ + H + (4.9) 

ArB(OH)3 “ + HzO ArH 4- B(OH)3 + OH (4.10) 

Kinetic data here give an approximate correlation with a+ values using the 

Yukawa-Tsuno equation (Section 11.1.3) with p— — 2.3 and r = 0.5.21 The 

lower value of p than for the acid-catalysed reaction is consistent with the 

negative charge on boron facilitating addition of the electrophile, so that less 

electron donation by the aromatic ring is needed. The reaction gives very high 

ortho \para reactivity ratios, consistent with considerable steric acceleration 
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which would accompany eq. 4.10. Cadmium ion catalyses the base- but not the 

acid-catalysed reaction, although the mechanism of this catalysis is not fully 

understood.23 

4.5 PROTIODEALKYLATION 

Friedel-Crafts alkylations are accompanied by isomerization and dispropor¬ 

tionation [Section 6.1.l.(ii)]. Although some of these processes are intra¬ 

molecular, protiodealkylation (eq. 4.11) is involved in many cases. The ease with 

which the reaction takes place depends on the stability of the leaving carbocation, 

hence de-tert-butylation is the most commonly observed dealkylation. 

ArR + H A-> ArH + RA (4.11) 

Most studies have involved cleavage by trifluoroacetic acid-containing media 

since no other observable substitution accompanies dealkylation under these 

conditions. Protiode-tert-butylation of o-methyl-tert-butylbenzene in TFA 

containing strong mineral acids is considerably faster than for the p-methyl 

isomer.24. Steric acceleration therefore contributes to the rate and this has been 

confirmed by other work, e.g. o-hydroxy- and o-methoxy-tert-butylbenzenes 

debutylate ca 50 times faster than their corresponding para isomers.25,26 

Likewise, 1,8-dimethylnaphthalene isomerizes to the 1,7-isomer during hydrogen 

exchange in TFA whereas the less hindered 2,3-isomer does not demethylate.27 

[This side reaction (ca 10% of the exchange rate in TFA) is the probable cause 

of the non-reproducibility of rate data for hydrogen exchange of the 3-position 

of 1,8-dimethylnaphthalene under various conditions.28] Dealkylation from 

a-positions of naphthalene is also aided by their higher intrinsic reactivity 

compared with the ^-positions, and the electrophilic nature of the reaction is 

shown by the ready demethylation of 1,4-dimethylnaphthalene under conditions 

where 1-methylnaphthalene is unreactive.27 A more comprehensive study with 

1,4,5,8-tetramethylnaphthalene showed that one or two methyl groups migrate 

as shown in 8 and that in 1,8-dimethylnaphthalene a ‘meta’ and a ‘para’ methyl 

group activate the reaction 8- and 500-fold, respectively (after correction for 

symmetry effects).29 The respective values for hydrogen exchange under these 

Me Me Me Me 
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conditions are 2.75 and 83 (Table 3.16 and 3.22), indicating a p-factor for the 
demethylation of ca — 12.5. 

Steric acceleration is an important factor even in the absence of ortho or peri 

substituents, since pent-3-yl and hex-3-ylbenzene dealkylate faster than tert- 

butylbenzene in anhydrous TFA,30 even though the former compounds give 

carbocations less stable than the tert-butyl cation. In these compounds the alkyl 

groups on the side-chain can approach the ortho hydrogens more closely than 

can the methyl groups in the tert-butyl substituent, and to such an extent that 

these hydrogens themselves provide the steric acceleration. The alkyl cations 

produced in protiodealkylation will obviously tend to undergo the reverse 

reaction, alkylation. Since this should occur more readily on alkylbenzenes 

than on benzene, the overall result of protiodealkylation tends to be 
disproportionation. 

Protiodealkylation appears to be the only acid-catalysed electrophilic sub¬ 

stitution in which the second step of the reaction is rate-determining rather 

than the first, i.e. the mechanism of the reaction is A-l (eqs 4.12 and 4.13) rather 

ArR -f H + 
fast 

^" ArRH (4.12) 

ArRH + 
slow 

-"Arid + R + (4.13) 

than A-Se2. This arises because in alkylbenzenes electron density on C-l is 

higher than in any other aromatic, and this facilitates rapid attachment of 

the electrophile at C-l. Evidence for the A-l mechanism is based on the following: 

(1) Protiodealkylation is considerably slower than hydrogen exchange30 (and 

ca five times slower even than sulphonation31) under the same conditions. Each 

reaction must involve the same electrophile, and since the electron density at C-l 

(the point of attachment of the electrophile in dealkylation) should be greater 

than at C-2, -3, or -4 (the points of attachment of the electrophile in exchange), the 

first step in dealkylation should be faster than the first step in exchange. The lower 

overall reaction rate for dealkylation therefore implies that there is a slow step on 

the reaction pathway, which must be the second step. 

(2) The reaction gives an inverse isotope effect26 owing to the concentration of 

the substrate conjugate acid being higher in the deuteriated medium (if proton 

transfer was rate-determining then the reaction would be slower in the 

deuteriated medium). Moreover, under a given condition (60% perchloric acid), 

the value of kH/kD was larger for o-tcrt-butylphenol (0.36) than for p-tert- 

butylphenol (0.11). Loss of the tert-butyl cation in the former compound would 

be sterically accelerated so that the rate of the second step of the reaction would 

be comparable to that of the first, leading to a smaller isotope effect.26 (This latter 

argument is not wholly satisfactory because an equally valid explanation is that 

the greater electron supply from the para- compared with the ortho-hydroxy 



138 ELECTROPHILIC AROMATIC SUBSTITUTION 

group would make attachment of the hydrogen ion faster for the para compound 

leading to the observed greater isotope effect.) 

(3) The transition-state activity coefficients for debutylation of some tert- 

butylphenols and -anisoles showed insensitivity to medium composition over a 

wide acidity range, in marked contrast to the coefficients for hydrogen exchange 

in the same media.26 

An unexpected conclusion from the above is that the alkyl cation must be a 

poorer leaving group than the proton, and this may be due to the greater ability of 

the proton to be solvated. Given that TFA is a very poor solvating medium, the 

difference between the rates of hydrogen exchange and protiodealkylation should 

be a minimum in this medium. 

Although the mechanism of protiodebutylation is evidently different from that 

for hydrogen exchange and protiodeboronation, the rates of all three reactions 

show a similar dependence on the acidity of the medium26 thereby providing 

further evidence (cf. ref. 32) that such dependences are poor criteria of mechanism. 

The A-l mechanism is not general for debutylation, however, because in TFA 

both 2,4-di-terf-butyl- and 2,4,6-tri-tert-butylphenol readily debutylate (the 

latter almost instantaneously) and give a large solvent isotope effect, kH/kD, of 5.5. 

Since the corresponding anisoles were unreactive under the same conditions, a 

cyclic hydrogen-bonded transition state (9) may be involved here.33 

An anomalous result is the decrease in rate with increasing number of alkyl 

groups found in the protiodeisopropylation of the mono-, di-, and tri¬ 

isopropylbenzenes by HC1 in the presence of A1C13;34 formation of A1C13- 

aromatic complexes (progressively easier the more alkyl-substituted the aroma¬ 
tic) is the probable cause. 

In contrast to protiodebutylation, protiodealkylation (or protiodetritylation) 

of triphenylmethylphenol (eq. 4.14) gives a solvent isotope effect, kJkD, of 4.3, 

indicating that the A-SE2 mechanism applies here.26 This logically follows from 

the lower electron density on C-l which will reduce the rate of proton addition, 

whereas the second step of the reaction should be sterically accelerated relative to 

that in debutylation. Steric acceleration and concomitant weakening of the C— 

aryl bond is also indicated by the p factor for the reaction (— 3.9),35 which is 
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+ HA-► Ar3CA + (4.14) 

markedly lower than for desilylation which involves cleavage of a weak bond. 

However, the p factor was derived from the reaction of oxy-substituted 

compounds only and may therefore be too low because of hydrogen bonding to 

the substituents. (This reaction was incorrectly described as dearylation in 
ref. 36.) 

4.6 PROTIODECARBONYLATION 

Protiodecarbonylation reactions may be generally represented by eq. 4.15, 
where X is H, alkyl, or OH. 

ArCOX + H+-> ArH + XCO+ (4.15) 

If X is H or alkyl the process is a deacylation, whereas when X is OH it is 

decarboxylation. Deacylation was discovered by Louise,37 who found that 

reaction of benzoylmesitylene with hot phosphoric acid gave mesitylene and 

benzoic acid. This illustrates two requirements for deacylation, which are first 

that bulky groups must be adjacent to the acyl group so as to assist the reaction 

by steric acceleration, and second that electron-releasing substituents must be 

present in the ring to facilitate attachment of the proton to C-l. The 

decarboxylation reaction has similar requirements and thus two bulky ortho 

substituents were found necessary for decarboxylation of aromatic acids in hot 

phosphoric acid.38 

4.6.1 Protiodeacylation 

The sulphuric acid-catalysed protiodeacylation of 2,6-dimethyl- and 2,4,6- 

trimethylacetophenone gives the corresponding aromatic hydrocarbons and 

acetic acid.39 An approximate correlation of log k with the acidity function H0 led 

to the suggestion that the rate-determining step was a first-order decomposition 

of the conjugate acid BH+, i.e. the A-l mechanism was involved, but this was 

subsequently disproved by studies of the deacylation of aromatic aldehydes.40 

The rates of deacylation of various 2,4,6-trialkylbenzaldehydes in 50-100% 

H2S04 each pass through a maximum at acid concentrations specific to each 

compound, and the decrease in rates above these maxima were shown to be 

accommodated satisfactorily only by the A-SE2 mechanism (eq. 4.16). Three 

further aspects of these reactions are noteworthy. First, over the whole acid range 

in which a decrease in rate coefficient was observed, the aldehydes are present 
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CHO 

-CHO 

fl 1 
+ HA 

1 • 
*2 r il 

- A 
(fast) 

+ CO + HA 

+ A” 
(4.16) 

entirely as their (oxygen-protonated) conjugate acids ArCHOH+, so that the 

formation of these less reactive species cannot be responsible for the rate decline. 

Second, added bisulphate ion increases the reaction rate so that k2 is involved in 

determining the overall rate. Thirdly, the relative rates of deacylation of the 2,4,6- 

trialkylbenzaldehydes are Me 1.0, Et 4.5, and i-Pr 20.6, the increase along this 

series probably arising from steric acceleration of the protonation step. 

Deacylation of 2,4,6-trialkylbenzaldehydes labelled with deuterium in the 

aldehyde group, and using deuteriated acid, indicated that the relative rates of 

steps kl and k2 in eq. 4.16 depend on the size of the alkyl groups and the strength 

of the catalysing acid; the stronger the acid and the bulkier the alkyl groups, the 

more rate-determining kx becomes.41 Thus, at acid concentrations above those at 

which oxygen is fully protonated, ArCHO reacts faster than ArCDO in sulphuric 

acid, which is compatible with eq. 4.16 provided that k-1>k2. The solvent 

isotope effect [/c(H2S04)//c(D2S04)] is greater in more concentrated acids. This is 

attributed to greater steric hindrance with the base HS04_ (more abundant in 

the stronger acid) than with the base H20, to the reverse of the first step in 

eq. 4.16. Consequently, 2,4,6-triisopropylbenzaldehyde (for which this steric 

hindrance would be greater) gives a large solvent isotope effect, showing that kx 

and k2 are becoming more and less rate-determining, respectively.42 

Deacylation of 2,4,6-trimethoxybenzaldehyde by mineral acids differs from 

that of the aldehydes above in that formic acid rather than carbon monoxide is 

quantitatively produced, and it has been proposed that here the base attacks the 

carbonyl carbon (eq. 4.17) instead of abstracting a proton (eq. 4.18) in the second 

step of the reaction.43 The reason for this mechanistic difference is obscure, but a 

specific effect of the o-methoxyl group (e.g. hydrogen bonding with an attacking 

water molecule) may be responsible. 

H 

hAr^°^0 -*• +Ar' 

+ 

ArH + H-C-A (4.17) 

II 

*• ArH + CO + HA (4.18) 
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Protiodeacylation is the first step in the (overall) sulphodeacylation of 

dimesityl ketone44 (and other hindered aromatic ketones45). Mesitylene and 

mesitoic acid are the initial products, with mesitylene (some from decarboxyl¬ 

ation of the acid) then sulphonating. This pathway must arise from steric 

hindrance to direct sulphodeacylation, coupled with the greater reactivity of the 

proton as an electrophile compared with S03 or HS03+; hydrogen exchange is 

faster than sulphonation in most H2S04 media. Substituent effects in the reaction 

of 4-X-2,6-dimethylphenyl methyl ketones with 89.8 wt-% H2S04 at 25 °C have 

been determined as follows: X = Me, 35.1; t-Bu, 28.7; Ph, 23.4; F, 1.87, Cl, 0.47,1, 

0.378; Br, 0.348. These data demonstrate the electrophilic nature of the reaction, 

and p = —4.6; this value supersedes an earlier one of ca —8.0 indicated by the 

partial rate factor for the 3-COMe substituent of 2.0 x 10“3 in protiodeacylation 

of acetylmesitylene. Deacetylation is 250 times faster than debenzoylation, which 

demonstrates steric acceleration well, since in the reverse reaction acetylation is 

more hindered than benzoylation (Section 6.7.3); deformylation is 5 x 104 times 

slower than deacetylation.45 Steric acceleration also accounts for the greater 

reactivity in debenzoylation of ort/io-substituted 9-benzoylanthracenes com¬ 

pared with the para-substituted isomers;46 electron-supplying groups in the 

benzoyl group increased the reaction rate, consistent with the greater stability of 

the leaving benzoyl cation that is produced. 

4.6.2 Protiodecarboxylation 

The A-Se2 mechanism for protiodecarboxylation (eq. 4.19) was proposed47 as 

a result of studies with anthracene-9-carboxylic acid; this possesses the necessary 

structural features for protiodecarboxylation in that anthracene is very reactive 

towards electrophiles at the 9-position, and the carboxyl group is sterically 

compressed by the peri hydrogen atoms. 

ArC02H + H+(H30+)-* ArH + C02 + H +(H30 +) (4.19) 

The decarboxylation rates of alkyl-substituted benzoic acids pass through a 

maximum at acid concentrations which depend on the aromatic and acid. This is 

not due to reaction occurring on the acid anion (expected to be the more reactive 

species owing to the greater electron density on the ipso carbon48), the 

concentration of the anion decreasing with increasing acidity.49 It is due to the 

free acid becoming converted to the conjugate acid (and hence ArCO + and water) 

at higher acidity.49 Decarboxylation of 2,4,6-trihydroxybenzoic acid (which has 

extra sites for protonation) is less straightforward. Although the rate is negligible 

in water in which the ArCOO” :ArCOOH ratio is high, suggesting that 

decarboxylation via the anion cannot be involved, the fall-off in rate with 

increasing acidity has been shown spectroscopically to correspond to conversion 

of the anion to the free acid, indicating that reaction occurs on the anion.50 
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The decarboxylation of mesitoic acid in 50-100% H2S04 is first order in both 

carboxylic acid and hydronium ion51 (although later work indicates that the acid 

catalysis is general rather than specific52). The rate of this last reaction is 

unaffected by the concentration of bisulphate ion,51 so if the usual two-step A-SE2 

process is involved (eq. 4.20), the intermediate is converted into products much 

faster than its rate of reversion to reactants. This mechanism is supported by 

decarboxylation of 2,4-dihydroxybenzoic acid occurring 1.75 times faster in a 

medium containing H20 than in one containing D20 (after allowing for the 

differing strengths of the acids in the two media).53 Since H20 is a weaker base 

than D20, it follows that the hydrogen ion transfer in the slow step of eq. 4.20 will 

occur more readily in H20 leading to an isotope effect k(H20)//c(D20) > 1, as 

observed. However, the decarboxylation of mesitoic acid in aqueous sulphuric 

acid gives carbon isotope effects C-12:C-13 = 1.038 and C-13:C-14 = 1.101,54 

which suggests that the C—C bond is broken in a step which is at least partially 

rate-determining; a similar isotope effect is obtained in the decarboxylation of 

2,4-dihydroxybenzoic acid in acetate buffers.55. 

ArC02H + HA Ar+^^L u ArH + C02 + HX (4.20) 
C^(_) 2 H. 

Substituent effects in protiodecarboxylation are consistent with the view that 

the reaction is electrophilic. Meta partial rate factors obtained in deacarboxyl- 

ation of substituted 2,4,6-trimethylbenzoic acids in 83 wt-% H2S04 at 70 °C are 

3-Et 4, 3-Me 3.2, and 3-OH 0.25; the 3-Br and 3-N02 compounds did not 

decarboxylate.56 

The effect of steric acceleration of the reaction is evident from the fact that 

although 4-methyl-, 4-ethyl-, and 4-isopropyl substituents affect the rate of 

decarboxylation of 2,6-dimethoxybenzoic acid (10) approximately equally, the 

relative rates of decarboxylation of the trialkyl-substituted benzoic acids (11) are 

2,4,6-triisopropyl- > 2,4,6-triethyl- > 2,4,6-trimethylbenzoic acid.51,52 

Interpretation of the kinetics of decarboxylation of aminobenzoic acids57 is 

complicated, as in the case of the hydroxy compounds, by the opportunity for 

protonation of the substituent, and also by the possibility of zwitterion 

formation; no definite conclusions regarding the mechanism have been 

reached.58 

OMe R 

(10, R = Me , Et, /-Pr) (11 , R = Me,Et, /-Pr) 
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4.7 PROTIODESILYLATION 

4.7.1 Acid-catalysed Protiodesilylation 

The acid-catalysed solvolytic cleavage of aryl—silicon bonds in ArSiR3 

compounds is an electrophilic substitution in which a proton, initially solvated, 

is the attacking species.59-61 Substituent effects in the reaction, and its 

mechanism have been extensively studied,59,61-65’67’69-101 using in particular 

protiodetrimethylsilylation in which the SiMe3 group is replaced by hydrogen. 

(i) Mechanism 

The features of the reaction are consistent with the A-SE2 mechanism: First, in 

the presence of excess of acid the kinetics are first order in the silane.59-61 Second, 

solvent isotope effects {kH/kD at 50 °C) of 1.53 and 6.22 have been obtained in 

protiodesilylation in a dioxane-HCl medium containing either H20 or d2o, 

and in CF3C02H vs CF3C02D media, respectively.62 64 The magnitude of the 

isotope effect is governed by the balance of bond breaking in the acid HA and 

bond making of the aromatic C—H bond, and shows that the proton transfer is 

rather more than half complete at the transition state.64 Third, the relative 

reactivities (krel) for cleavage of ArMR3 compounds by HC104 in EtOH at 50 °C 

are65 for M = Si, 1; Ge, 36; Sn, 3.5 x 105; and Pb, 2 x 108. Although the order of 

C—MR3 bond strength decreases along this series,65 this result is not due to the 

C—MR3 bond being broken in the rate-determining step. It arises because it is 

also the order whereby the C—MR3 bond releases electrons through hyper¬ 

conjugation66 and stabilizes the Wheland intermediate as shown in 1 and 
2 2b,62,67 resuus jn iarge ipS0 factors and for the removal of SiMe3 the value 

(aqueous H2S04) is ca 104 (after correction for isotope effects).65 The very high 

reactivities of the tin and lead compounds could arise from the nucleophilic 

attack by the hydroxylic solvent molecules on the metals, and facilitated by the 

availability of the vacant d-orbitals. This has been ruled out by the observation 

that the logarithms of the above relative cleavage rates correlate linearly with the 

absorption frequencies of the charge-transfer complexes between PhCH2MMe3 

compounds and tetracyanoethene68 (which depend on the electron release from 

the C—MR3 bond), even though hydrocarbon solvents were used.69 

+ A“ 
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The rate of protiodesilylation is also dependent on the nature of the groups 

attached to silicon, being greater when these groups are more electron releasing. 

Some relative rates for cleavage of the 4-anisyl—Si bond in 4-anisyl-Si(C6H4R)3 

compounds are R = 4-Me, 2.2; 3-Me, 1.3; H, 1.0; 4-C1, 0.30; 3-C1, 0.11; 2-Me, 

0.005.70 In these compounds (except the last) the group R is well removed from 

the reaction site but, when this is not the case (R = 2-Me) the ipso and ortho sites 

are crowded, which hinders both attachment of the electrophile and solvation of 

the transition state.65,70 Steric hindrance is also evident from two studies which 

gave the approximate relative rates for ArSiR3 compounds as follows: R = Me, 

1.0; Et, 0.5; cyclohexyl, 0.1; i-Pr, 0.05; Ph, 0.018.65,71Further, the activating effects 

of m-alkyl groups in the aromatic ring increased as R was made larger. Steric 

hindrance produces a ‘later’ transition state in which a greater fraction of the 

charge from the electrophile is on the aromatic ring. Both this and the poorer 

solvation require greater stabilization by the ring substituent. In a related study 

of the cleavage of PhSiR3 compounds in which the R groups consisted of a 

combination of Me and bulky SiMe3 substituents, the kre] values were SiMe3,1.0; 

SiMe2(SiMe3), 2.1; SiMe(SiMe3)2, 0.35; and Si(SiMe3)3, 0.056.72 The SiMe3 

group is more electron releasing than methyl when, as here, its — M effect cannot 

operate, hence replacing one Me group by SiMe3 causes a rate increase. However, 

when further groups are substituted, steric hindrance becomes dominant, so that 

subsequent replacements produce a rate decrease. 

(ii) Substituent effects 

The effects of a very large number of substituents have been determined in 

protiodetrimethylsilylation in methanol-perchloric acid and acetic acid- 

sulphuric acid media. The partial rate factors are given in Table 4.2. 

The main features of these results are as follows: 

(1) The log /crel values give an approximately linear plot against er+ values (p = 

— 4.6), showing that the reaction is an electrophilic substitution. A better 

correlation is obtained using the Yukawa-Tsuno equation (Section 11.1.3) with 

p = — 5.3, r = 0.65. The r value shows that demands for resonance in the reaction 

are relatively small, consistent with the low p factor, indicative of an ‘early’ 
transition state. 

(2) The slight activating in the 2,4,6-D3 compound shows the + / effect of 

deuterium and is the only example in electrophilic substitution. 

(3) Because good solvating media are used, 4-t-Bu activates less than 4-Me as a 

result of steric hindrance to solvation being superimposed on the intrinsically 

greater -l-1 and + M effects of f-Bu relative to Me. In HOAc-TFA (3:2, v/v) the 

corresponding partial rate factors are 27 and 32, and thus nearer to the solvation- 

free order. This is in keeping with the results for detritiation and bromination in 

trifluoroacetic acid, both of these reactions showing the t-Bu > Me activation 

order because TFA is a poor solvating medium. (In the gas phase, the largest 
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Table 4.2 Partial rate factors for protiodesilylation of arylsilicon compounds 
XC6H4SiMe3 and ArSiMe3 at 50 °C 

X / X / 

In methanol-aqueous perchloric acid: 

2,4,6-(OMe)3 ~ 1.8 x 108 4-Et 19.5 
4-NMe2 3 x 107 4-i-Pr 17.2 
4-OH 10 700 4-t-Bu 15.6 
2-OH 3720 2-Me 17.8 
4-OMe 1270a 4-CH2Ph 7.9 
2-OMe 335 2-CH2Ph 3.75 
4-OPh 88.5 4-CHPh2 3.35 
2-OPh 8.73 4-CPh3 2.83 
4-SMe 65.2 4-Ph 3.55 
2-SMe 18.4 3-C(SiMe3)3 3.4 
4-SH 11.3 3-CH(SiMe3)2 8.4 
2-SH 4.42 3-CHPrSiMe3 7.9 
4-SPh 10.7 3-CH2SiMe3 6.4 
2-SPh 1.30 3-(CH2)2SiMe3 3.6 
4-C(SiMe3)3 200 3-(CH2)3SiMe3 3.8 
4-CH(SiMe3)2 670 3-(CH2)4SiMe3 3.6 
4-CH2SiMe3 315 3-CH2-t-Bu 4.05 
4-CHPrSiMe3 260 3-f-Bu 3.86 
4-CH2GeMe3 490 3-Me 2.30 
4-(CH2)2SiMe3 28 3-SiMe3 1.63 
4-(CH2)3SiMe3 22 4-SiMe3 1.25 
4-(CH2)4SiMe3 24 2,4,6-D3 1.265 
2-CH2SiMe3 31 H 1.0 
2-(CH2)2SiMe3 17 3-OPh 0.36 
2-(CH2)3SiMe3 12 3-SMe 0.75 
2-(CH2)4SiMe3 13 4-F 0.75 

4-Me 21.2 4-C1 0.13 
4-CH2-t-Bu 20.7 4-Br 0.10 
9-Anthracenyl 9.0 x 104 4-Dibenzothienyl 1.15 
2-Anthracenyl 4.1 3-Dibenzothienyl 2.0 
9-Phenanthrenyl 4.5 2-Dibenzothienyl 6.25 
2-Phenanthrenyl 1.76 1-Dibenzothienyl 5.5 
3-Phenanthrenyl 2.1 5-Tetralinyl 87 
1-Naphthyl 8.1 6-Tetralinyl 67 
2-Naphthyl 2.16 4-Indanyl 28.5 
1-Pyrenyl 223 5-Indanyl 77.5 
2-(9,10-Dihydro- 12.8 3-Benzocyclobutyl 5.9 

phenanthrenyl) 4-Benzocyclobutyl 57 
3-(9-Ethylcarbazolyl) 5.0 x 104 2-(l,6-Methano[10] 
1-Biphenylenyl 0.52 annulenyl) 9270 
1-Biphenylenyl 27.8 2-(ll,ll-Difluoro- 
2-Fluorenyl 45.6 l,6-methano[10]- 

annulenyl) 20.2 
2-(9-Methylfluorenyl) 42.2 2-( 1,6:8,13-propane- 
2-(9,9-Dimethyl- 35.6 l,3-diylidene[14]- 

fluorenvl) annulenyl) 83 400 
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Table 4.2 (continued) 

X / X / 

4-Dibenzofuranyl 0.92 
3-Dibenzofuranyl 2.4 
2-Dibenzofuranyl 19.2 
1-Dibenzofuranyl 0.65 

In acetic acid-aqueous sulphuric acid: 

4-OMe 1010 
4-CH2SiMe3 202 
2-CH2SiMe3 31 
4-Me 18 
2-SiMe3 8.55 
2-t-Bu 8.0 
4-Ph 2.8 
2-Ph 6.0 
4-CH2OMe 1.27 
4-CH2Br 1.35 
H 1.0 
4-CH2C02H 0.93 
4-CH2C02Me 0.84 
4-CH2OEt 0.70 
4-CH2OH 0.64 
4-CH2CN 0.20 
4-CH2PO(OH)2 0.77 
4-CH2PO(OEt)2 0.70 
3-CH2PO(OH)2 0.32 
4-CH2PO(OEt)2 0.21 
3-OMe 0.38 
3-Ph 0.33 
4-F 0.95 
4-C1 0.19 
4-Br 0.104 
4-1 0.101 
2-F 0.073 
2-C1 0.034 
2-Br 0.025 
2-1 0.038 
3-F ~ 0.0215 
3-Cl 0.012 
3-Br 0.0117 
2,3,4,5,6-F5 1.45 x 10 

4-C02H 0.00216b 
2-C02H 0.0052b 
4-C02Me 0.00188° 
4-S03H 0.00116b 
2-S03H 0.0026 
4-SOMe 0.004d 
4-NO, 0.00014 
2-N02 6.8 x 10“5 
4-Me2NH + 0.00118 
2-Me2NH + 6.8 x 10“5 
4-Me3N + 0.00030° 
4-CH2Me2NH + 0.0043 
4-CH2Me3N + 0.0042 
3-CH2Me3N + 0.011 
4-Me3As + 0.00024 
4-Me3P + 7.5 x 10“5‘ 
3-COzMe 0.0111 
3-COzH 0.0088b 
3-CF3 0.0023° 
3-S03H 0.00145° 
3-N02 0.00037 
3-Me3N + 0.00021 
3-Me3P + 0.00029 
3-Me3As + 0.00058 
4-OPO(OEt)2 0.35 
3-OPO(OEt)2 0.0012 
4-POMe2 5.9 x 10“5 
4-POPh2 4.0 x 10“5 
3-POPh2 2.8 x 10“5 
4-PO(OEt)2 12 x10“5 
3-PO(OEt)2 10x10“4b 
4-PO(OH)2 21 x 10“5 
3-PO(OH)2 13 x 10“4 

“This value was obtained by a more direct comparison90 than the slightly higher value given in earlier 
publications. 
b Lower values were obtained in more acidic media owing to hydrogen bonding. 
cValue probably too low since the 4-C02H substituent gave a depressed value (0.00145) in the 
medium used for this determination. 
d Probably refers to the protonated species (see chlorination, Section 9.6.3). 
e Average value. 
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t-Bu:Me activation ratio is obtained102). Steric hindrance to solvation also 

causes the 4-CH2CMe3 substituent to be less electron releasing than 4-Me, and 

again this order is reversed in the gas phase103 and in hydrogen exchange in TFA 

[Section 3.1.2.1(5)]. 

(4) The relative activation order by the 3- and 4-SiMe3 substituents shows that 

the — M effect [arising from (p -> d)n bonding] for SiMe3 is smaller than the +1 

effect. However, steric hindrance to solvation produces less overall activation 

than is obtained in the gas phase (pyrolysis of 1-arylethyl acetates104). From the 

a+ values determined under the latter conditions, the rates in protiodesilylation 

can be calculated to be attenuated 3-fold, whereas in solvolysis of 1-aryl-l- 

methylethyl (tert-cumyl) chlorides, the effect of solvation is severe enough to 

cause both substituents to deactivate.104 

The higher activation by the 2-SiMe3 substituent is also found (but to a lesser 

extent) in the gas phase104 and probably reflects a combination of the greater + / 

effect and steric acceleration (which will be greater in desilylation). Other 

examples of steric acceleration due to adjacent SiMe3 groups are given in 

paragraph (18). 

(5) For the 2- and 4-(CH2)„SiMe3 substituents a minimum in the activation 

produced occurs when n = 3 (see also hydrogen exchange. Table 3.8). Models 

indicate a probable cause, for when n = 3 the SiMe3 group is able to sit directly 

over the aromatic 7r-cloud (12), thereby facilitating electron withdrawal through 

(p -> d)n bonding. This would be less important for m-substitution, as the results 

indicate. 

(12) 

(6) The greater ease of C-Ge hyperconjugation relative to C-Si hyperconjug¬ 

ation is shown by the relative effects of the 4-CH2SiMe3 and 4-CH2GeMe3 

substituents. 
(7) The order of activation by the 4-CH3_x(SiMe3)x substituents is consistent 

with hyperconjugative electron release by the C—Si bond. This will be greater in 

CH(SiMe3)2 than in CH2SiMe3, but on going to C(SiMe3)3 conformational 

aspects dictate that one SiMe3 group will lie in the plane of the aromatic ring and 

therefore be unable to participate in hyperconjugation. Moreover, there will be 

steric hindrance to bond shortening when three SiMe3 groups are present, so 

there is a substantial decrease in activation relative to CH(SiMe3)2.88 

(8) The data for CH2X substituent effects are the largest collection available. 

The anomalous deactivation by CH2OEt compared with activation by CH2OMe 

may be due to greater steric hindrance to solvation in the former. This may also 

account for the greater deactivation by CH2C02Me compared with CH2CQ2H. 
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An alternative explanation is that hydrogen bonding occurs, and this should be 

greatest in the substituent containing the more electron-supplying alkyl group. 

(9) The 4-CPh3 substituent activates less than the 4-CHPh2 substituent 

whereas in hydrogen exchange it activates more. In both reactions the decrease in 

activation on adding successive phenyl groups to CH3 is not regular, and on this 

basis the 4-CPh3 substituent is more activating than calculated. This enhanced 

activation can be accounted for in terms of steric acceleration of C-Ph 

hyperconjugation; in protiodesilylation the effect should be smaller in view of the 

lower demand for resonance stabilization of the transition state." 

(10) The deactivation order by para-halogens, F < Cl < Br < I, differs slightly 

from that in hydrogen exchange, F < Cl < I < Br (Section 3.1.2.5), where the 

greater polarizability of iodine becomes apparent under the conditions of higher 

electron demand. At the ortho positions the order F < I < Cl < Br is the same as in 

hydrogen exchange (polarizability effects are less important at the ortho position) 

and, as in that reaction, the increase in deactivation on moving the halogen from 

para to ortho (F > Cl > Br > I) parallels exactly the order of — / effects. The 

smaller deactivation by meta-fluoro compared with the other halogens (as also in 

hydrogen exchange) confirms that there is secondary relay of resonance effects to 

the meta position. 

(11) The pentafluorophenyl compound is about six times more reactive than 

predicted. This effect (also observed in the gas-phase pyrolysis of 1-arylethyl 

acetates105) has been attributed to the increased + M effect of each fluorine when 

attached to a very electron-deficient molecule85 and to a reduced — / effect for the 

same reason.105 The discrepancy between observed and calculated reactivity is 

even greater in protiodestannylation (Section 4.9). 

(12) The results provide the first quantitative measure of the relative effects of a 

range of deactivating substituents, which are for both meta and para positions: 

N02 > Me3N+ > S03H > CF3 > C02H > C02Me > Cl (the S03H data may 

actually refer to the S03~ anion106). The charge distribution at the ortho and 

para positions in the Wheland intermediate predict that deactivating substituents 

will give high ortho:para ratios (Section 11.2.4). Whereas this is true for the C02H 

and S03H (S03~) substituents, it is not true for N02 and Me3N+ substituents. 

The latter have the largest electron-withdrawing effects so the direct field effect 

may be responsible.87 A discrepancy for such substituents is most likely to occur 

in a reaction with an ‘early’ transition state well removed from the Wheland 

intermediate. Such reactions will tend to have their isomer ratios governed rather 

more by inductive/field effects (Section 11.2.4). 

The deactivating effect of the SOPh substituent is much greater than in 

molecular chlorination; hydrogen bonding in the present reaction may be 
responsible.95 

(13) The 4-Me3N+ substituent deactivates more than the 4-Me2NH+ sub¬ 

stituent as it does also in nitration. Steric hindrance to solvation may be partly 

responsible for this unexpected result, although the rate differences seem to be 
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too large to be accounted for solely by this. As in nitration (Table 7.13), 

4-CH2NMe3+ is more deactivating than 3-CH2NMe3 + . 

The 3- and 4-Me3N+ substituents have very similar deactivating effects 

whereas in protiodegermylation and nitration the meta substituent deactivates 

most. Steric hindrance to solvation may again be partly responsible (a less 
solvating medium is used in degermylation). 

The deactivation order by para positive poles is Me3P+ > Me3N+ « Me3As+. 

In the first substituent the — M effect due to (p —> d)7t bonding will be greater. 

This will also apply for Me3As+, but here there is a weaker —I effect so the 

overall result is about the same as for Me3N + . For the meta substituents 

conjugative effects are largely inoperative, so the inductive order Me3N+ > 

Me3P+ > Me3As+ is observed. 

(14) The POX2 substituents are believed to be fully protonated so that their 

deactivating effects are close to that of Me3P + . The CH2POX2 substituents, 

by contrast, are not very deactivating (cf. CH2NMe3+), suggesting that they 

are not protonated, which may derive from the data being obtained in a much 
weaker acid medium. 

(15) Although for sulphur-containing substituents the activation order is the 

expected one (SMe > SH > SPh) for both ortho and para series (this is the only 

determination of the effect of the SH substituent in electrophilic substitution), 

for the oxygen-containing compounds the order is OH > OMe > OPh. Since 

it has been argued that the oxygen anion is not involved,72 and the difference 

in activation seems too great to be accounted for by steric hindrance to solvation, 

the result implies that OH hyperconjugation is better than OMe hyper¬ 

conjugation, the reverse of the situation in the analogous carbon-containing 

substituents, which seems anomalous. It is possible that the O—H bond is 

weakened through hydrogen bonding with the solvent. 

The log/0:log/p ratios for the O- and S-containing substituents are low 

relative to those in hydrogen exchange,90 because conjugative effects are much 

smaller in protiodesilylation, making the greater importance of the — / effect at 

the ortho positions more evident. The same basic cause lies behind the anomalous 

ratios for electron-withdrawing substituents noted under (12) above. 

(16) The low demand for resonance in protiodesilylation causes the reactivities 

of polycyclics to be very low compared with some other reactions, the most 

notable example being the reactivity of the 1-position of biphenylene which is 

deactivated in desilylation whereas it is activated in hydrogen exchange 

(Table 3.15). This is the only known example of a polycyclic behaving in this way, 

and compares with the behaviour of the 4-position of fluorobenzene which for the 

same reason can be slightly activated or deactivated (cf. hydrogen exchange and 

protiodesilylation, Tables 3.11 and 4.2). 

Because of the different demands for resonance in the two reactions, 

comparison of the data on hydrogen exchange and desilylation can be used to 

determine a-values for polycyclics (for which there are either few or no other 
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data).89 From the Hammett equations for each reaction91 eq. 4.22 may be 

deduced. The o values so obtained are susceptible to errors in the individual 

determinations, but nevertheless they are probably accurate to within 0.1 unit. 

= (log fdetrit. ~ 2-54 log/desiiy,)/4.71 (4.22) 

(17) The results for indane and tetralin parallel those in detritiation and the 

same explanation applies [Section 3.1.2.3]. The lower acidity of the reaction con¬ 

ditions in protiodesilylation also permitted examination of benzocyclobutene.86 

Strain theory89,107,108 predicts that the ratios of the reactivities of the a- and 

/-positions should be even lower than in indane, and lower still in biphenylene 

(since the four-membered ring is here even more strained since it contains two 

double bonds). All of these conditions are fulfilled, the values being 0.36 (indane), 

0.10 (benzcyclobutene), and 0.02 (biphenylene).87 An even lower ratio of 0.002 

has been reported for desilylation of l,3-bis(trimethylsilyl)biphenylene.109 

(18) Although the reactivities of the polycyclics are generally low in pro¬ 

tiodesilylation, in four cases the partial rate factors are disproportionately large 

relative to those for other positions, owing to steric acceleration. The 9-position 

of anthracene is exceptionally reactive since the loss of SiMe3 is accelerated by 

two peri hydrogens (the partial rate factor given in Table 4.2 is slightly lower 

than the literature value,98 which was determined by comparison with an earlier 

value of 1510 for /4OMe, and the partial rate factor of 4.1 originally attributed 

to the 9-position110 refers in fact to the 2-position111). The ratios of 

log/(hydrogen exchange) dog/(desilylation) for the 1-positions of naphthalene 

(3.4) and pyrene (2.5) and the 9-position of phenanthrene (4.9) are significantly 

lower than for the unhindered 2-position of naphthalene (6.1) and the 2- and 

3-positions of phenanthrene (9.1 and 8.0), indicating steric acceleration in the 

former positions (all of which are peri to a hydrogen atom). Moreover, for 

naphthalene, the logfl\logf2 ratio is much higher (2.72) than in other 

electrophilic substitutions.112 

Steric acceleration is also evident in the acid-catalysed rearrangement of 

l,8-bis(trimethylsilyl)naphthalene to the 1,7-isomer.113 The corresponding 

SiMe^ 

SilVIe-, 

SiMe3 

SiMe3 

(13) (14) 

SiMe3 

SiMe3 

SiMe3 

SiMe3 

(15) (16) 
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stannyl compound does not undergo this reaction because although Sn is larger 

than Si, the greater C—Sn distance makes steric acceleration lower. Steric 

acceleration provides the primary explanation for the observations109,114 that 

the first SiMe3 group is cleaved faster than the second in 2,3-bis(trimethylsilyl)- 

biphenylene (13), 4,5-bis(trimethylsilyl)benzcyclobutene (14), 5,6-bis(tri- 

methylsilyl)indane (15), and 6,7-bis(trimethylsilyl)tetralin (16), the rate ratios for 
the last three compounds being 38, 36 and 42, respectively. 

(19) The relative positional reactivities of dibenzofuran and dibenzothiophene, 

originally thought to be anomalous,77 are readily explained in terms of 

bond-strain theory115 and this is discussed more fully in Section 11.3. 

(20) The protiodesilylation of l,6-methano[10]annulene (17), its 11,11-difluoro 

derivative (18), and l,6:8,13-propane-l,3-diylidene[14]annulene (19) provides, 

together with hydrogen exchange, the only quantitative data for electrophilic 

substitution of an annulene.96,97 Assuming that there is no steric effect, a values 

may be calculated as described in (16) above as —0.65, 0.05, and —0.865 

respectively; if steric acceleration comparable to that found in naphthalene 

applies, these values become more positive by 0.215 a units96,97 (slightly different 

values were given in ref. 96 for 17 and 18 owing to the use of an older p value 

for desilylation). As in hydrogen exchange, the reactivity of the 2-position of 

18 is approximately the product of the reactivity of 17 multiplied by two-thirds 

of the effect of the 3-CF3 substituent (9270 x 0.0015 = 14). 

(21) Protiodesilylation of a few of the compounds described in Table 4.2, 

using HC1 in aqueous HOAc, gave similar substituent effects.71 

(iii) Substituent effects in biphenyl 

The effects of substituents in the protiodesilylation of substituted biphenyls 

(Table 4.3)80 are, in linear free energy terms, four times smaller than they are in 

benzene, i.e. p is fourfold less. This quantitatively parallels the corresponding 

effects in hydrogen exchange (Section 3.1.2.10), solvolysis of 1-aryl-l- 

chloroalkanes,116 pyrolysis of 1-arylethyl acetates,117 and esterification of 

carboxylic acids.118 Similar results for the Me and Cl substituents were obtained 

by Benkeser and co-workers,71 who found also that the 2'-Me and 2'-Cl 

substituents produced larger activation and deactivation, respectively, than their 

4'-counterparts, presumably owing to the shorter substituent-reaction site 
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Table 4.3 Partial rate factors for protiodesilylation of 4-(4'-C6H4)C6H4SiMe3 in aq. 
H2S04-H0Ac at 50 °C 

X OMe Me H SiMe3 Cl Br C02Me C02H NOz 
/ 8.82 5.04 2.8 2.44 1.54 1.37 0.62 0.53 0.26 

distance of (cf. hydrogen exchange). The resonance factor r in a Yukawa-Tsuno 

analysis (Section 11.1.3) is also attenuated ca 2-fold80 as it is in other reactions.116 

(iv) Substituent effects in 1,6-methano[10]annulene 

Protiodesilylation has been used for the only quantitative determination of the 

transmission of substituent effects in an annulene, viz. l,6-methano[10]annulene. 

The weakly acidic conditions employed in the reaction avoid the tendency of the 

annulene to undergo acid-catalysed decomposition. The relative rates of cleavage 

of compounds 20 were for X = t-BuO, 3.56; Me, 2.23; H, 1.0; SiMe3, 0.90; Br, 

0.055; C02Me, 0.037.119 These data showed that there is very little conjugative 

interaction between the 2- and 7-positions, comparable in amount to that 

between the 1- and 5-positions in naphthalene [Section 3.1.2.13.(iv)]. This arises 

because the bridged structure 21 makes a significant contribution to the structure 

of the transition state. In 21, no conjugation between the 2- and 7-positions is 

possible, whereas in the corresponding non-bridged structure, full conjugation 
could take place. 

(20, X = 0-/-Bu,Me,H,Br,C02Me) (21) 

(v) Additivity effects 

There have been three tests of the Additivity Principle in protiodesilylation. For 

polymethylbenzenes (Table4.4),76 additivity is excellent except for the 2,3-Me2-, 

2,4-Me2-, and 2,4,6-Me3-substituted compounds. In each case this is due to steric 

acceleration which, for the 2,3-Me2 compound, arises from buttressing. Similar 

results have been obtained using p-toluenesulphonic acid or HC1 in aqueous 

HOAc.60,71 The p factors in these media are about 10% less, indicating a slightly 

earlier transition state, which may account for the lower steric acceleration found 
for the 2,3-Me2 compound. 
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Table 4.4 Observed and calculated methyl substituent effects in protiodesilylation in aq. 
HC104-Me0H at 50 °C 

Substituent f a 
J obs. ./calc. Substituent f a 

J obs. /calc. 

2-Me 18.3 3,4-Me2 56.1 54.3 
3-Me 2.38 2,3-Me2 71.9 43.6 
4-Me 22.8 2,4-Me2 422 417 
3,5-Me2 6.00 5.70 2,6-Me2 3530 335 
2,5-Me2 42.9 43.6 2,4,6-Me3 53 000 7640 

a Slightly different values are obtained if the average data obtained over a range of acid concentrations 
are used (ref. 58, Table 233). 

Table 4.5 Ratios of observed to calculated reactivities in protiodesilylation 

a A greater discrepancy was reported in the original paper,93 but the value of/3COOH appropriate to a 
much more acidic medium was incorrectly used (cf. footnote b to Table 4.2). 

Steric acceleration appears not to affect the reactivity of 2,4,6-trimethoxy- 

phenyltrimethylsilane, since the partial rate factor of ca 1.8 x 108 is very close to 

that calculated on the basis of additivity.93 

Within the limits of the extrapolation needed, there is no significant departure 

from additivity for compounds containing an activating and a deactivating 

substituent (Table 4.5),83,95 except in the case of 4-methyl-3-nitrophenyl- 

trimethylsilane, where there may be interaction between both methyl and nitro 

groups. This would inhibit conjugation in both, but since nitro is meta to the 

reaction site, only activation by the methyl group would be significantly 

attenuated. The partial rate factor for 3-acetyl-2-methoxyphenyltrimethylsilane 

(2.4) was also reported in this study.95 

(vi) Steric hindrance to protiodesilylation of alkylferrocenes 

In protiodesilylation of l'-alkyl-substituted ferrocenes (22), relative rates were 

R = Me 2.65, i-Pr 1.6, t-Bu 0.73.120 This reduction in rate with increasing size of 

the alkyl group was attributed to hindrance of coordination of the attacking 

proton to iron (considered to be the initial step of this and related reactions).121 
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However, this is now considered to be unlikely in desilylation since the reactivity 

of ferrocene is very high (it has been semi-quantitatively determined as 105 times 

more reactive than benzene,21 so a+ is ca — 1.0) whereas the concentration of the 

protonated form is only 10“10 mol-%.21 It is therefore probable that the proton 

attacks the 1'-carbon from the outside face of the molecule, and as the SiEt3 group 

is displaced it interacts with bulky R groups, so diminishing the reaction rate. 

4.7.2 Base-catalysed Protiodesilylation 

Base-catalysed hydrogen exchange involves attack of an electrophile on the 

aromatic anion, giving an electrophilic substitution in which the usual substi¬ 

tuent effects are reversed, and this can also happen in protiodesilylation (eqs 4.23 

and 4.24) (and in protiodegermylation. Section 4.8.2, and protiodestannylation, 

Section 4.9.2). 

ArSiMe3 + B“ Ar“ + SiMe3B (4.23) 

Ar “ + HB-* ArH + B “ (4.24) 

Investigations of the mechanism have centred upon whether eq. 4.23 is 

synchronous with eq. 4.24, or whether a free carbanion is formed. A synchronous 

process was originally thought to be involved122 (and also for the corresponding 

tin compounds), but later work has shown that whereas a synchronous 

mechanism applies to the tin compounds under most conditions, a virtually free 

carbanion is produced in the cleavage of the silicon compounds. In particular, the 

product isotope effect (the relative amounts of protonated to deuteriated 

products obtained on carrying out the cleavage in a 1:1 mixture of MeOH and 

MeOD), was approximately 1.2, indicating little discrimination by the intermedi¬ 

ate species on reacting with the solvent; this must therefore be a virtually free 

carbanion,123,124 and the same is true of base-catalysed protiodegermylation.125 

By contrast, the product isotope effect for protiodestannylation is 3.6-4.3, 

showing the absence of a free carbanion, and the synchronous mechanism126 

must be involved. 

Because of the electrophilic assistance by the solvent in the tin cleavage, the 

relative reactivities of the silicon and tin compounds will be markedly solvent 

dependent. Thus the relative reactivities of PhSnMe3 to PhSiMe3 towards 
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Table 4.6 Partial rate factors for base-catalysed desilylation 
in aqueous DMSO122'127,128 

H20:DMS0 ratio (v/v) 

1:6 1:9 1:32.3 
Substituent (40 °C) (75 °C) (70 °C) 

3-N02 12960 
4-N02 10120 
3-Br 726 
3-CF3 480 
3-C1 400 180 
3-F 108 
4-Br 50.5 
4-C1 34.5 30 
4-F 8.0 7.3 
3- Ph 
4- SMe 

3.84 
3.2 

4-Ph 2.49 
2,3-(CH2)2a 
3-OMe 2.17 2.04 

2.3 

H 1.0 1.0 1.0 
2-Me 0.62 
3-Me 0.45 0.55 
4-Me 0.265 0.40 
4-Et 
2,6-Me2 

0.40 
0.50 

2,5-Me2 0.30 
2,3-Me2 0.26 
2,4-Me2b 0.225 
3,4-Me2 0.15 
3,4-(CH2)2c 
4-OMe 0.24 0.31 

0.21 

3-NMe2 0.131 
4-NMe2 0.026 

a3-position of benzcyclobutene. 
bWrongly shown as the 2,5-compound in ref. 128. 
C4-Position of benzcyclobutene. 

cleavage by NaOH varies from > 103 in H20-MeOH to 0.1 in H20-Me2S0 
(3:97, v/v); in the latter medium, the water protons are relatively unavailable 
because of hydrogen bonding, so that the tin cleavage becomes markedly 
slower.125 

Electron-withdrawing substituents accelerate the reaction and vice versa. 
However, strong + M substituents, e.g. 4-NH2, 4-OMe, do not deactivate here 
very strongly, and an approximate correlation of rates with <7°-constants and also 
with deprotonation energies is observed.125 
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Features of the substituent effect data (Table 4.6) are as follows: 

(1) The 2,6-dimethyl compound is more reactive than predicted on the basis of 

additivity, whereas all of the other dimethy compounds are slightly less reactive 

than predicted. Steric acceleration evidently applies as it does in acid-catalysed 

desilylation, confirmed by the partial rate factor for the 9-position of anthracene 

being at least 4 times greater than predicted.98 However, as in the acid-catalysed 

reaction, there is a fine balance between steric acceleration and steric hindrance, 

and base-catalysed cleavage of the bulkier SiEt3 group is slower than cleavage of 

SiMe3.124 

(2) Partial rate factors for some other polycyclics (1:6 aqueous DMSO at 

70 °C) are129 1-naphthalene 12.6, 2-naphthalene 4.7, 9-phenanthrene 51, and 1- 

pyrene 71. These correlate approximately linearly with the corresponding data 

for base-catalysed hydrogen exchange, indicating a common mechanism for 

both. 

(3) The a-position of benzocyclobutene is activated and is 8.8 times more 

reactive than the comparable position of 2,3-dimethylbenzene and 10.6 times 

more reactive than the /^-position. For these base-catalysed reactions, bond- 

strain theory cannot apply, and the results have been interpreted in terms of an 

enhanced —I effect of the bridgehead carbon atom, arising from strain as 

proposed by Tanida and Muneyuki130 (cf. ref. 131). 

The relative rates of desilylation of compounds 23-25 (1:9 aqueous DMSO at 

30 °C) appear to indicate that even the position /? to a bridgehead can be activated 

by this effect.132 This conclusion is less certain because substituents with lone 

pairs give exceptionally enhanced rates in base-catalysed desilylation as noted 

above (cf. ref. 122); in 24 the oxygen and aryl lone pair p-orbitals are held 

coplanar so that the exalted reactivity may arise from this effect alone. 

(23) (24) (25) 

4.8 PROTIODEGERMYLATION 

4.8.1 Acid-catalysed Protiodegermylation 

This reaction (eq. 4.25) closely parallels protiodesilylation in every re¬ 

spect.65,133,134 Cleavage of the tricyclohexylgermyl group is four times slower 

than cleavage of the triethylgermyl group, showing that, as in desilylation, bulky 

R groups hinder attachment of the proton to the ipso site. Protiodetriethylgermy- 

lation of the para position of anisole is 15.5 times faster than the corresponding 
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protiodesilylation, and this factor becomes 36 for the same cleavage from 

benzene; the transition state for degermylation is therefore nearer to the ground 

state than is the transition state for desilylation. (This difference stresses the need 

to compare data for the same parent molecule only when devising ipso factors for 

various reactions, cf. ref. 135.) The solvent isotope effect (1.73) is slightly larger 

than in desilylation because the C—H bond is less formed in the transition state, 

and does not compensate to such an extent for the isotope effect arising from the 
O—H bond breaking.62 

ArGeR3 + HA-» ArH + GeR3 A (4.25) 

Substituent effects are given in Table 4.7 and notable features are as follows: 

(1) The log / values give an excellent correlation with the Yukawa-Tsuno 

equation (Section 11.1.3), with p = — 4.4 and r = 0.6 for the aq. H2S04-H0Ac 

data. These values are both less than for desilylation, as expected for a reaction 

with a transition state nearer to the ground state. 

(2) The reactivity of the 2,4,6-Me3 compound is 1.24 times that predicted (cf. 

1.215 in protiodesilylation). Thus degermylation is also sterically accelerated and 

to a slightly greater extent than in desilylation. Degermylation is the most 

sterically accelerated of the cleavages involving Group IVB elements; when the 

Table 4.7 Partial rate factors for protiodetriethylgermylation of ArGeEt3 

Substituent 

Reagent 

Substituent 

Reagent 

MeOH- 
aq. HC104 

HOAc- 
aq. H2S04 

MeOH- 
aq. HCIO 

HOAc- 
4 aq. H2S04 

4-NMe2 3x 106 H 1 1 
2,4,6-Me3 13,600 4-F 0.925 
4-OH 2,730 3-OMe 0.575 0.51 
4-OMe 540 382 4-C1 0.167 0.168 
2-OMe 207 187.5 4-Br 0.130 0.133 
4-CH2SiMe3 162 4-1 0.131 
4-OPh 36.8 3-F 0.032 
2-Me 12.4 3-Br 0.019 
4-Me 14.0 12.4 3-C1 0.0165 0.0191 
4-Et 13.0 3-C02H 0.0177 
4-i-Pr 12.0 3-CF3 5.4 xlO"3 
4-t-Bu 11.5 4-C02H 5.2 x 10~3 
2:3-Benzo 6.2 4-CF3 2.6 x 10“3 
2-Ph 3.22 3-NMe3 + 1.26 x 10“3 
4-Ph 2.69 2.43 4-NMe3 + 1.06 x 10~3 
3:4-Benzo 1.79 3-N02 8.0 x 10-4 

3-t-Bu 3.3 4-N02 3.8 x 10-4 

3-Me 2.11 1.78 
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metal is larger than germanium, the size of the metal removes the alkyl group 

further away from the rest of the aromatic ring so that the interactions which 

produce acceleration are reduced. 
(3) The deactivating substituents confirm the pattern noted in protiodesilyl- 

ation, except that 4-NMe3+ deactivates more than 3-NMe3+, as it does in 

nitration. For all other strongly deactivating substituents, deactivation is greatest 

from the para position, and the reason for this is given in Section 11.2.4. 

4.8.2 Base-catalysed Protiodegermylation 

The only study of this reaction concerned cleavage of the GeMe3 group from 

the 2-position of benzo[h]thiophene. The reaction occurs 1300 times less readily 

than for cleavage of corresponding silicon compound124 and the mechanism of 

the reaction is the same as for base-catalysed desilylation (Section 4.7.2). 

4.9 PROTIODESTANNYLATION 

4.9.1 Acid-catalysed Protiodestannylation 

This reaction (eq. 4.26) resembles protiodesilylation (and protiodegermyl¬ 

ation), but interesting differences arise from the greater ease of cleavage (by a 

factor of ca 3 x 105) of the aryl—tin bond. Much weaker acids may therefore be 

used to study the reaction, and this feature has also been exploited in a method for 

making deuterium-labelled benzene of high isotopic purity (through cleavage of 

PhSnMe3 with CF3C02D-D20), acid-catalysed hydrogen exchange being 

insignificant under the reaction conditions.136 

ArSnMe3 + HA-> ArH + SnR3A (4.26) 

Since cleavage occurs much more readily, the extent of aryl—hydrogen bond 

formation in the transition state is substantially less than in desilylation under 

given conditions. Consequently, a larger overall solvent isotope effect, /chAd> is 

observed (2.55 for HC1 in aqueous dioxane at 50 °C),62 as there is substantially 

less compensation for the isotope effect arising from the O—H bond breaking in 

the solvent. A larger isotope effect (ca 5.2 at 50 °C)64 is obtained in acetic acid 

(another report gave a value of ca 10),137 and this is comparable to that (6.5 at 

21 °C) found in desilylation in TFA. This shows that the difference in the acid 

strengths and the reactivities of the aromatic approximately cancel each other out 

here (to a greater extent than indicated since isotope effects increase with 

decreasing temperature), the transition states for each reaction under the given 

conditions occupying similar positions along the reaction coordinate.64 

As in desilylation, the effects of R groups attached to a metal in cleavage of 



THE REPLACEMENT OF A SUBSTITUENT BY HYDROGEN 159 

ArSnMe3 compounds show a combination of electronic and steric effects, a 

reactivity series being R = Me >n-Bu>i-Pr*; cyclohexyl »Ph.13 7,138 Inductive 

electron supply increases the reactivity (compare the effects of the latter pair 

of similarly sized groups), whereas larger alkyl groups activate less than smaller 

ones. Because the bulkier tin removes the R groups further away from the aryl 

ring, the steric effect is smaller here, as shown by the relative reactivities for 

the ethyl and cyclohexyl derivatives of 2.0 compared with 4.1 and 10.4 in 

protiodegermylation and protiodesilylation, respectively.65 
Notable features of substituent effects (Table 4.8)85,137-140 are as f0nows: 

(1) For cleavage of the tricyclohexyl compounds the data correlate with the 

Yukawa-Tsuno equation (Section 11.1.3) with p — — 3.8 and r = 0.4,138 both 

factors showing that the transition state is nearer to the ground state than in 

desiiylation, with less demand for resonance stabilization of the transition state. 

The spread of rates in the reaction is very dependent on the conditions, and for the 

cleavage of the trimethyl compounds by HC1, the p factor is only ca 2.2; the lower 

factor for a smaller R group again parallels the results for desiiylation 

(Section 4.7.1.1). In protiodestannylation in Et0H-HC104 the p factor de¬ 

creased with initial increase in water content of the medium, but thereafter 

remained constant; the rates passed through a minimum as the water content was 

increased. Both effects arise from the counteracting effects of solvation of the 

electrophile and of the transition state.141 

(2) Because the transition state for the reaction has a relatively small amount 

of charge on the aromatic ring compared with most other electrophilic 

substitutions, solvation (and steric hindrance to it) is less important. Consequent¬ 

ly, although the medium used is a fairly good solvating one, the ‘inductive’ order 

of electron release by alkyl groups is observed. 

(3) The lower steric acceleration in the reaction compared with desiiylation is 

shown by the smaller 2-Ph:4-Ph reactivity ratio of 1.2 (cf. Table 4.2). Likewise, 

1,8-bis(trimethylstannyl)naphthalene does not rearrange to the 1,7-isomer, 

unlike the silicon analogue.114 

(4) The very low acid concentrations needed for destannylation have per¬ 

mitted the only determination of the effects of the ethynyl and 1,3-butadienyl 

substituents in aromatic substitution. They have —1,+M effects, the inductive 

effect being stronger for the latter substituent.139,140 

(5) As in desiiylation, the pentafluorophenyl compound is much more reactive 

than predicted on the basis of additivity.85 
(6) The effects of bulky silicon-containing substituents demonstrate the +1 

effect of the SiMe3 group (and also perhaps Si-Si hyperconjugation). The 

deactivation by the ( + /, -M) SiMe3 substituent in destannylation (where steric 

hindrance to solvation is unimportant) in contrast to activation in desiiylation 

constitutes one of the few pieces of evidence for the inductomeric (polarizability- 

inductive) effect. 
Partial rate factors for cleavage of SnMe3 by HOAc-dioxane at 27 °C from the 
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Table 4.8 Partial rate factors for protiodestannylation of ArSnR3 

R = C6Hn Me Me Me 

Medium hcio4- HC1- hcio4- hcio4- 
EtOH MeOH EtOH MeOH 

V V 2:50 — 1:50 2:5 
Substituent T ( 50 25 50 50 

4-NMe2 ~ 2 x 104 
4-OMe 63 48.8 
4-t-Bu 7.05 
4-i-Pr 6.95 
4-Et 5.3 
4-Me 5.6 5.74 
3-Me 1.845 1.73 
2-Ph 1.99 
4-Ph 1.77 
4-Si(SiMe3)3 1.76 
4-SiMe(SiMe3)2 1.67 
4-SiMe2(SiMe3) 1.31 
H 1 1 1 1 
4-SiMe3 0.93 
3-OMe 0.855 
4-F 0.62 0.93 
2-F 0.41 
4-C1 0.187 0.37 
4-Br 0.145 0.55 
3-F 0.22 
2,2,3,3,4-F5 0.43 
3-Cl 0.039 0.142 
3-Br 0.143 
4-C=CH 0.425 
3-C=CH 0.288 
4-(C=C)2H 0.263 
3-(C=C)2H 0.207 
4-C02H 0.030 
4-NMe3 + 0.068 

1- and 2-positions of naphthalene, the 9-positions of phenanthrene and 

anthracene, and the 2-position of l,6-methano[10]annulene have been deter¬ 

mined as 2.61, 1.5, 2.8, 882, and 90, respectively;142 these results parallel closely 

those in desilylation. 

Other substituent effect measurements have shown that the relative rates of 

detrimethylstannylation of the 4-Me3MCH2-substituted benzenes are M = Si, 

1; Ge, 1.35; Sn, 3.21.143 Activation by these groups is largely by carbon-metal 

hyperconjugation, and since conjugative effects are less important in destannyl- 

ation, the relative rates are lower than in desilylation (for which the Ge:Si 

reactivity ratio is 1.56). 
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Lastly, the ease of destannylation is shown by the ready cleavage by hot acetic 

acid of the SnPh3 group from benzenetricarbonylchromium.144 

4.9.2 Base-catalysed Protiodestannylation 

This reaction differs from the corresponding desilylation in that the mechanism 

can vary from one in which a free carbanion is formed (cf. eqs 4.23 and 4.24) to one 

in which electrophilic attack by the solvent is synchronous with departure of the 
SnR3 groups (eqs 4.27 4.29). 

B“ + Me3SnC6H4X BMe3Sn C6H4X (4.27) 

slow 

BMe3Sn“C6H4X + BH ,-- BMe3Sn~C6H5+X + B~ (4.28) 

BMe3Sn“C6H5+X fast -+ BSnMe3 + C6H5X (4.29) 

The synchronous mechanism is dominant in solvents, e.g. aqueous methanol, 

where electrophilic attack is favourable, and this gives rise to a small spread of 

rates (Table 4.9).145,146 +M substituents give rise to a higher reactivity than 

expected because they facilitate electrophilic attack by solvent molecules.122,126 

The reaction gives a product isotope effect, kH/kD, ranging from 3.8 (4-N02) to 5.2 

(4-OMe),124,147 confirming that a free carbanion is not produced under these 

conditions (cf. base-catalysed desilylation). However, the rate isotope effects (i.e. 

the rates in MeOH or MeOD) were halved, which is consistent with the 

mechanism given by eqs 4.27-4.29 in which a pentacoordinate species is formed 

in a pre-equilibrium. The position of this equilibrium will depend on the 

secondary isotope effect for desolvation of the methoxide ion. This should take 

place half as rapidly in the protium-containing as in the deuterium-containing 

solvent. Hence the product isotope effect arises in eq. 4.28 and the rate isotope 

effect is the multiple of the product and secondary isotope effects; the reaction rate 

and the composition of the products are evidently determined in the same step of 

the reaction. 

Under conditions where electrophilic assistance is more difficult (aqueous 

DMSO, especially 3:100, v/v) cleavage occurs almost entirely by the free 

carbanion mechanism, as does base-catalysed desilylation, and there is a good 

linear correlation between the data in the two reactions.146 The data also 

correlate with the energies of deprotonation of XC6H5, as do those for base- 

catalysed desilylation and hydrogen exchange (Section 3.3), confirming that a 

common mechanism applies for all three reactions. 

The effect of the two different mechanisms is shown by the reactivity of 

PhSnMe3 relative to PhSiMe3 towards cleavage. This is greater than 102 in 

aqueous methanol because of the electrophilic assistance of the tin cleavage, 
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Table 4.9 Partial rate factors for base-catalysed protiodestannylation of XC6H4SnMe3 

X 

Solvent 

Aq. methanol Aq. DMSO (1:9, v/v) Aq. DMSO (3:100, v/v) 

2-F 29 
4-N02 950 3370 
4-NMe3 + 10.3 192 530 
3-CF3 10.25 115 240 
3-Br 9.1 
4-CF3 8.2 70 144 
3-C1 8.1 

2-C1 7.55 
2-CF3 7.05 
3-F 5.45 
4-C1 4.65 15.8 25 
4-Br 4.6 
4-C=CH 3.9 
3-C=CH 3.8 
4-F 2.9 
4-SMe 2.4 3.2 3.4 
4-Ph 1.8 

3-OMe 1.78 
3-Ph 1.69 
4-OMe 1.64 0.78 0.65 
4-NMe2 1.63 0.22 0.089 
3-SiMe3 1.39 
4-SiMe3 1.13 
H 1 1 1 

4-I-Bu 0.95 
2,3-C4H4 0.93 
4-Me 0.86 0.66 0.44 
3-Me 0.83 0.59 0.58 
3-NH2 0.68 

2-OMe 0.61 
2-Me 0.25 

whereas in 3:100 (v/v) aqueous DMSO (where this does not apply) it becomes 0.1, 

and intermediate values are obtained in media with higher proportions of 

water.123,125 The effect of the synchronous mechanism also shows up strongly in 

the higher reactivity of the 2-position of furan relative to that of thiophene (owing 

to the greater + M effect of oxygen in the former) in destannylation in aqueous 

methanol, whereas in base-catalysed desilylation and hydrogen exchange furan is 

much less reactive than thiophene.124 

The failure to observe a rate isotope effect in the destannylation of car- 

boranylstannanes in ethanol (which gave the carborane reactivity order as 

ortho » meta > para) led to the proposal that the free carbanion mechanism was 
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involved.149 However, in view of the above work it now appears more likely that 

the synchronous mechanism is involved, and that the product and secondary 
isotope effects cancel each other out. 

Lastly, rates of base-catalysed destannylation of benzcylobutene have been 

measured, the results confirming those for base-catalysed desilylation.128 

4.10 PROTIODEPLUMBYLATION 

This reaction (eq. 4.30) is the most rapid of the cleavages involving Group 

IVB metals, and gives the largest solvent isotope effect, kH/kD, of 3.05 (for R = Et, 

X = Cl in aqueous dioxane62), since the transition state is nearest to the ground 

state. This is confirmed by the small p factor of —2.5 and r value of 0.4 found 

for correlation with the Yukawa-Tsuno equation (Section 11.1.2) of the partial 

rate factors (for cleavage of ArPbMe3 by HC104-Et0H at 25 °C), viz. 4-OMe, 

21.0; 4-Me, 3.4; 4-C1, 0.32; 3-C1, 0.125.149 

ArPbR3 ArH + PbR3X (4.30) 

4.11 PROTIODENITRATION 

The strong resonance between the nitro group and the aromatic ring makes 

nitroaromatics particularly stable. However, nitration of the 9-position of 

anthracene gave a substrate isotope effect150 which is uncharacteristic of 

nitration, indicating that the reaction here is reversible. This follows from the high 

electrophilic reactivity of the 9-position of anthracene and the presence of the peri 

hydrogens which not only sterically accelerate loss of the nitro group, but also 

weaken the C—N bond by forcing the nitro group out of coplanarity with the 

aromatic ring. 9-Nitroanthracene produced nitric acid on reaction with strong 

sulphuric acid in trichloroacetic acid, but anthracene itself was not detected.151 

The superacid fluorotantalic acid (HTaF5) denitrates 9-nitroanthracene and 

nitropentamethylbenzene, and the displaced nitro group can be transferred to 

benzene, toluene, or mesitylene.152 Toluene gave 95% para product, so a bulky 

denitrating/nitrating species was indicated. 6-Nitro-2,4-diisopropylacetanilide 

protiodenitrates on treatment with boiling ethanolic HC1;15 3 here the denitration 

site is strongly activated towards electrophilic substitution. 

The 1,3-rearrangement of the 2-nitro group to the 4- and 6-positions in 

2,3-dinitroaniline, catalysed by concentrated H2S04, involves protiodenitration. 

The migration of the nitro group is intramolecular and takes place in a rate¬ 

determining step; alkyl substituents have only a small effect on the migration 

rate.154 
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4.12 PROTIODESULPHONATION 

This reaction (eq. 4.31) is of considerable preparative importance since the 

sulphonic acid group is used to block certain positions in the aromatic ring and, 

after further substitutions have been carried out, is removed by heating with 

aqueous acid. 

ArS03H + HX->ArH + XS03H (4.31) 

There have been many mechanistic studies of the reaction, mostly involving 

H2S04 as the catalysing acid.155-169 Some were directed towards ascertaining 

whether the Jacobsen reaction (the isomerization of arylsulphonic acids in 

H2S04) occurs intramolecularly or via protiodesulphonation followed by 

sulphonation; both processes appear to be involved.168 There have been a 

number of mechanisms proposed, partly owing to the difficulties associated with 

studying a reaction in which a large number of species are present, and 

complications arising from the tendency for resulphonation to take place. The 

main features of the reaction are as follows: 

(1) The activation energy is higher than for sulphonation, hence the relative 

ease with which resulphonation takes place. 

(2) Desulphonation increases less readily with increasing acid concentration 

than does sulphonation,159,163 and for many substrates the rates have been 

shown to pass through a maximum.155,162,166 

(3) The reaction is most rapid for ortho-substituted sulphonic acids165,168 and 

this steric acceleration is consistent with the large steric hindrance to the reverse 

reaction, sulphonation. Steric acceleration is so large that it overrides the normal 

electronic effects of the substituents. Thus, for benzenesulphonic acids possessing 

chloro, carboxyl, or sulphonic acid substituents in the ortho, meta, or para 

positions. The ortho isomer was the most reactive in each case.165 Likewise, 

aniline-2,3,4,6-tetrasulphonic acid loses the S03H group in the 3-position, the 

position least activated by the NH2 group, but most crowded sterically.170 

Desulphonation of isomeric tetramethylbenzenedisulphonic acids takes place in 

the inverse order of the prediction based on additivity of substituent effects,171 

and steric acceleration is believed to be responsible. Likewise, 2-chloro-3,5- 

dinitrobenzenesulphonic acid is more reactive than the 4-chloro isomer.172 

Although earlier work indicated that reaction took place on the free sulphonic 

acid,165,166 the balance of evidence is now strongly in favour of reaction 

occurring largely on the acid anion, as originally proposed by Lantz157 to 

account for the maximum in rate with increasing acidity noted under (2) above. 

An extensive study of desulphonation using a technique which overcame the 

problem of resulphonation,168 showed that the kinetic data were consistent with 

reaction on the acid anion, with the possibility of some reaction on the free acid at 
higher acidities. 

Reaction on the acid anion would be favoured since there will be a high 
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electron density on the ipso carbon, and indeed Baddeley et al.160 proposed that 

the reaction between the electrophile and the anion would in consequence be a 

rapid step. However, the need (by the principle of microscopic reversibility) for 

the reaction mechanism to be the exact reverse of that for sulphonation has led to 

the mechanism given by eqs 4.32-4.35. The rapid pre-equilibrium to give the acid 

anion (eq. 4.32) is followed by a slow proton attachment to the ipso carbon 

(eq. 4.33) to give the intermediate. This then rapidly loses S03 to a base which will 

be either HaO + in weaker acid media (eq. 4.34) or H2S04 in stronger acid media 

(eq. 4.35); in other acids the free acid or acid anion would alternatively be 
involved in the last step. 

ArS03H + H20^= ArS03 +H30 + (4.32) 

^ ^ slow 
ArSCV + H2S04^= 

±Ar—sor + HS<v (4.33) 

—: H fast 

Ar^so,- + H=° — 
- ArH + H3S04 (4.34) 

—; H slow 

Ar’--so3- + HlS°4'— ± ArH + S03(H2S04) (4.35) 

The electrophilic nature of the reaction is shown by the increase in rate 

with increase in the number of alkyl substituents, so that a reactivity series 

is pentamethyl- >1,2,3,5-tetramethyl- > 1,2,4,5-tetramethylbenzenesulphonic 

acid.163 The effect of methyl substituents depends on temperature and acid 

concentration, but the values obtained in 79.3 wt-% H2S04 at 120.1 °C, viz. 

f0= 152, fm — 2.24, fp = 69 are representative166 and also show the effect 

of steric acceleration. Both this and electronic effects combine to give the 

l-:2-naphthalenesulphonic acid rate ratio of 50165 and also the very high 

reactivity of anthracene-9-sulphonic acid which is readily cleaved by aqueous 

HC1 at 100 °C.173 Semi-quantitative results for a variety of other compounds 

also show that the reaction is electrophilic.174 

4.13 PROTIODEHALOGENATION 

Iodo, bromo, and chloro substituents can be displaced from aromatic rings 

in an acid-catalysed reaction (eq. 4.36), the ease of removal being I > Br > Cl. 

The reaction is sterically accelerated by large ortho substituents so that whereas 

2,4,6-tri-fert-butylbromobenzene undergoes protiodebromination with strong 

acid, 2,4,6-trimethylbromobenzene is unreactive under the same conditions.175 

The steric strain in the former compound is shown by the fact that positive 

bromination of 1,3,5-tri-tcrt-butylbenzene gives a large kinetic isotope effect 
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[Section 9.3.1.(i)]. Thus the second step of the bromination, loss of the proton 

from the intermediate, must be partially rate-determining and therefore slow 

owing to the compression in the product; it follows that the first step of the 

reverse reaction, protiodebromination, will be accelerated. 

ArHal + HX-» ArH + XHal (4.36) 

Protiodehalogenation is electrophilic as shown by the effects of substituents 

in the Hl-catalysed deiodination of iodobenzene, which are 2,4-(OH)2 > 4- 

OH > 2-OH > 3-OH and 2-Me > 4-Me > 3-Me > H.176 For the Hl-catalysed 

deiodination of 4-hydroxyiodobenzenes in acetic acid, the partial rate factors 

are 2.4 (3-Me), 0.08 (3-C1), 48 (2-Me), and 160 (2-Me x 5-i-Pr).177 Both sets of 

work show steric acceleration by the ortho-methyl substituent, and the p factor 

is ca —3.0. For cleavages of other halogens, and from less activated substrates, 

higher p factors could be anticipated, but no data are available. The relative 

rates of the HCl-SnCl2-catalysed deiodination of some amino-substituted 

iodoaromatics were also consistent with an electrophilic substitution.178 

Choguill and Ridd179 showed that the mechanism of protiodeiodination is 

that given in eq. 4.37. The reaction of 4-iodoaniline with aqueous mineral acids 

is first order with respect to the stoicheiometric concentration of aromatic, is 

independent of the concentrations of H+ and I-, and gives a solvent isotope 

effect, /c(H20)/k(D20), of 5.8. The latter feature follows from the principle of 

microscopic reversibility, since in the reverse reaction, iodination, a substrate 

kinetic isotope effect is observed, showing that loss of the proton is partly 

rate-limiting. The independence of the rate on the hydrogen ion concentration 

follows from the free amine (which must be the species which reacts with the 

proton) being present entirely as the conjugate acid in the acid range examined. 

H+ -r-H +2I~ 
Arl;-- Ar + ArH + I3 (4.37) 

slow 1 fast 

Protiodebromination gives a useful route to m-bromophenols.180 Bromination 

of methylphenols gives (via dienone intermediates) substitution at the sites most 

activated towards electrophilic substitution (i.e. ortho and para to hydroxy) and 

also at other sites. Subsequent reaction with HI removes the most labile bromines 

at the former positions. Thus, for example, 3-methylphenol gave 5-bromo-3- 

methylphenol and 4-methylphenol gave 3-bromo-4-methylphenol. Protiode¬ 

bromination has also been observed in various bromothiophene derivatives181 

and with n-alkylanilines.182 

Protiodechlorination is believed to be an intermediate step in the overall 

benzoyldechlorination of p-dichlorobenzene to give p-chlorobenzoylbenzene.183 

The formation of benzoylbenzene as a byproduct indicated that the reaction 

conditions were conducive to protiodechlorination (very strong acids, e.g. 

HA1C14, are present under Friedel-Crafts conditions), so that chlorobenzene is 
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probably formed initially from the dichloro compound. The superacid 

HAICI3OH (present in aqueous A1C13) causes chlorine migration via pro- 

tiodechlorination in o-chlorofluorobenzene and o-dichlorobenzene; the latter 
gives mainly the meta isomer at equilibrium.184 

4.14 PROTIODEPALLADIATION 

In the palladium(II) acetate-catalysed formation of biaryls from iodobenzenes, 

protiodeiodination occurs and is accelerated by the presence of ortho-methyl 

substituents.185 This is not due simply to steric acceleration since 4-methyl- 

iodobenzene underwent reaction more rapidly than 4-chloroiodobenzene, and 

an electrophilic substitution is indicated. The reaction is therefore believed 

to involve the intermediate formation of ArPdl, which is then cleaved by water: 

ArPdl + H20-» ArH + Pdl(OH) (4.38) 
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CHAPTER 5 

Metallation 

The replacement of aromatic hydrogens by metals constitutes an important 

class of electrophilic aromatic substitutions because of the synthetic usefulness of 

the organometallic intermediates. With the exception of mercuriation, these 

reactions are less well recognized as electrophilic substitutions, and in some cases 

detailed evidence for the electrophilic nature of the reactions has yet to be 

obtained. However, all of the reported metallations are included here in order to 

focus attention on the need for this additional work. 

5.1 LITHIATION 

This reaction is usually carried out with n-butyllithium (eq. 5.1) and is closely 

related to base-catalysed hydrogen exchange, the initial step in each reaction 

being removal of a proton from the aromatic by the base to give the aromatic 

anion, i.e. the mechanism is B-SE1 (Section 2.1). In lithiation the greater stability of 

the product butane and its removal from solution means that the reaction here is 

irreversible, and the aryllithium is obtained as an intermediate. The electrophilic 

process is thus substitution of Li+ into the aromatic anion which will be very fast, 

and may be synchronous with the first step as depicted in l.1 As in the case of 

base-catalysed hydrogen exchange, lithiation differs from the conventional 

electrophilic substitutions (,SE2) in that the most acidic hydrogen is substituted 

(the 7r-cloud being largely uninvolved). This may take place at the site 

conventionally substituted, an example being lithiation of naphthothiophenes 

which occurs at the 2-position, as does nitration etc.2,3 

ArH + n-BuLi-> ArLi + butane 

H 
8+ 

8- 

(5.1) 
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Table 5.1 Yields (%)a in lithiation of substituted benzenes ArX 

X 

Position of lithium 

Ref. 2 3 4 5 6 

OMe 100 4 
OEt 99 0.5 0.5 4 
NMe2 71 19 5 
l,2-(NMe)2 50-60 6 
CH2NMe2 80 100 7-9 
(CH2)2NMe2 Mainly 10,11 
l,3-(OMe)2 97 3 4 
l-OMe-3-Me 40 60 4 
Ph 8 58 34 4 
cf3 73-80 20-27 4, 12 
L3-(CF3)2 40 60 13 
conr2 70-99 14 
l-CONR2-3-Me (l)b (2)b 14 
so2nr2 80 15 
S02Ar 42-67 16 
l-S03Li-4-Me(H) 100 17 
1,2-(CH2)2 19-30 18 

“In some cases the yields are based only on the amount of derivative recovered, so that the extent of 
lithiation at the site may be greater. 
b Ratio of observed products. 

However, for the most part lithiation gives the isomer (usually ortho to the 

substituent) which is not that principally obtained in other substitutions, and this 

is very useful synthetically (Table 5.1). The preference for substitution ortho to an 

electron-withdrawing group is also found in ferrocene, the 1-carboxamide 

substituent giving lithiation at the 2-position.19 

There are substantial indications that lithium coordinates with substituents 

able to donate lone pairs, e.g. as in 2 (in which the Li—t-Bu bond may already 

be completely or partially broken). This may account for the exceptionally high 

ortho substitution produced by alkoxy and amino substituents, etc., and the 

preference for 8-substitution in 1-methoxy-20 and 1-aminonaphthalene,21 the 

(2) 
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latter providing a useful route to 1,8-disubstituted naphthalenes; in the case of 

1-methoxynaphthalene, 2-lithiation also occurs, the proportion of this increasing 

with time.4 Coordination with the NMe2 and OMe groups also explains the 

preference for 2-substitution in l,l'-di(N,A-dimethylamino)ferrocene (disub¬ 
stitution also occurs here, of course), N.N-dimethylaminoferrocene,11 methoxy- 

ferrocene,22 and A^N-dimethylaminoethylferrocene.11 Coordination is absent 

in alkylbenzenes and the partial rate factors for isopropylbenzene, 1 viz. /„ = 0.10, 

fm = 0-38,/p = 0.43 reflect mainly the inductive effect of the alkyl group. 

Because lithium does not have a large directing effect, but will activate through 

its + / effect, polylithiation is feasible and has been observed with anthracene, 

biphenyl, fluorene, and indene, using n-butyllithium and N4-tetramethylethyl- 

enediamine in hydrocarbon solvents, up to ten lithium atoms being introduced.23 

The size of the alkyllithium oligomer varies according to the solvent and an 

order of steric requirement is n-BuLi/hydrocarbon (hexamer) > £-BuLi/hydro- 

carbon > BuLi/ether (tetramer) >n-BuLi (iV4-TED).24 This is shown by the 

percentages of lithiation of the 6-position of 2-methylanisole which are 33% 

(n-BuLi/hydrocarbon), 42% (t-BuLi/hydrocarbon) and 75% (n-BuLi/N4-TED),25 

the corresponding percentages for 2-tert-butylanisole under the former and 

latter conditions being 7.5 and 30%, respectively.25, 26 Likewise, the relative 

percentages of 2- and 8-lithiation of 1-methoxynaphthalene were found to be 

73:27 (n-BuLi/ether-hexane); 3:97 (t-BuLi/hydrocarbon); 99:1 (n-BuLi/iV4- 

TED)27. 

5.2 AURATION 

The reaction of anhydrous gold(III) chloride with benzene produces a 

red solution which decomposes fairly rapidly to give gold(I) chloride and 

chlorobenzene in 98% yield; if a deficiency of benzene is used then 1,2,4,5- 

tetrachlorobenzene is the product. The rates of auration of a range of aromatics 

gave a reactivity order typical of an electrophilic substitution.28 The intermediate 

arylauric dichlorides, formed according to eq. 5.2, are thermally unstable but 

may be isolated.28,29 The ortho:para ratios, viz. 0.23 (toluene), 0.12 (anisole), 

and 0.11 (chlorobenzene), are consistent with a bulky electrophile.30 

ArH + AuC13 ;=± ArAuCl2 + HC1 (5.2) 

5.3 MERCURIATION 

The group HgX may be introduced into the aromatic nucleus by reaction with 

a mercuric compound, usually the acetate or chloride, e.g. eq. 5.3. In a non-polar 

medium the distribution of reaction products is comparatively random, and the 
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reaction is at least in part homolytic. In a polar medium or in the presence of 

catalysts such as perchloric acid, mercuriation takes place more readily giving the 

isomer distribution expected for an electrophilic process. The reaction has been 

studied under both homogeneous and heterogeneous conditions. 

ArH + Hg(OAc)2 ;-* ArHgOAc + HOAc (5.3) 

5.3.1 Mechanism 

Homogeneous mercuriation of benzene with mercury(II) acetate in acetic acid, 

catalysed by mineral acids and by salts, is first order in both benzene and 

mercury(II) ion, indicating that the attacking entity is mercury(II) ion complexed 

with the anion of the catalysing species.31 The catalysing effect of perchloric acid 

was attributed to the formation of a more polar and hence more reactive 

electrophile according to eq. 5.4,32 A more comprehensive kinetic study of 

Hg(OAc)2 + HC104 Hg(OAC)+C104 “ + HOAc (5.4) 

mercuriation in acetic acid by mercury(II) acetate and by mercury(II) perchlorate 

revealed distinct differences in behaviour,33 including the following: 

(1) The rate coefficient decreased on increasing the initial concentration of 

mercury(II) acetate, with mercury(II) perchlorate producing the opposite effect; 

these effects were more pronounced the lower the concentration of perchloric 

acid, and remained even in its absence with the perchlorate. 

(2) Water retards the reaction, and more so with mercury(II) perchlorate in the 

absence of added perchloric acid than for mercury(II) acetate in the presence of 

perchloric acid. 

(3) Added sodium perchlorate accelerated mercuriation with mercury(II) 

acetate in anhydrous acetic acid, and retarded mercuriation with mercury(II) 

perchlorate in acetic acid containing 0.2moll-1 water. 

These observations arise because in acetic acid, mercury(II) perchlorate is 

partially converted to mercury(II) acetate and perchloric acid, the first step being 

eq. 5.5 and the second step being the reverse of eq. 5.4; the perchloric acid 

generated catalyses the reaction. These equilibria also accounted for the 

departure from second-order behaviour in media of low acidity. The retardation 

by water is due to its protonation by perchloric acid, which is then unavailable for 

catalysis, and the acceleration by sodium perchlorate of mercury(II) acetate 

mercuriation is due to formation of perchloric acid according to eq. 5.6. 

Hg(C104)2 + HOAc ^—- Hg(0Ac)+C104- + HC104 (5.5) 

NaC104 + HOAc ,-- NaOAc + HC104 (5.6) 

Homogeneous mercuriation with mercury(II) trifluoroacetate in TFA gives 

pure second-order kinetics; there is no reaction of the mercury(II) salt with the 
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solvent and little isomerization of the reaction products.34 The reaction takes 

place much more readily (6.9 x 105 for benzene mercuriation at 25 °C)34 because 

electron withdrawal from mercury by the trifluoroacetate ligand creates a greater 

positive charge on the electrophile. For the same reason, mercury trifluorometh- 

anesulphonate is even more reactive.35 Thus very unreactive aromatics can be 

substituted, e.g. tetrafluorobenzene with mercury(II) trifluoracetate36 and pen- 

tafluorobenzene with mercury(II) trifluoromethanesulphonate.35 

Heterogeneous mercuriation of benzene by mercury perchlorate in aqueous 

perchloric acid is strongly accelerated by perchloric acid and its neutral salts. 

31,37 The rate of mercuriation here is an inverse function of the activity of water in 

the medium, so the acceleration by added salts is due to removal of water from the 
mercury(II) ion, resulting in a more reactive species.38 

The carbon-mercury bond is weak, which has a number of consequences. One 

is the reversibility of mercuriation, which involves protiodemercuriation and thus 

occurs in the presence of acids. For example, bis(acetoxymercuri)benzenes are 

demercuriated by hydrochloric acid,39 and arylmercury(II) chlorides can be 

similarly demercuriated.40 Mercuriation of benzene with mercury(II) nitrate in 

nitric acid is reversible,37 as also is mercuriation of phenylmercury(II) perchlorate 

with mercury(II) perchlorate in perchloric acid.41 A second consequence is that 

large primary kinetic isotope effects are observed in mercuriation, values of kH/ku 

between 4.7 and 6.8 having been obtained, depending on the conditions 

[mercury(II) acetate in acetic acid,42 mercury(II) perchlorate in perchloric acid,38 

mercury(II) trifluoroacetate in TFA].43 Thus, in the simplified SE2 scheme 

(eq. 2.4) /c_x becomes larger than k2 and an isotope effect results. With 

mercury(II) trifluoroacetate, evidence was obtained that a 7t-complex is initially 

formed (this fast step has only very small isotope effects) and the isotope effect 

derived for the slow step was greater for toluene (7.5) than for benzene (3.7).43 This 

contradicts the usual assumption that isotope effects should be greater for less 

reactive compounds since these will have a ‘later’ transition state. Uncatalysed 

mercuriation (of benzene) gives a smaller isotope effect (3.2 at 25 °C),44 even 

though under these conditions the electrophile should be less reactive (and indeed 

the rates are lower), giving rise to a later transition state. This discrepancy has 

been attributed to a reduction in the concentration of the base responsible for the 

removal of the proton in the second step of the reaction, owing to the presence of 

the acid.34 

The reversibility of mercuriation gives rise to isomerization. For example, 

the isomer distribution of tolylmercury(II) acetates formed from the perchloric 

acid-catalysed reaction of toluene with mercury(II) acetate was initially ortho 

21.0, meta 9.5 and para 69.5%, but became 36, 31, and 33%, respectively, after 

a reaction time of 28 days.45 This time-variable distribution was attributed to 

preferential demercuriation of the para-mercuriated derivative, since the 

observed relative reactivities of toluene to benzene also decreased with time.45 

However, this is difficult to reconcile with the expectation that protiodemer- 
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curiation will be sterically accelerated so that the rate of loss of the acetoxy- 

mercuri group from the ortho position should be comparable to that from the 

para position. It is possible that dimercuriation occurs followed by demercuria- 

tion, since the formation of meta- and para-dimercuriated benzenes from benzene 

and mercury(II) perchlorate involves demercuriation of the intermediate 1,2,4- 

tri(perchloratomercuri)benzene.41 In this work the ready demercuriation of ortho 

bismercurials was shown by the fact that phenylmercury(II) acetate and 

mercury(II) acetate gave no ort/io-disubstituted derivative if perchloric acid was 

present, yet a 65% yield was obtained in its absence. 

Analysis of the products of aromatic mercuriation is rendered easier by 

replacing the HgX group by bromine (bromodemercuriation),39 which occurs 

without isomerization for various substituted phenylmercury(II) compounds.40 

5.3.2 Substituent Effects 

Partial rate factors for uncatalysed mercuriation of some monosubstituted 

benzenes with mercury(II) acetate in acetic acid and with mercury(II) trifluoro- 

acetate in trifluoroacetic acid, each at 25°C are given in Table 5.2.46,47 The 

main feature of these results are as follows: 

(1) The logarithms of the partial rate factors correlate with o+ values 

(Section 11.1) giving values of p of -4.0 [mercury(II) acetate] and -5.7 

Table 5.2 Partial rate factors for mercuriation of monosubstituted 
benzenes at 25 °C 

Substituent 

Hg(OAc)2 in HOAca Hg(OCOCF3)2 in TFA 

fo fm U fo fm fP 
OMe 188 2310 
NHAc 277 
OPh 194 
Me 5.77 2.26 23.2 3.62 2.55 46.9 
Et 1.97 2.37 42.8 
t-Pr 0.533 2.18 39.0 
t-Bu 3.41 17.2 1.97 32.2 
Ph 0.081 0.77 6.42b 
F 0.60 0.038 2.92 0.0983 0.00687 1.51 
Cl 0.075 0.054 0.34 0.0168 0.00820 0.232 
Br 0.072 0.060 0.275 0.0126 0.00954 0.194 

a For the less reactive compounds, rates and isomer distributions at 25 °C were extrapolated from data 
obtained at higher temperatures. For some of these compounds side-reactions of mercury(II) acetate 
with the solvent accounted for over 80% of reaction, and a competitive method had to be employed. 
bFor fluorene /2 = 122. 
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Table 5.3 Partial rate factors for the catalysed and uncatalysed mercuriation of toluene 
at 50 °C 

Conditions fo fm fP 

Hg(OAc)2 in HOAc + HC104 4.20 2.41 28.8 
Hg(OAc)2 in HOAc 4.61 1.98 16.8 

[mercury(II) trifluoroacetate] (more recent work has indicated that the latter 

value may be as high as — 6.4).43 Thus the more reactive electrophile is more 

selective and the same feature is evident in perchloric acid-catalysed mercuriation 

which requires a higher p factor than uncatalysed mercuriation, as may be seen 

from the data in Table 5.3.45 These contradictions of the Reactivity-Selectivity 

Principle evidently arise because the second step of mercuriation is rate-limiting. 

The rate-limiting transition state is thus beyond the Wheland intermediate but 

will be nearer to this the more reactive the electrophile. A greater charge to be 

stabilized by the substituent therefore resides on the aromatic ring. 

(2) The ortho:para ratios are small, indicating that both reagents have large 

steric requirements, mercuriation with mercury(II) trifluoroacetate being the 

most hindered, as expected. Catalysed mercuriation appears to have a higher 

steric requirement than uncatalysed mercuriation (Table 5.3). 
(3) Activation by the p-F substituent in this reaction of low selectivity is 

surprising, since there should be little call on conjugative (+M) effects to 

outweigh the —I effect here. The order of deactivation by the meta-halogen 

substituents, Cl < F, indicates that there is little or no secondary relay of 

conjugative effects to the meta position, as is usual when the reagent is of low 

selectivity [e.g. in nitration. Section 7.4.3(viii)] and contrary to the order 

obtained when the reagent is of high selectivity (e.g. in hydrogen exchange, 

Section 3.1.2.5). 
(4) A further anomaly is that the p-Me > p-t-Bu activation order applies even 

in the poorly solvating trifluoroacetic acid; no other reaction gives this in this 

medium (see Section 1.4.3). If the experimental result is correct (cf. thalliation, 

Section 5.5), it implies that the reaction requires exceptional solvation of the 

transition state. 
(5) Although mercuriation is sterically hindered, the Additivity Principle 

holds remarkably well (Table 5.4). 
Relative rates of perchloric acid-catalysed mercuriation of substituted ben¬ 

zenes at 25 °C have also been determined (Table 5.5)33,42’45 and these confirm 

that the selectivity of the reaction is higher than for the uncatalysed reaction. 

Perchloric acid-catalysed mercuriation of toluene and toluene-aaa-d3 gave a 

negligible kinetic isotope effect, kH/kD = 1.00+ 0.03.48 
Azobenzene mercuriates in the 2,2'- and 2,6-positions, but 2-methylazoben- 

zene mercuriates in the 6-position whilst 2-iodoazobenzene mercuriates in the 2'- 
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Table 5.4 Observed and calculated relative rates in un¬ 
catalysed mercuriation of polymethylbenzenes at 50 °C 

Positions of 
methyl groups 

^rel. 

(observed) 
^rel. 

(calculated) 

None i — 

1- 5.0 — 

1,4- 8.2 9.1 

1,2- 16.0 14.1 

1,3- 34.5 30.1 
1,2,4- 49 35.5 
1,2,3- 68 62 

1,3,5- 209 178 
1,2,4,5- 30.0 27.8 
1,2,3,4- 126 101 
1,2,3,5- 257 235 
1,2,3,4,5- 224 233 

Table 5.5 Relative rates for catalysed mercuriation of substituted benzenes at 25 °C 

Substituent ^rel. Substituent ^rel. Substituent ^rel. 

H l 1,2-Me2 32 no2 0.00041 
Me 9.1 1,3-Me2 90 Ph 4.2 
Et 7.7 1,4-Me2 12.6 C4H4a 12.3 
i-Pr 7.1 F 0.38 HgOAc 0.69 
t-Bu 6.4 Cl 0.053 
n-Pr 7.3 Br 0.047 
i-Bu 7.8 I 0.045 
s-Bu 6.8 

“Naphthalene. 

and 6-positions; these results indicate an ortho coordination mechanism.49 
Acylferrocenes give the 1,2- and 1,1'-derivatives,50 the former being facilitated 
relative to ortho disubstitution in benzene because of the larger distance between 
ortho positions. Mercuriation of ferrocene with Hg(OAc)2 TFA in a 1:1:1 molar 
ratio gives a high yield (86%) of the monoacetoxymercuri product, but the 1,1'- 
disubstituted product is obtained if the molar ratio is changed to 1:2:2.51 
Triptycene is more reactive than o-xylene towards mercury(II) trifluoroacetate,43 
paralleling results for detritiation (Section 3.1.2.4); at 25 °C the rates relative to 
benzene are 15.4 and 39.5, respectively. 

Lastly, acetate ions reduce the rate of mercuriation of anisole and the 
mercuridesilylation of p-tolyltrimethylsilane; consequently, the electrophile is 
believed to be a mixture of unionized mercury(II) acetate and acetoxymercury 
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ion.52 The silane/anisole reactivity ratios for reaction with these electrophiles 

were 2 and 15, respectively, so this appears to be another example of the 

breakdown of the Reactivity-Selectivity Principle, since the ratio should be 

higher with the less reactive electrophile. The reason may be that the first step of 

the reaction is probably rate-limiting for mercuridesilylation, whereas it is the 
second step in mercuriation. 

5.4 BORONATION 

The reaction between boron tribromide and benzene in the presence of 

aluminium tribromide gives phenylboron dichloride (eq. 5.7), and the electrophi¬ 

lic nature of the reaction was indicated by boronation of the more reactive 

diphenyl ether in the absence of the catalyst.53 

A1CI, 
PhH + BC13 —4 PhBCl2 + HC1 (5.7) 

The reaction takes place with a range of aromatics and will occur (under 

pressure) with aluminium as catalyst, in which case hydrogen is produced; 

toluene gave a para:meta ratio of 4.6.54 

5.5 THALLIATION 

Thalliation is sometimes used as an alternative to mercuriation for introducing 

substituents into aromatic rings;55 subsequent cleavage with potassium iodide, 

for example, gives the iodoaromatic. The main advantage of the reaction (which 

occurs 200-400 times less readily than mercuriation) is the relative absence of 

disubstitution (because it is more selective), although diarylthallium(III) com¬ 

pounds are readily formed.56 Against this must be set the high cost of the reagents 

and the fact that they are very poisonous. 

Thalliation by thallium triacetate is accelerated by the presence of perchloric 

and sulphuric acids and gives complex kinetics owing (as in mercuriation) to the 

establishment of equilibria between the various electrophiles, the reactivity 

order of which is T1X3 > T10AcX2 > Tl(OAc)2X > Tl(OAc)3, (X = C104 or 

HS04).56,57 The reaction gives a kinetic isotope effect /ch/7cd = 2.4.57 

As in the case of mercuriation, thalliation with the trifluoroacetate is faster 

(and most studies have been carried out under this condition); similarly, the 

trifluoromethanesulphonate is more reactive still and with this 1,3,5-trifluoro- 

benzene can be thalliated.58 With thallium tris(trifluoroacetate) substitution 

occurs mainly at the para position, although high yields of meta derivatives can 

be obtained under conditions of thermodynamic control; with some compounds, 

e.g. anisole, there is evidence of an ortho-coordination mechanism.56,59 Thai- 
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liation of anisole is unusual in that at — 25 °C the para product is mainly 

obtained whereas at room temperature the ortho derivative is almost exclusively 

obtained, which indicates that the ortho derivative is thermodynamically the 

more stable, again indicative of an ortho-coordination mechanism (3).60 Toluene 

gave the partial rate factors f0 — 12.7, fm — 4.5, and fp = 226, showing the 

reaction to be more selective than mercuriation, and px — 7.0;61 toluene and 

tert-butylbenzene gave the expected t-Bu > Me activation order in this medium 

(trifluoroacetic acid),62 in contrast to mercuriation, which behaves abnormally 

(Section 5.3). 

Thallium(I) impurities in the tris(trifluoroacetate) render kinetic data unreli¬ 

able, but studies have been carried out with the triacetate sesquihydrate. These 

showed the rapid formation of a 7t-complex as in mercuriation, and a smaller 

kinetic isotope effect than for mercuriation, although that for the second step 

was greater. Use of o+ values gave a p factor which was larger (— 8.3) than that 

for thalliation with the trifluoroacetate; a better correlation was obtained using 

the Yukawa-Tsuno method (Section 11.1.3), giving p — — 8.6 and r — 0.663 

Chlorination in the presence of the reagents T1C13-4H20, Tl(OAc)3, T1C1, 

and TIOAc gave toluene:benzene rate ratios which increased along the series 

(from 43 to 133), whilst the ortho:para ratio increased from 1.1 and 2.5. The 

reaction appears to involve cleavage by chlorine of the arylthallium intermediate, 

whilst thalliation with thallium(I) is more selective and less hindered than the 

reaction with thallium(III).64 

5.6 SILYLATION 

The reaction between diphenyldichlorosilane with ferrocene in the presence of 

aluminium chloride gives, after hydrolytic work-up, the silanol FerSi(OH)Ph2, in 

a reaction believed to be an electrophilic substitution.65 

5.7 PLUMBYLATION 

Reaction of aromatic ethers and lead tetraacetate in benzene or acetic acid at 

elevated temperatures leads to the para-aryllead triacetate (eq. 5.8).66 As in 
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mercuriation and thalliation, the reaction rate can be increased by using ligands 

from stronger carboxylic acids, e.g. halobenzenes may be plumbylated with lead 

tetraacetate in TFA, giving the para-halogenophenyllead tris(trifluoroacetates) in 

3-34% yields.67 Plumbylation of 1,3-dimethoxybenzene with lead tetraacetate 

gives a 78% yield of 2,4-dimethoxyphenyllead triacetate,66 yet in the presence of 

monohalogenoacetic acids the yield becomes 99% and the reactions are faster.68 

Likewise, ligand exchange between lead tetraacetate and trichloroacetic acid 

results in rapid plumbylation of halogeno ethers by the resultant lead 

tetrakis(trichloroacetate).69 The products of plumbylation are readily hydro¬ 

lysed to oligomeric plumboxanes [(ArPbX2)20]„, but these may be converted 

back to the aryllead tricarboxylates by treatment with acid.70 

(5.8) ArH + Pb(OAc)4^±ArPb(OAc)3 + HO Ac 

Plumbylation is more selective than either mercuriation or thalliation and the 

ortho, meta, and para partial rate factors for toluene are 9.6, 3.2, and 331, 

respectively, in dichloroacetic acid, and 61.2, 10.8, and 540 in TFA.71 The low 

ortho: para ratios are consistent with the very bulky nature of the electrophile and 

the respective sizes of the ligands. It follows that protiodeplumbylation of ortho- 

substituted aryllead compounds will be rapid owing to steric acceleration. 

5.8 ANTIMONATION 

The reaction between aromatics and antimony pentafluoride gives stibines 

such as Ar2SbF3.H20 and Ar3SbF2. The high substrate selectivity and the 

predominance of para substitution are consistent with the proposed mechanism 

shown in Scheme 5.1.72 

H SbF4 

Ph2SbF4—H+ 5=^ HF + Ph2SbF3 

Ph2SbF3.H20 Ph3SbF2 

Scheme 5.1 
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5.9 TELLURIATION 

The reaction of tellurium tetrachloride with activated aromatics, e.g. anisole, 

gives mainly the p-aryltellurium trichloride together with some bis(aryl)tellurium 

dichlorides.73 Less reactive aromatics require catalysis by Lewis acids and an 

electrophilic substitution is indicated. 

5.10 RHODIATION 

Reaction of (octaethylporphyrinate)rhodium(III) chloride with aromatics in 

the presence of either silver perchlorate or silver tetrafluoroborate gives the 

corresponding phenyl-rhodium(III) complex. Anisole, toluene, and chloro¬ 

benzene each substitute exclusively para, and methyl benzoate gives a meta-para 

mixture in the ratio 92:8. These results confirm the bulky nature of the 

electrophile, [(OEP)Rh111] + generated from anion exchange of the chloride with 

the silver salts.74 The slow step is reaction of the electrophile with the aromatic; 

the data correlate with the Yukawa-Tsuno equation (Section 11.1.3), with 

p=- 4.5, r = 0.3 (cf. ref. 74). 

5.11 PALLADIATION 

Fluorinated azobenzenes react with 7i-cyclopentadienylpalladium to give pal- 

ladiation ortho to nitrogen indicating that, as in mercuriation, coordination to 

nitrogen is the initial step.75 

In the presence of added oxidant, palladium diacetate reacts with benzene 

to give phenylpalladium acetate and thence phenyl acetate.76,77 The isomer 

distributions for the reaction of the diacetate with some aromatics in acetic 

acid at 90 °C are shown in Table 5.6.76 The results for terf-butylbenzene show 

the high steric hindrance to the reaction and the partial rate factors for toluene 

were f0 = 1.09, fm = 1.51, fp = 3.19, so the reaction is evidently very unselective. 

The reaction gives a kinetic isotope effect kH/kD of 4.5 for both the acetoxylation 

and the arylation which occurs in the absence of oxidant, indicating a common 

intermediate.76 

Table 5.6 Isomer yields (%) in palladiation of aromatics 
ArX 

X ortho meta para 

Cl 28 23 35 
Me 26 36 38 
t-Bu 0 58 42 
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CHAPTER 6 

Reactions Involving Electrophilic 
Carbon 

Carbon bonded to an electronegative element or group X is positively 

polarized and therefore electrophilic, although not normally sufficiently so to 

react with benzenoid compounds. Its electrophilicity can, however, be increased 

by the addition of a species which can accept electrons from X and further polarize 

the C—X bond. The electron-accepting species may be a Lewis acid such as 

A1C13, FeCl3, SnCl4, and BF3, the catalyst used depending on the type and 

reactivity of the electrophilic carbon compound and the aromatic. The carbon 

compounds which may be used include alkyl halides, alcohols, esters, and ethers. 

Electrophilic carbon may also be generated through protonation of an alkene or 

cyclopropyl groups. The products from these reactions are usually arylalkanes 

ArR (though diaryls ArAr' have also been obtained from substitution by the 

Table 6.1 Substitution of ArH by carbon electrophiles 

Reaction Reagents Products 

Aminoalkylation e.g. CHRO + R'2NH ArCHRNR'2 

Hydroxyalkylation e.g. CHRO + H2S04 ArCHROH 
Alkylthioalkylation Dicylohexylcarbodiimide + Me2SO ArCH2SMe 
Haloalkylation e.g. CH20 + HCl-ZnCl2 ArCH2Cl 
Gattermann-Koch reaction CO + HCI-AICI3, CuCl ArCHO 
Vilsmeier-Haack reaction HCONMe2 + POCI3 ArCHO 
Gattermann reaction HCN + HC1 (H20) ArCHO 
Formylation Cl2CHOMe + AICI3 ArCHO 
Hoesch reaction RCN + HC1 ArCOR 
Carboxylation COCl2 + AICI3 ArCOOH 
Amidation RNCO + AICI3 ArCONHR 
Cyanation CNCCI3 + HC1 ArCN 

Kolbe-Schmitt reaction3 C02 + pressure ArCOO- 
Reimer-Tiemann reaction HCCI3 + OH- ArCHO 

Reaction with Ar . 
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phenyl cation). If the carbon compound is an acid, acid anhydride, amide, or acyl 

halide the product is an aryl ketone, ArCOR. These substitutions (which have 

been comprehensively reviewed)1 are known as Friedel-Crafts reactions.2 

There are some closely related processes involving electrophilic carbon and a 

Lewis or protic acid, and also a few which possess special features and therefore 

do not require either of these catalysts. These reactions, summarized in Table 6.1, 

are described in more detail below. 

6.1 ALKYLATION 

Alkylation is described by either eq. 6.1 or 6.2. The former involves catalysis by 

Lewis acids, the order of catalytic power being AlBr3 > A1C13 > GaCl3 > FeCl3 

> SbCl5 > TiCl4 > ZnCl2 > SnCl4, ZrCl4>BCl3, BF3, SbCl33 (although an 

earlier report placed boron trifluoride midway along this series).4 The catalyst 

chosen is ideally the one which is just active enough to effect alkylation at a 

convenient rate; the more reactive catalysts often bring about side-reactions 

which are described below [Section 6.1.1(h)]. Tertiary compounds (halides, 

esters, alcohols, or ethers) generally require milder catalysts than primary 

compounds, and react mostly by the initial formation of a carbocation. By 

contrast, primary compounds form carbocations with extreme difficulty and 

reaction proceeds instead by displacement by the aromatic on a polarized alkyl 

compound-Lewis acid complex [Section 6.1.1 (iii)]. Alkylation by alkenes, or by 

cycloalkyl compounds with readily ruptured rings, may be brought about either 

with a strong proton acid or with a Lewis acid in the presence of a small quantity 

of water or a hydrogen halide [Sections 6.1.2(h) and (iii)]. 

ArH + RX Lewis add (LA) > ArR + HX (6.1) 

HX or L.A.-H20 

ArH + alkene-^ ArR + HX (6.2) 

Rearrangement within the alkyl group is a major complication for alkylation 

with primary and secondary compounds, and also some tertiary compounds (but 

not in terf-butylation). Another, general, difficulty is that introduction of one 

alkyl group into the benzene ring activates the nucleus so that further alkylation 

is favoured, and increasingly so with each additional substitution. The activation 

produced is small because alkylation is a very unselective electrophilic substi¬ 

tution, the more important feature being that the alkyl derivative is more soluble 

than the starting material in the catalyst layer (where reaction occurs).5 The 

products of alkylation may also isomerize or disproportionate, so that often the 

orientation is thermodynamically rather than kinetically controlled. Di- or 

trihalides continue to react until all of the halogen is replaced by aromatic, e.g. 

CHC13 and benzene give Ph3CH. 
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6.1.1 Mechanism of Alkylation by Alkyl Halides 

Alkylation by alkyl halides has been the most widely studied and is therefore 
described in appropriate detail. 

(i) Formation of complexes 

The components of these alkylations form various complexes, some of which 
play a part in the substitution process: 

(1) Whereas aluminium chloride is barely soluble in aromatic hydrocarbons, 

aluminium bromide dissolves readily to give coloured and highly polar 

solutions.6 The composition of the complexes corresponds to ArH Al2Br6 

(ArHAlBr3 where the aromatic is more strongly basic) and they are of low 

stability. For a series of methyl-substituted benzenes the extent of complex 

formation increases with the number of methyl groups, indicating that the 

interaction is of the 7t-complex type in which the aromatic nucleus is the electron 

donor and aluminium is the electron acceptor, cf. the ^-complexes formed 

between aromatics and acceptors such as hydrogen fluoride (Section 2.1.2). There 

is no evidence that these complexes are involved in alkylation, and indeed it 

would be improbable since the aromatic ring in the complexes would have a 

lower electron density and therefore be less reactive than the free aromatic. This 

appears to be the cause of the poor yields obtained in alkylation of polycyclic 

aromatics which form these complexes more readily. 

(2) More important are the complexes formed by the chlorides and bromides 

of aluminium and gallium with alkyl halides.7,8 For example, aluminium 

bromide dissolves in methyl bromide to form a 1:1 complex, and a solid of 

composition CFl3BrAlBr3 has been isolated at — 78 °C. The complexes are 

polar but only feebly conducting, indicating that they are essentially ion pairs, e.g. 

R + AlBr4 ", which are very slightly dissociated into the free ions.9 The magnitude 

of the dissociation is indicated by the 0.1% ionization of triphenylmethyl 

bromide-tin(IY) bromide in benzene, despite the triphenyl carbocation being 

particularly stable9 [although ionization would here be less favoured owing to 

the use of tin(IV) bromide]. The formation of ion pairs is indicated by bromine 

exchange which takes place between alkyl bromides and aluminium bromide 

containing radioactive bromine, consistent with AlBr4~ as the exchange 

medium. Moreover, amongst alkyl halides the exchange reactivity order is 

tertiary > secondary > primary, consistent with formation of a carbocation 

intermediate.10 With other catalysts the mechanism of the exchange is less 

certain. For the 36C1 exchange between CH3C1 and GaCl3 (second order in 

catalyst and first order in methyl chloride), rate-determining attack by methyl 

chloride on 1:1 addition compounds or ion-pair dimers, with formation of 

dimethylchloronium ion, MeCl + Me, as an unstable intermediate, has been 

proposed.11 Chlorine exchange then occurs in a series of subsequent and rapid 
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reactions. The difficulty of generalizing a mechanism is demonstrated by the 

chlorine exchange between methyl chloride and antimony pentachloride being 

only first order in catalyst.12 The relative exchange rates with catalysts were 170 

(GaCl3), 1 (SbCl5), and <0.001 (SbCl3).12 In gallium chloride-catalysed 

methylation the methylation rate exceeded the chlorine exchange rate, showing 

that the same intermediate cannot be involved in both reactions.11 Despite the 

uncertainties, it is clear that ionization of these complexes is slight so that a 

mechanism for alkylation by primary halides and which involves the generation 

of a free carbocation from the halide followed by reaction of this with the 

aromatic may be ruled out. 

This conclusion does not apply if a primary alkyl fluoride is used with 

antimony pentafluoride as catalyst in liquid sulphur dioxide. The stability of the 

SbF6“ ion is so high that free primary methyl or ethyl cations are formed and 

have been detected spectroscopically (n.m.r., laser Raman). This formation is 

confirmed by the alkylating power of the medium being unmatched by that 

observed previously for any methylating or ethylating reagent.13 Isotope¬ 

labelling studies indicate that ethylation with ethyl fluoride and boron trifluoride 

under some conditions may involve the free primary carbocation.14 

(3) Most pertinent of all to the mechanism of Friedel-Crafts alkylation is the 

formation of a-complexes which are isolable at low temperature. For example, 

that from mesitylene, ethyl fluoride, and boron trifluoride is believed to be (1), its 

salt-like character being substantiated by its ionic conductance at the melting 

point.15 The complex is evidently the intermediate in the alkylation of mesitylene, 

since on heating it decomposes to the alkylated product (2) together with 
hydrogen fluoride and boron trifluoride. 

Me Me 

(1) (2) 

(4) Coloured ionic species are formed slowly and with high activation energies 

from aromatic hydrocarbons, hydrogen halides, and Lewis acids.16 They are 

also a-complexes and 3 is obtained from toluene, aluminium chloride, and 

hydrogen chloride.17 These complexes, and those containing the ions A12C17", 

A13C110 ", etc., which can be formed from the hydrogen halide generated during a 

Friedel-Crafts alkylation, may facilitate alkylation by increasing the polarity of 
the medium.18 
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(3) 

(ii) Rearrangements 

Two types of rearrangement occur in alkylations: (1) a nuclear rearrangement 

in which an alkyl group attached to the nucleus migrates to a different nuclear 

position and may rearrange in the process; and (2) an aliphatic rearrangement in 

which the alkylating group itself rearranges. 

(1) Nuclear rearrangements may be either intramolecular, intermolecular, or a 

mixture of both. Methyl groups participate only in intramolecular rearrange¬ 

ments, and an example is the reaction of p-xylene with A1C13-HC1 to give a solid 

complex of m-xylene and the two inorganic compounds.19,20 The isomerization 

may be represented as simple Wagner-Meerwein transformations (eq. 6.3).21 

Methyl groups migrate around aromatic rings in a series of successive 1,2-shifts, 

the rates of which appear to be dependent upon the 7i-density at the cationic 

centre.22 Another example of isomerization is found in the AlCl3-catalysed 

reaction of 2-chloropropane with p-xylene at 50 °C, which gives 62% of 2-(2-, 

propyl)-p-xylene and 38% of 5-(2-propyl)-m-xylene.23 These migrations depend 

on the conditions: the A1C13-catalysed reaction of 1-chloropropane with p-xylene 

at low temperature gives 73% of 2-(l-propyl)-p-xylene together with 27% of the 2- 

propyl isomer, yet at high temperatures the product becomes exclusively 5-(2- 
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propyl)-m-xylene.23 Products may be obtained which are the result of steric 

hindrance rather than electronic effects, an example being the AlCl3-catalysed 

reaction of 1-chloropropane with mesitylene at 30 °C. The main products are 5- 

(2-propyl)-l,2,4-trimethylbenzene (5) and 5-(2-propyl)-l,2,3-trimethylbenzene (6) 

with little formation of the more hindered 1-propylmesitylene (7).2 3 

Me Me Me 

(7) (8) 

When one of the alkyl groups is branched at the a-carbon atom, intermolecular 

isomerizations become significant. For example, the main path in the isomeriz¬ 

ation of the methyl-2-propylbenzenes is an intermolecular rearrangement 

involving the separation of the 2-propyl cation from the arenium ion 8.24 The 

difference between this case and that of the xylene isomerization lies in the greater 

stability of Me2CH+ compared with, CH3 + . It follows that tert-butyl groups 

migrate most readily, and mainly by an intermolecular mechanism. Ethyl- 

toluenes isomerize by both inter- and intramolecular mechanisms,25,26 

When the alkyl group can itself isomerize the rearrangement may involve 

migration of both H- and Me- within a carbocation produced from the alkyl 

group as a result of initial abstraction of hydride ion by other carbocations 

present in low concentration in the reaction medium. This explains the 

AlCl3-catalysed interchange of the a- and jS-carbon atoms in 1-propyl- 

benzene,27'28 and for the AlCl3-catalysed interconversion of 2-methylpropyl- 

benzene and 1-methylpropylbenzene27,29 (eq. 6.4).30 It accounts for the 

formation of mainly 2-methylpropylbenzene from the reaction of 2-chlorobutane 

with benzene at 80 °C,31 and for a variety of products in the reaction of propyl- 

and butylbenzenes with aluminium chloride.32 

PhCHCH2Me PhC+CH2Me ^=± PhCHCH + Me 

I I I / 
Me Me Me7 

PhCH+CHMe2^L±phCH2CHMe2 (6.4) 

The ready interconversion of these carbocations provides a pathway for both 

the interconversions of isomeric alkylbenzenes and also for isomerizations during 

alkylation. The ratios of the products isolated in an alkylation may therefore 
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reflect differences in the rates of alkylation of different nuclear positions or, at 

least in part, the results of isomerizations in which equilibria are set up amongst 

the isomers. The importance of isomerization during alkylation also depends on 

the conditions. For example, in the formation of xylenes from toluene, A1C13, and 

MeCl, 27% of m-xylene is formed at 0°C but 98% at 106°C,33 showing that 

isomerization increases with increasing temperature. The position of equilibrium 

also depends on the amount of Lewis acid present and its nature. In the BF3- 

catalysed equilibriation of xylenes, 60% of the meta isomer is present when the 

BF3 concentration is low, but approaches 100% as the concentration is raised. At 

low concentrations, the equilibrium position is determined by the relative free 

energies of the three xylenes, which indicate that 57% of m-xylene should be 

present, whereas at high concentrations it is determined by the relative free 

energies of the xylene conjugate acids which are then the dominant species.19 The 

conjugate acid of m-xylene (4) is more stable than those of o- or p-xylene because 

in 4 each methyl group interacts directly with positively charged carbons. 

Alkylbenzenesalso undergo disproportionation in the presence of Lewis acids 

and hydrogen halides.34,35 For example, ethylbenzene in the presence of 

HF-BF3 is converted into an equilibrium mixture of benzene (45%), 

ethylbenzene (10%), and m-diethylbenzene (45%).34 These are intermolecular 

reactions as opposed to the isomerizations which are, in many cases, intramole¬ 

cular; disproportionation and isomerization may compete with each other. For 

example, p-tert-butylbenzene and o-xylene react in the presence of HC1 and 

A1C13 in nitromethane to give mainly 3,4-dimethyl-fort-butylbenzene by dispro¬ 

portionation (eq. 6.5), together with some m-tert-butyltoluene by isomeriza¬ 

tion.25 The mechanism of disproportionation involves initial protiodealkylation 

(Section 4.1) and is facilitated here by the presence of the very strong acid 

H + A1C14~. For the reaction to proceed requires the presence of a more reactive 

aromatic which becomes alkylated; in the above example this is o-xylene. The 

ease with which the reaction takes place depends on the stability of the leaving 

carbocation and consequently de-tert-butylation is most commonly observed. 

This fact has been made use of in synthesis of o-benzoyltoluene; the 

tort-butyl group is used to block the reactive para position of toluene in acylation 

(Section 6.7), reaction then occurring ortho to the methyl group; the tert-butyl 

group is then removed by disproportionation with benzene (more reactive than 

o-benzoyltoluene) in the presence of aluminium chloride (eq. 6.6).36 
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In studying the kinetics of Friedel-Crafts alkylations it is necessary to 

circumvent the complications which arise from the isomerization and dispropor¬ 

tionation, by using for example the mildest possible reaction conditions, and 

short contact times between the reagents.37 

Phenyl groups may also migrate, an example being AlCl3-catalysed rearrange¬ 

ment of o-terphenyl into a mixture containing 7% o-, 70% m- and 23% 

p-terphenyl.38 

(2) Friedel-Crafts alkylations with alkyl halides frequently result in isomeri¬ 

zation of the alkylating group; e.g. the alkylation of benzene with 1-halopropanes 

and -butanes gives mixtures of 1- and 2-propylbenzene and 1- and 2-butylben- 

zene, respectively.39 Whether isomerization occurs, and the extent to which it 

competes with direct alkylation, are dependent on the structure of the alkyl 

halide, the nature of the catalyst, the reactivity of the aromatic compound, and 

temperature. 

First, isomerization is very common when primary alkyl halides are used. 

Hydride shifts occur particularly readily, e.g. 9 and 10, as in the formation of 2- 

propylbenzene from 1-chloropropane and benzene and of tert-butylbenzene 

from l-chloro-2-methylpropane and benzene.21 Alkyl shifts also occur, as in the 

formation of 2-methyl-3-phenylbutane (11) from l-chloro-2,2-dimethylpropane 

and benzene in the presence of A1C13. Both processes appear to be involved in the 

formation of various isomeric ethylcyclohexylbenzenes from benzene and 

chlorocyclooctane in the presence of A1C13.40 (Rearrangement appears to be less 

severe if a primary alkyl group contains a terminal cyano group. For example, the 

AlCl3-catalysed reaction of benzene with 6-bromohexanenitrile gives 85% of the 

primary 6-phenyl derivative and only 15% of the secondary 5-phenyl 
derivative.41) 

MeCH^CH2 + ;=±MeCH + Me Me2CHCH2 + Me3C + 

(9) (10) 

Me 

MeC—CH2C1 + PhH MeCH—CHMe 

J, Me Ph 

(11) 
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The products in these reactions can be considered to be derived from a 

carbocation more stable than that which could be formed by the original halide 

(although free carbocations are not necessarily present). However, when tertiary 

halides are used, products derived from a secondary carbocation are frequently 

formed.39 For example, the AlCl3-catalysed reaction of benzene with either 

2-chloro-2-methylbutane or with 2-chloro-2,3-dimethylbutane gives mixtures 

consisting chiefly of 2-methyl-3-phenylbutane21 and 2,2-dimethyl-3-phenyl- 

butane,39 respectively, arising from equilibria 12 and 13. One explanation for 

this is that the greater stability of the tertiary ions also makes them less reactive, 

since the positive charge is more effectively delocalized away from the electro¬ 

philic centre. Thus, although the secondary ion may only be present in small 

concentration compared with the tertiary ion as a result of the equilibrium 

between them, its greater reactivity leads to a preponderance of the secondary 

substitution product. An alternative explanation is that the tertiary cation carries 

out the substitution, and this is followed by AlCl3-catalysed rearrangement into 
the thermodynamically more stable secondary product.42 

MeCH2CM2 + MeCH + CHMe2 Me2CHCMe2 + MeCH+CMe3 

(12) (13) 

Secondly, the extent of isomerization is dependent on the Lewis acid 

catalyst. Thus the rearrangement given by 13 does not occur if the corresponding 

alkylation is carried out in the presence of FeCl3.39 Iron(III) chloride is a less 

powerful catalyst than aluminium chloride and fails to break completely the 

alkyl—halogen bond necessary to form the alkyl cation through which 

isomerization occurs. It is nevertheless able to polarize this bond to the extent 

necessary for reaction to occur between the aromatic compound and the 

electrophilic carbon atom of the halide [see Section 6.1.1. (iii)]. 

Thirdly, the extent of isomerization decreases as the aromatic becomes more 

reactive. For example, while the alkylation of benzene with 1-chlorododecane in 

the presence of AlBr3 gives only 40% of 1-dodecylbenzene, the remainder of the 

product being a mixture of isomeric derivatives, toluene and mesitylene under the 

same conditions give 68 and 88%, respectively, of the 1-alkyl product.43 Similarly, 

in GaBr3-catalysed alkylations, toluene gives less of the isomerized alkyl 

products than benzene.44 Thus the more reactive aromatic compounds are able 

to react with the alkylating agent to a larger extent before the latter has had time 

to isomerize.45 

Fourthly, the extent of isomerization can be minimized by using the lowest 

convenient temperature. For example, the AlCl3-catalysed reaction of 1- 

chloropropane with benzene at room temperature gives 1- and 2-propylbenzenes 

in the ratio 60:40 at — 6°C and 40:60 at 35 °C;46 similar results are obtained 

using AlBr3 and 1-bromopropane.43 
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(iii) Kinetics 

Kinetic investigations of alkylation have been mainly confined to the use of 

aluminium chloride, aluminium bromide, and gallium bromide as catalysts. 

(a) Kinetic effect of solvents. The reaction involves polar transition states and is 

therefore more rapid in more polar solvents. Thus the relative rates of the reaction 

of tert-butyl chloride with benzene (Table 6.2) roughly parallel the dielectric 

constant of the medium.47 It follows that either 1,2-dichloroethane or nitro¬ 

benzene is usually the solvent of choice for preparative use of the reaction; 

nitrobenzene is not reactive enough to undergo alkylation. Nitromethane has 

been used in kinetic studies, but this leads to some complications, as described 

below. Recently, mixtures of A1C13 and l-methyl-3-ethylimidazolium chloride, 

which melt below room temperature and provide both solvent and catalyst, have 

been used to study both alkylation and acylation.48 Initial rates correlated with 

the concentration of A12C17~, indicating this to be the catalysing species. 

(b) Studies in nitrobenzene and 1,2-dichloroethane. The electrophile in at least 

some alkylations was shown not to be the free carbocation by the reactivity of 

butyl halides with benzene in CS2 (AlCl3-catalysed) being in the order 

RF > RC1 > RBr > RI.49 Subsequent investigations revealed fuller details of the 

mechanism. The AlCl3-catalysed alkylation of benzene by benzyl halides in 

nitrobenzene is third order, rate = /c[PhH] [ArCh2Cl] [A1C13]. The rate is only 

moderately affected by marked changes in the polarity of the solvent and this, 

together with other evidence given below, indicates that the reaction does not 

involve the formation of a carbocation followed by rate-determining reaction 

between this and benzene, but involves instead nucleophilic attack of benzene 

on the polarized benzyl chloride-Lewis acid complex (eqns 6.7-6.9).50 The 

evidence for this mechanism, which appears to be general for alkylation of 

Table 6.2 Relative rates of tert-butylation of benzene in 
various solvents 

Solvent ^rel. 

Dielectric 
constant/D 

Carbon tetrachloride 1.0 2.24 
Benzene 2.5 2.28 
Carbon disulphide 4.0 2.64 
1,1,2,2-Tetrachloroethane 30 8.0 
1,2-Dichloroethane 110 10.5 
Nitrobenzene 360 36.1 
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RC1 + A1C13 -‘RC1A1C13 (6.7) 

slow 
PhH + RC1A1C13 .-RPhH+ +A1C14 (6.8) 

RPhH+ + A1C14" PhR + HCl +A1C13 (6.9) 

primary alkyl halides in this solvent, is as follows: 

(1) Alkylations in the presence of A1C1350 and AlBr351 are first order in 

aromatic and alkyl halide, and approximately so in catalyst. The aromatic is 

therefore present in the rate-determining step, but this cannot consist of a 

reaction between the aromatic and a free carbocation, because the reaction rate is 

slower with 4-nitrobenzyl chloride than with 3,4-dichlorobenzyl chloride. The 

greater electron withdrawal from the aromatic ring in the former reagent would 

produce a more positively charged carbocation, which would therefore be more 

reactive if it were involved. Likewise, electron-supplying substituents in the aryl 

ring of the benzyl chloride increase the rate.52. 

The AlCl3-catalysed reaction of chlorocyclohexane with benzene in nitro¬ 

benzene and other solvents gave orders in catalyst that varied from 0.5 to as high 

as 2.1, and increased with decreasing polarity of the solvent.53 This is consistent 

with the need for greater assistance of polarization of the alkyl halide in the media 

of lower dielectric. 

(2) Both the relative reactivities of toluene and benzene and the isomer 

distribution of the products from toluene are different when the compounds are 

methylated with methyl bromide or with methyl iodide each in the presence of 

AlBr3.54 The electrophile therefore cannot be the methyl cation, as this would 

give the same reactivities for each reagent. Moreover, the ortho:para ratio is 

smaller when using methyl iodide, consistent with the bulkier iodine atom being 

present in the alkylating complex. The reaction is faster with methyl bromide, 

since bromine is a better donor than iodine for complexing with a Lewis acid.54 

(3) Since the stabilities of the methyl, ethyl, and isopropyl ions increase in 

the order CH3+ < MeCH2+ < Me2CH+, the selectivities of the three cations, 

measured by the relative reactivities of toluene and benzene towards them, 

should also increase in this order. However, in AlBr3-catalysed alkylation by the 

respective alkyl bromides, the selectivities lay in the opposite order, viz. 2.95 

(methylation), 2.4 (ethylation), and 1.65 (isopropylation).37 These results are 

consistent with rate-determining attack of the aromatic on the polarized alkyl 

halide-Lewis acid complex. The carbon—bromine bond will be least polarized 

in methyl bromide, resulting in greater discrimination between the aromatics by 

the cationic centre which will have the smallest positive charge. The results are 

not unambiguous, however, because the bulkier alkyl halide will give the least 

ortho substitution which will affect the overall rate ratios in the manner 

observed.55 Indeed, measurements of selectivities in terms of meta:para ratios 



198 ELECTROPHILIC AROMATIC SUBSTITUTION 

indicated them to be the same for all three reagents, which led to the proposal that 

the differences in rate are due to a difference in the concentration of the polarized 

species.56 The original interpretation appears to be confirmed by the relative 

alkylation rates (measured in 1,2,4-trichlorobenzene to reduce them to more 

accessible values), which are51 1:57: > 2500 (too fast to measure); the variation is 

greater than could arise from lack of any ortho substitution. 

The mechanism is substantially the same if GaBr3 is used as the Lewis acid, the 

only difference being that the reaction is second order in this weaker catalyst, 

indicating that two molecules of it are required to polarize the carbon—halogen 

bond successfully.44 The relative reactivities of alkyl bromides were Me > Et > n- 

Pr > i-Pr > I-Bu; the rate difference between the last two halides was less than 

expected, but it is not clear whether this means that a free carbocation mechanism 

is involved for the tert-butyl compound. No kinetic isotope effect was found in the 

GaCl3-catalysed reaction of methyl chloride with benzene and benzene-d6, 

showing that proton loss in the step equivalent to eq. 6.9 is fast.57 

(c) Studies in nitromethane. Alkylation with alkyl halides in nitromethane is fast 

and was characterized (in earlier work) by incompatible positional and substrate 

selectivities, the former being too high relative to the latter. Data for benzylation 

catalysed by the AlCl3-nitromethane complex (Table 6.3) led to the proposal 

that substrate selectivities are determined by rate-determining formation of a n- 

complex between the aromatic and the polarized alkyl halide-catalyst complex, 

and that positional selectivity is determined in subsequent rearrangement to the 

a-complex.58 Isopropylation (Table 6.4)59 and tert-butylation60 gave substrate 

and positional selectivities more consistent with each other; the substrate 

selectivity in the latter reaction was raised to 16 by the use of less powerful 

Table 6.3 Isomer distributions and relative reacti¬ 
vities in AlCl3-MeN02-catalysed benzylation of 

PhX in nitromethane at 25 °C 

Isomer distribution/% 

X o m 
Relative 

p reactivity 

H 
Me 
Et 
Pr 
Bu 
F 
Cl 
Br 
I 

43.5 4.5 52.0 
42.4 5.0 52.6 
39.6 8.1 52.3 
39.1 8.6 52.3 
14.7 0.2 85.1 
33.0 0.6 66.4 
32.5 0.7 66.8 
30.6 0.7 68.7 

3.2 
2.45 
2.22 
2.08 
0.46 
0.24 
0.18 
0.28 

1 
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Table 6.4 Isomer distributions and relative reacti¬ 
vities in AlCl3-MeN02-catalysed isopropylation 

of PhX with i-PrBr in nitromethane at 25 °C 

X 

Isomer distribution/% 
Relative 

reactivity 0 m P 

Me 46.7 14.7 38.6 2.03 
F 40.8 2.8 56.4 0.28 
Cl 51.4 8.1 40.5 0.13 
Br 51.8 11.6 36.6 0.11 

catalysts, e.g. SnCl4. In each alkylation small secondary kinetic isotope effects, 

^hAd ~ 1.2, were observed, attributed to hybridization changes on going to the 
transition state (Section 2.1.3). 

An alternative explanation of the benzylation results is that non-competitive 

conditions are responsible, i.e. the reagent is of such high reactivity and 

concentration that it reacts with each aromatic molecule on encounter 

(Section 2.10), i.e. the competition method becomes invalid. In the above work, 

a 16-fold variation in the ratio of the aromatic reagents produced only a small 

change in the substrate selectivity, leading to the belief that truly competitive 

conditions applied. This evidence is inconclusive, however, because non¬ 

competitive conditions may apply throughout the whole of the range of substrate 

ratios examined. Olah and Overchuck61 attempted to resolve this problem by 

carrying out direct kinetic studies on the individual substrates. Good kinetic 

data were not obtained but the approximate rate data appeared to confirm the 

results of the competition experiments and moreover, the positional selectivities 

were similar under both conditions. However, recent work has shown that the 

kinetic order in aromatic is not first order, this latter being an essential 

pre-requisite for use of the competition method. Benzylation is zeroth order in 

aromatic for the AlCl3-catalysed reaction with benzyl chlorides containing 4-C1 

and 3,4-Cl2 substituents, first order for reaction with 4-nitrobenzyl chloride, 

and zeroth order for the TiCl4-catalysed reaction with the 4-methyl compound; 

under zeroth-order conditions formation of the electrophile is rate determining. 

Benzylation with the 4-methyl and 4-nitro compounds gives compatible 

positional and substrate selectivities, but the chloro-substituted compounds do 

not. These results indicate a change in mechanism from one involving the free 

cation (the formation of which is rate-determining) for the methyl and chloro 

compounds, to the nucleophilic displacement mechanism for the nitro 

compound. The 4-methylbenzyl cation gives normal selectivity since it is more 

stable and less reactive.62 
A recent kinetic study of AlCl3-catalysed isopropylation with isopropyl 

chloride gave selectivities substantially different from those given in Table 6.3, 
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the values obtained being those theoretically predicted.63 Reinvestigation of tert- 

butylation, using tert-butyl bromide also gave the theoretically expected results63 

whereas in the previous study this could only be obtained using weaker 

catalysts.6"0 This work showed that the amount of water present in the reaction 

medium can very substantially alter yields and rate ratios. 

(d) Studies in non-polar solvents. In the BF3-catalysed ethylation of benzene and 

toluene by ethyl fluoride labelled at the 2-carbon, ca 50% of the label ended up in 

the a-position if the reaction was carried out in hexane or cyclohexane, but only 

3.5% if nitromethane was the solvent. Hence the electrophile is evidently the free 

cation under the former conditions, the label being positionally equilibriated as in 

eq. 6.10, whereas in nitromethane it is the non-ionized halide-catalyst com¬ 

plex.14 The toluene:benzene rate ratio of < 1 obtained in this work has been 

shown to be due to solubility effects.64 

14CH3CH2+ -^-+14CH2 + CH3 (6.10) 

In the TiCl4-catalysed alkylation of anisole, toluene, and benzene with 

substituted benzyl chlorides, the isomer distribution in the former compounds 

tends towards statistical as the reactivity of the benzyl halide is increased, and this 

is accompanied by a decrease in the aromatic:benzene rate ratios (Table 6.5).65 

For anisole at least, the results were shown to be little affected by isomerization, 

and the selectivity change has been interpreted in terms of a change in the nature 

of the transition state from a tx-complex to a 7t-complex. It is improbable, 

however, that these small changes in electrophile reactivity would be sufficient to 

produce a change in the nature of the transition state. In hydrogen exchange a 

much greater increase in the reactivity of the electrophile (many orders of 

magnitude) is insufficient to produce such a change.66 A more recent study of the 

TiCl4-catalysed benzylation of toluene and benzene in excess aromatic showed 

Table 6.5 Isomer distributions and reactivities relative to benzene in 
TiCl4-catalysed benzylation of anisole and toluene with XC6H4CH2C1 

at 25 °C 

Toluene Anisole 

X kT/kB 

Isomer 
distribution/% 

Isomer 
distribution/% 

0 m P kJkB 0 m P 

4-NO, 2.5 59.6 6.2 34.2 7.0 54 <0.5 46 
H 6.3 40.5 4.3 55.2 14 47 <0.3 53 

4-OMe 97.0 28.6 1.5 69.9 15 500 30 — 70 
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the reaction to be first order in benzyl chloride and second order in catalyst. The 

effect of moisture present was shown to have a marked effect on the kinetics and 

with this carefully controlled, the toluene:benzene rate ratio of ca20 is 
substantially higher than previously obtained.67 

6.1.2 Mechanism of Alkylation by Other Reagents 

Alkylations using sources of the alkyl group other than halides have not been 

extensively investigated, but the mechanisms do not appear to differ in any 

fundamental way from those with alkyl halides. 

(i) Alkylation by alcohols 

Electrophiles may be generated from alcohols either by the use of Lewis acid 

catalysts (BF3 and ZnCl2 are most commonly used) or by the addition of an acid. 

The former catalysts polarize the carbon—oxygen bond whereas the latter 

protonates oxygen to give, after loss of water, the carbocation (eqns 6.11 and 

6.12). The catalyst chosen is that which will produce a sufficiently reactive 

electrophile yet cause the minimum of side-reactions. Rearrangement of the alkyl 

group is a general occurrence. The BF3-catalysed alkylation of benzene with 1- 

propanol and 1-butanol gives good yields of 2-propylbenzene and 2-butylben- 

zene, respectively, and either 2- or 3-pentanol give mixtures of 2-pentylbenzene 

and 3-pentylbenzene in the same proportions (2.6:l).68 This ratio is similar to 

that obtained in alkylation of benzene by ethylcyclopropane in the presence of 

HF, H2S04, or A1C13 (1.7: l)69 and by either 2-pentanol or 3-pentanol in the 

presence of A1C13 (1.5 and 3.2:1, respectively).70 Since the alcohols do not 

interconvert under the reaction conditions, it is probable that the alkyl groups 

equilibriate in the environment of a complex with benzene, and the mechanism 

given by eq. 6.13 has been suggested.70 In this series of reactions, step A leads 

to a 7r-complex of benzene and the carbocation through which rearrangement 

may occur (step B). Step B must be fast compared with the alkylation steps C 

and D to account for the formation of the same mixture of phenylpentanes 

from 2- and 3-pentanol. The direct formation of the carbocation, step E, 

probably occurs with tertiary alcohols. 

ROH + H+ ROH2 + (6.11) 

(6.12) ROH2+->R+ +H20 

When the carbocation derived from the alkylating agent is a particularly stable 

one, e.g. Ph2CH+, reaction can occur by the prior formation of this ion in a fast 

equilibrium followed by rate-determining reaction of the ion with the aromatic. 

This has been established for alkylation of anisole by diphenylmethanol in the 

presence of sulphuric and acetic acids, ZnCl2, and BF3.71 In each case the catalyst 
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PhH 
ROH + BF, -r-—► 

A 
>' + 

(6.13) 

induces extensive ionization of the alkylating agent (eq. 6.14) to give the 

resonance-stabilized diphenylmethyl cation, which then reacts with the aromatic 

in the rate-determining step; the latter was confirmed by the absence of a kinetic 

isotope effect. The formation of ions from alcohols, e.g. Ph3COH, in the presence 

of acids was first demonstrated by measurement of Yan’t Hoff /-factors.723. 

Ph2CHOH + H+^Ph2CH++H20 (6.14) 

(ii) Alkylation by alkenes 

Carbocations are formed from alkenes through protonation (eq. 6.15), so a 

strong acid is necessary to produce alkylation from alkenes; CF3S03H is 

particularly effective.72b Lewis-acid catalysts are inadequate unless traces of 

water, or an acid such as a hydrogen halide, are present, in which case very strong 

acids may be produced. 

RCH=CH2 + H+^^RCH+CH3 (6.15) 

Alkylation with alkenes shows the general features, e.g. isomerization, found 

for alkylation with alkyl halides. Isomerization follows the general pattern of 

being both temperature and catalyst dependent; some typical data are given in 

Table 6.6.7 3 

Lewis acid-catalysed alkylation of anisole and 1,2-dihydroxybenzene with 

alkenes gives high ortho yields, coordination of the catalyst with the oxygen- 

Table 6.6 Isomer ratios in alkylation of benzene with 3-methylbutene 

Catalyst Temperature/°C Me2CPhCH2Me/% MeHCPhCMe2/% 

AlClj-HCl -40 100 — 

AICI3-HCI 0 55 45 
AICI3-HCI 21 11 87 
HF 35 99 1 

HF 100 70 30 
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containing substituent evidently being responsible.74,75 Unusual alkenes which 

are activated by the electron-withdrawing group present are the pentadienyltri- 

carbonyliron cation 14 and the cyclohexadienyltricarbonyliron cation 15,76,77 

of which the former is the more reactive. 

Fe(C0)3BF4 

(14) (15) 

(iii) Alkylation by cycloalkanes 

Small-ring cycloalkanes protonate readily and thus produce carbocations 

suitable for alkylation. The advantage of using cyclopropane is that high yields 

of n-alkylbenzene may be obtained. For example, the HCl-AlCl3-catalysed 

reaction of cyclopropane with benzene at 0°C gives 65-70% of 1-propylben- 

zene.78,79 Alkylcyclopropanes give mixtures of secondary products owing to 

hydride shifts, but tertiary products are not possible. The amount of isopro¬ 

pylbenzene formed in the reaction of cyclopropane with benzene increases with 

increasing temperature.80 

No comparative data are available but it would be expected that the reaction 

becomes more difficult with increasing size of the ring. Alkylation has been 

achieved with methylcyclobutane,78 cyclopentane,78 and indane,81 but not with 

rings containing six or more carbons. 

Fe(C0)3BF4 

(iv) Alkylation by ethers 

Ethers readily form complexes with BF3, but these are ineffective alkylating 

agents unless traces of water are present82 (it is probably true that this 

requirement, identified in alkylation by alkenes, applies generally to all Lewis 

acid-catalysed alkylations). Addition of strong acids greatly increases the 

alkylation rate, and the reaction is fast provided that the ratio of BF3 to ether 

is greater than 1:1.83 Carbocations are probably formed from the intermediate 

complex, especially when one of the alkyl groups is secondary or tertiary, and 

the most branched alkyl group will preferentially substitute. Both features 

are shown by formation of racemic 2-butylbenzene from the BF3-catalysed 

alkylation of benzene with optically active 2-butyl methyl ether.82 Alkylation 

with cyclic ethers resembles the reaction with cycloalkanes in giving mainly 

n-alkyl products, e.g. trimethylene oxide and benzene give a 50-70% yield of 

l-hydroxy-3-phenylpropane.84 They differ from alkylations with alkyl halides 

also in giving inversion of stereochemistry,85 whereas the halides usually give 

racemization (although retention has been observed in one stereochemically 

favourable case).86 
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(v) Alkylation by esters, acids, acid halides, and sulphones 

The Lewis acid-catalysed reaction of carboxylic acid esters with aromatics 

gives a mixture of the alkyl- and acylaromatics (eq. 6.16), arising essentially as a 

result of alkyl—oxygen and acyl-oxygen bond cleavage. The reaction is not 

therefore of much value as a preparative method. If electron withdrawal in the 

R—C—O—R +2ArH 

O 

Lewis 
■» R—C—Ar + R'—Ar + H,0 

acid 

O 
(6.16) 

group R can be increased, then alkyl—oxygen cleavage will become more 

favourable, as shown by increased rates of alkylation by halogeno-substituted 

esters.87 Alkylation is also more rapid the more branched is R'.87 Protonation of 

the carbonyl oxygen (16) greatly enhances alkyl—oxygen cleavage, and conse¬ 

quently TFA-catalysed alkylation by tert-butyl trifluoroacetate is both rapid and 
quantitative.88 The much stronger trifluoromethanesulphonic acid may be used 

to catalyse the reactions of esters derived from weaker organic esters, 48-72% 

yields being obtained in benzylation by benzyl acetate.89 Cyclic esters (lactones) 

may also be used, the products being carboxylic acids and here, as with cyclic 

ethers, the reaction is accompanied by inversion of configuration.90 

(16) 

If an ester of an inorganic acid is employed, then the greater ability of the 

inorganic moiety to stabilize a negative charge means that alkyl—oxygen 

cleavage is favoured to the extent that only alkylation occurs. Alkyl sulphates 

(17), sulphinates (18), sulphonates (19), chloroformates (chlorocarbonates) (20), 

chlorosulphites (21), chlorosulphonates (chlorosulphates) (22), etc., have each 

been used, the ease of alkylation here being increased through the use of acid 

catalysis, e.g. CF3S03H;91 Lewis-acid catalysts may also be used.92 The 

benzenesulphonic acid-catalysed benzylation of excess benzene by substituted 

benzyl benzenesulphonates (19, R = Ph, R' = PhCH2) is first order in ester and 

second order in acid.93 Electron-supplying groups in the benzyl group increased 

the reaction rate and vice versa, and this led to an (incorrect) interpretation of the 

reaction mechanism in terms of rate-determining formation of a benzyl cation 

from an acid-solvated acid-ester ion pair. Electron withdrawal in the benzyl- 

cation would increase the reactivity of the cation, not the reverse, and the kinetic 

evidence points to the nucleophilic displacement mechanism [cf. Section 6.1.1. 
(hi)]. 
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R'0S020R R'OSOR R'0S02R R'OCOCl R'OSOCl roso2ci 

(17) (18) (19) (20) (21) (22) 

The alkyl group need only be attached to a strongly electron-withdrawing 
group. Thus alkylation has been observed with methanesulphonic acid (23),94 
alkylsulphonyl halides (24), and sulphones (25),95 the last being less effective as 
expected. The kinetics of AlCl3-catalysed benzylation of aromatics by phenyl- 
methanesulphonyl chloride in nitromethane show the reaction to be first order in 
halide and catalyst but zeroth order in aromatic, so formation of the benzyl 
cation appears to be rate-determining.96 The reaction gave incompatible 
substrate and positional selectivity, but these were both lower than in a previous 
report (which also gave incompatible selectivities);95 the toluene:benzene rate 
ratio was 2.2, with 47.2, 9.0, and 43.8% ortho, meta, and para substitution, 
respectively. Alkylation in nitromethane appears to give anomalous results here 
as it does when the reagent is an alkyl halide. 

MeS020H RS02C1 R'S02R 

(23) (24) (25) 

(vi) Alkylation by other reagents 

The isomerization which accompanies the use of Friedel-Crafts catalysts has 
led to the investigation of the potential of reagents sufficiently polar to be able to 
alkylate without a catalyst. Reagents successfully employed so far include 
oxonium salts (26) and halonium salts (27), the latter being the more reactive 
owing to the greater electron-withdrawing ability of the halogen compared with 
oxygen; the presence of the positive pole makes both substantially more reactive 
than either esters or alkyl halides. They are formed by reaction of the aryl ether or 
halide with alkyl halide in the presence of SbF5 (eq. 6.17). The oxonium salts will 

PhO + Me2 SbF6" PhCl + Me SbF6~ 

(26) (27) 

PhOMe + MeF + SbF5->PhO + Me2 SbF6~ (6.17) 

OMe -I- PhO+Me2 SbFg // \x 
Me 

OMe + PhOMe + HSbF6 

(6.18) 

react with compounds of the reactivity of anisole (eq. 6.18)97 while the more 
reactive halonium salts react readily with toluene.98 Side-reactions may also be 
minimized by using solid acid catalysts, such as perfluorinated alkanesulphonic 
acids, e.g. the acid form of the commercially available Nafion ion membrane 
resin. The activity of these catalysts can be increased by complexing with higher 
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valency metal halides, e.g. SbF5, and alkylation with alkyl halides, alcohols, 

alkenes, and esters occurs readily over these catalysts." Chlorothiaformami- 

dinium salts (28) have a cationic centre (resonance stabilized by the adjacent NR2 

and SR' groups) and are therefore able to alkylate reactive aromatics without 

needing catalysts.100 
Substituted alkenes tend to react with two molecules of aromatic, one 

replacing the substituent and the other adding to one end of the double bond, 

whilst substituted alkynes react with three molecules of aromatic in a similar 

manner.101 However, by use of triaryl-substituted vinyl bromide and silver salts 

in the presence of a base, only the halogen is replaced, giving a vinyl-substituted 

aromatic in an electrophilic substitution of p factor —4.08.102 oc-Chloroenamines 

also react with only one molecule of (reactive) aromatic to give aminoalkenyl 

products (29).103 

r2n^ 

Cl" +C-Cl 

, / 
R S 

(28) 

Me2C=C(NR2)Ar 

(29) 

-0-MX 3^ 

(30) 

-0H& 

(31) 

In the presence of Lewis or protic acid catalysts, both aldehydes and ketones 

are able to alkylate aromatics; 30 and 31 are the probable electrophiles.104 

However, the formation mainly of anthracenes in the AlCl3-catalysed reaction of 

benzaldehyde with benzene and other aromatics shows the mechanism to be less 

than straightforward,104 and in the BF3-catalysed reaction diarylmethanes are 

obtained in good yields instead. With toluene the product isomer distribution is 

ortho 42%, meta 8%, para 50%,105 suggesting that a small electrophile is involved. 

The reaction of n-butyllithium reagents with aromatics in ether solutions 

gives mainly the aryllithium derivative, although alkylaromatics are frequently 

observed as byproducts. This side-reaction can become dominant if a hydro¬ 

carbon solvent is used, the ease of reaction following the order tertiary > 

secondary > primary for the nature of R in RLi.106 Since ferf-butylation of 

naphthalene goes 95% into the 1-position, the reaction appears to be an 

electrophilic substitution, but the mechanism has not been investigated. Toluene 

and benzene have been alkylated by diazotization of amines with nitrosonium 

salts in nitromethane, and a normal isomer distribution in toluene is found.107 

The toluene: benzene rate ratios at 25 °C were 1.5 (ethylamine), 2.5 (isopropyl¬ 

amine), and 3.5 (benzylamine). 

(vii) Alkylation in the gas phase 

Alkylation may be carried out in the gas phase with alkyl cations, which may be 

produced in one of two ways. For example, fragmentation of dimethyl ether in an 
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ion-cyclotron resonance spectrometer gives methylene cations, resulting in 

methylenation (eq. 6.19). 

ArH + CH2 + OCH3-* ArCH2+ + CH3OH (6.19) 

The reaction gives almost statistical positional selectivity, accompanied by low 

substrate selectivity, i.e. 1.8 (toluene), 5 (ethyl- or isopropylbenzene), 0.1 

(fluorobenzene) and <0.05 (benzotrifluoride).108 

Much more widely investigated is the reaction with radiolytically produced 

cations, the selectivities of which are in accordance with the expected stabilities of 

the cations. Methylation of toluene results in the formation mainly of m-xylene, 

the toluene:benzene reactivity ratio being 0.8. Use of the same radiolytically 

produced cations in solution gives, by contrast, a more normal rate ratio of 2.2 

with the formation of mainly o- and p-xylene. Evidently the unsolvated ions in the 

gas phase are highly reactive, and produce a high-energy intermediate which 

rearranges to give m-xylene.109 The ions MeX + Me (X = halogen) have been 

produced in the gas phase in various ways, and shown to discriminate between n- 

and rc-type centres and react, for example, with phenol to give mainly O- 

methylated products, the extent of discrimination depending on the halogen.110 

Isopropylation is also very unselective, although the selectivity increases at 

higher reagent pressures because, in effect, the higher concentration of aromatic 

‘solvates’ (or collisionally stabilizes) the ions and intermediate. Some partial rate 

factors have been determined for a range of methyl- and fluoro-substituted 

benzenes, but it is difficult to evaluate their meaningfulness in relation to solution 

data since, for example, para-methyl deactivates whereas ortho-fluoro activates 

substantially, the latter indicating an ortho-coordination mechanism,111 and this 

evidently accounts for the enhanced ortho substitution in isopropylation of 

dihalobenzenes.1123 Alkylation with C3H7+ ions produced from protonation of 

cyclopropane and propene showed the former to give a much higher ratio of n- 

propyl to isopropyl aromatics, the ratio being higher for reaction with benzene 

than with toluene.1128 This parallels behaviour in solution [see Section 6.1.2. (ii) 

and (iii)]. 
tert-Butylation differs from the foregoing gas-phase alkylations in giving fairly 

high selectivities, e.g. a toluene:benzene rate ratio which varies from 114 at 0 °C to 

21 at 140 °C, the corresponding para:meta ratios varying from 13.3 to 3.8; no 

ortho substitution was found. These values are consistent with the lower 

reactivity of the much more stable tert-butyl cation.113 Appreciable ortho-tert- 

butylation can occur at sufficiently activated sites, e.g. m-xylene gives 65% 

substitution at the 4-position.114 
Collisionally induced decomposition spectra for, e.g., protonated isopro¬ 

pylbenzene and the isopropyl ion and benzene are identical, indicating that the 

resultant structure in each case must be the Wheland intermediate.115 This 

indicates that the pathways for alkylation in solution and the gas phase are 

similar. 
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6.1.3 Substituent Effects 

Nitrobenzene cannot be alkylated but, since the electrophile in alkylation 

appears to be highly reactive, and since nitrobenzene can be substituted in other 

electrophilic substitutions, it suggests that the lack of reactivity here arises from 

coordination of the Lewis acid catalyst with the nitro group, such coordination 

being well established for nitromethane. Coordination also occurs with OH, OR, 

NH2, and NR2 substituents, and consequently alkylation of aromatics contain¬ 

ing these groups is difficult except by using reagents which do not require 

catalysts. 

These difficulties mean that quantitative studies of the effects of substituents in 

determining orientation and reactivity have used only alkyl and halogen 

substituents. In deriving data it is necessary to ensure that the orientations 

observed are not due to thermodynamic control which would produce an 

increase in the proportion of meta isomer since this is thermodynamically the 

most stable. Partial rate factors derived from GaBr3-catalysed alkylation of 

benzene and toluene in excess aromatic (Table 6.7)44,116,117 were determined 

using minimum contact times in order to minimize isomerization. Even so, in 

Table 6.7 Partial rate factors for GaBr3-catalysed alkylation of 
toluene by RBr 

R fo fm fP Ref. 

Me 9.5 l(8.3)a 1.70(1.8)“ 11.8(9.4)“ 44 

Et 2.84 1.56 6.02 44 
i-Pr 1.52 1.41 5.05 115 
PhCh2 4.9 2.3 9.2 116 

aData for GaCl3-catalysed methylation.119 

Table 6.8 Partial rate factors for GaBr3- 
catalysed ethylation of PhX in 1,2- 

dichloroethane 

X fo fm fP 

Me 2.69 1.47 5.70 
Ph 0.905 0.695 2.23 
F 0.364 0.116 0.738 
Cl 0.271 0.102 0.538 
Br 0.096 0.087 0.433 
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Table 6.9 Partial rate factors for reaction of 
1 -(p-anisyl)-2,2-diphenylvinyl bromide with 

PhX 

X fo fP 

MeO 15.8 _ 1230 
Cl 0.036 — 0.48 
Me 3.2 2.1 19.5 

benzylation the isomer distribution was found to vary markedly with contact 

time and the true isomer distribution was therefore obtained by extrapolation to 

zero time of a plot of distribution against contact time. Despite these precautions, 

isomerization may not have been entirely eliminated.59 

The low selectivity of alkylations is also shown by the data in Table 6.8 for 

GaBr3-catalysed ethylation by ethyl bromide in 1,2-dichloroethane.119 Low 

selectivity is also obtained in propylation in molten salts, the PhMe:PhH:PhCl 

rate ratios being 1.9:1:0.55.48 Partial rate factors for the reaction of l-(p-anisyl)- 

2,2-diphenylvinyl bromide (32) with substituted benzenes (Table 6.9)102 show 

this reagent to be less selective, probably owing to (secondary) stabilization of the 

incipient cation by the p-methoxyphenyl group; its bulk is evident in the low 

ortho:para rate ratios. 

(32) 

6.1.4 Cyclialkylation 

This describes intramolecular alkylation which can take place with halides, 

alcohols, alkenes, and carbonyl compounds in which the functional group is at 

the end of an alkyl chain of a length sufficient to permit substitution in the aryl 

group at the other end of the chain, e.g. eq. 6.20. The reaction has been reviewed in 

^ ^CH 
CMe2 
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considerable detail120 and is of considerable synthetic utility, especially in the 

synthesis of heteroaromatics. 

Cyclialkylation may be brought about by conditions similar to those used for 

alkylation, e.g. use of Lewis acid catalysts for alkyl halides and protic acids for 

alcohols, alkenes, and carbonyl compounds. Either six- or five-membered rings 

may be obtained (the former the more readily), and the reaction may be 

accompanied by rearrangement and hydride shifts. These are prevalent if the 

functional group is not in the position necessary to give rings of the required size. 

For example, the AlCl3-catalysed cyclialkylation of a-bromoalkyl aryl ketones to 

indanones (eq. 6.21)121 almost certainly occurs through a 1,2-hydride shift, 

driven by the ability to form a stable product. Another example is the formation 

of 1-ethyl-1-methylindane (33) and 1,2-dimethyltetralin (35) from 2-hydroxy-3- 

methyl-l-phenylpentane (34).122 These ring closures provide a major route to the 
synthesis of polycyclic aromatics. 

,ch2 
'CHOH 

I 
,CHMe 

CH2 

Et 

(34) (35) 

Ring closure is facilitated by the presence of electron-supplying groups ortho 

and para to the closure site. This feature is made use of in, for example, the 

synthesis of benzo[h]furans (eq. 6.22),123 indoles,124 and quinolines (eq. 6.23), 

the latter (Combes synthesis) involving acid-catalysed cyclodehydration of anils 

formed from anilines and pentane-2,4-diones. The side-chain may also contain 

COPh 
I 

.CH2 

polyphosphoric acid, 80 °C 

,Ph 

-► R- 

0 O' 

(6.22) 
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heteroatoms remote from the aromatic ring, this being the basis of the Bischler- 

Napieralski and Pictet-Spengler methods of preparing isoquinolines and 

derivatives, examples being given in eqs 6.24 and 6.25; numerous variations of the 
basic methods have been used. 

(6.24) 

(6.25) 

A kinetic study of the cyclialkylation in eq. 6.26 showed the reaction to be acid 

catalysed and first order in aromatic.125 The electronic effects of substituents R2 

are fairly small because although electron supply facilitates protonation of the 

carbonyl group, at the same time it decreases the reactivity of the cation 

produced. This is evident from the indeterminate effects of meta and para 

substituents in benzyl groups R2 (Table 6.10)126 (and also in the formation of 9,9- 

diarylfluorenes from biphenyl-2-yldiarylmethanols).127a The tendency for ortho 

substituents in the benzyl groups to produce significantly greater deactivation, 

coupled with the much higher reactivity of the corresponding aldehyde (R2 = H), 

suggests that the reaction is very sterically hindered. A clearer indication of the 

electronic effect has been obtained from the relative rates of cyclization of the 
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Table 6.10 Relative rates of HBr-HOAc-catalysed cyclialkylation of 
2-R2COC6H4CHRPh at 117.5°C 

R2 ^rel. R2 Kel. R2 ^rel. 

H 123 C6H5CH2 5.24 3-MeC6H4CH2 1.00 
Me 15.9 4-MeC6H4CH2 0.96 3-FC6H4CH2 1.20 
Et 6.8 4-FC6H4CH2 0.62 3-ClC6H4CH2 1.20 
Ph 1.0 4-ClC6H4CH2 1.15 3-CF3C6H4CH2 1.46 

4-CF3C6H4CH2 2.12 2-MeC6H4CH2 0.1 T 

aFrom data obtained at 150°C. 

compounds with R,RJ = H, R2 = pyridyl or phenyl. Here the steric effects are 

constant, and the relative rates (at 100 °C were 3.8 (2-Py), 3.7(3-Py), and 11.4 (4- 

Py).127b The reaction is also accelerated two fold when R = Me, as expected for 

an electrophilic substitution, and also by substituents R1, the kTel values being 

3.5(2-Me), 45.5(3-Me), and 3.2(4-Me).128 (Note that here the 3-methyl substitu¬ 

ent is para to the reaction site whereas the other substituents are both meta.) A 4- 

methyl substituent (i.e. para to N and meta to the reaction site) produced a similar 

(sixfold) acceleration in cyclization of the anils (eq. 6.23),129 and in the same 

reaction the 2,3-dimethyl compound increased the rate 430-fold, from which the 

activating effect of a methyl group para to the reaction site may be calculated as 

140-fold.130 The reaction gives a small kinetic isotope effect kH/kD~ 1.5129, 

which may be a secondary effect (Section 2.1.3). 

It appears from the above that substituent effects in the substituted ring are 

considerably greater in cyclialkylation than alkylation. Another recent example 

which also demonstrates this is the cyclization of 1- and 2-naphthylbutanol.131 

The latter substitutes normally in the 1-position to give the benzotetralin 36, 
which is also produced (84%) from 1-naphthylbutanol. However, this compound 

also gave 16% of the spiro intermediate 37, which then rearranged to 38, as shown 

by the presence of deuterium at both side-chain a-positions, the deuterium being 

present only at the terminal position of the starting material. This is an example of 

ipso substitution, facilitated here because the 1-position of naphthalene is much 

more reactive than the 2-position. Moreover, when the starting material 

contained a 4-methoxy substituent (38), the increased activation of the 1-position 

resulted in 71% of reaction via ipso substitution. A spiro intermediate is also 

formed in one of two pathways leading to the formation of substituted tetralins in 

the trifluoroacetic acid-catalysed cyclialkylation of co-arylalkenes 

Ar(CH2)„CH=CH2.132 The reaction here is notable in that the rates passed 

through a maximum for n = 3, indicating unique anchimeric assistance of 

protonation by the aryl group (eq. 6.27). Substituent effects indicated that the Ar6 
mechanism is preferred. 
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— H + 

V 

a fefralin (6.27) 

Hydride-abstraction mechanisms which accompany normal alkylation 

[Section 6.1.1.(ii)] are also significant in cyclialkylation. An example of such a 

process and which appears to involve anchimeric assistance by a phenyl group 

occurs in cyclialkylation and bicyclialkylation of diphenylalkyl chlorides.133 

Apart from the main product l-benzyl-3-methyltetralin (39), and others arising 

from hydride shifts followed by ring closure, the bicyclo derivative 40 was 

obtained if A1C13 was used as the catalyst (but not with AlCl3-MeN02 or using 

the corresponding alcohols with H3P04). Further, the proportion of 40 obtained 

depended markedly on the stereoisomer used for the reaction, indicating that the 

hydride abstraction from the 3-carbon of 39 which occurs (and leads to 40) is 

anchimerically assisted by the phenyl group at the 1-position. 

Cl (39) (40) 
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6.1.5 Claisen Rearrangement 

The uncatalysed Claisen rearrangement is a concerted pericyclic [3,3] 

sigmatropic rearrangement and gives rise to ortho products only. If, however, 

protic or Lewis acid catalysts are present then the reaction becomes an 

electrophilic substitution, is no longer concerted, and gives rise to ortho, meta, 

and para products (eq. 6.28). This is demonstrated, for example, by the reaction of 

2-methoxyphenyl allyl ether with sulphuric acid. The ultimate location of the 

allyl group is shown, in percentage terms, in 41 and substitution also took place in 

the toluene solvent, showing that the reaction is at least in part intermolecular.134 

The reaction evidently proceeds via initial protonation at the carbon bearing the 

allyloxy substituent, and it is notable that in the TFA-catalysed reaction the rate 

variation with added water, lithium perchlorate, and trifluoroacetate salts135 

parallels exactly that observed in acid-catalysed hydrogen exchange.136 The 

latter proceeds via rate-determining protonation and the correct interpretation 

of the rate variation in the rearrangement due to these added reagents is given in 

ref. 136. Substituents have little effect on the rate of rearrangement, which is 

probably the result of their effect on the bond-breaking step being largely 

cancelled by their effect on the bond-making step. 

OCHRCH 

X 

(41) 

6.2 ARYLATION 

Treatment of aromatics with a combination of a protic and Lewis acid can 

result in coupling of the aromatics. The mechanism of this the Scholl reaction1373 

is not clear, but it is likely to proceed by initial protonation of one aromatic by the 

superacid present to give a c-complex. This then carries out normal electrophilic 

substitution of a second aromatic molecule, and the reaction is completed by 
dehydrogenation (eq. 6.29). 

-CHc OH 

H 

or Lewis acid 
-CHCH=CHR (6.28) 
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(6.29) 

An incipient aryl cation is formed in the reaction between aryl halides and 

AlBr 3.13 7b The order of reactivity for the aryl halides is unusual, viz. PhF > PhCl 

> PhBr, and thus, for example, reaction of fluorobenzene gives 4-fluorobiphenyl. 

In the presence of water, halogen exchange also occurs. Yields of biaryls from the 

AlCl3-catalysed reaction of 2-chlorothiophene with aromatics are toluene 3%, 

m-xylene 20%, anisole 44%, 1-methoxynaphthalene 83%.137c 

Arylation may also be obtained by substitution with the aryl cation obtained 

from decomposition of aryldiazonium fluoroborates.138 Partial rate factors for 

the reaction in acetonitrile or sulpholane (Table 6.11)139 are typical of a very 

unselective electrophilic substitution. Other compounds which have also been 

used are phenylazo-p-tolylsulphone (42),140 phenylazotriphenylcarbinol (43),141 
and phenylazotrifluoroacetate (44),142 each of which gives similar partial rate 

factors. The p-factor for the reaction is ca —0.8 and the electrophile is thought to 

be the radical dication 45, although the evidence for this (said to involve 

concerted uncoupling of a pair of 7c-electrons, one of which ‘falls’ into the vacant 

sp2 a-orbital) is not yet strong. There is also a difficulty in interpreting the 

PhNNS02--Me PhNNCPh 

(42) (43) 

PhNNOCOCFj 

(44) (45) 

Table 6.11 Partial rate factors for the reac¬ 
tion of phenyldiazonium tetrafluoroborate 

with PhX in acetonitrile at 40 °C 

X ortho meta para 

OMe 3.14 0.68 3.53 
Me 1.33 0.61 1.84 
Cl 1.02 0.49 1.15 
C02Me 0.42 0.40 0.23 
no2 0.29 0.38 0.23 
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mechanism because, anomalously, meta-alkyl groups always deactivate.- Partial 

rate factors provide evidence that the TFA-catalysed reaction of dibenzoyl 

peroxide with aromatics proceeds (at least in part) through a phenyl cation.143 

Phenyl cations are also obtained in the reaction of aryl azides with 

trifluoroacetic and trifluoromethanesulphonic acids.144 Arylnitrenium ions are 

formed as intermediates, resonance stabilization of which creates an aryl cation 

(46). Substitution can therefore give both diarylamines, or aminobiphenyls 

(eq. 6.30), and it is interesting that the nitrene formed from naphthalene (47) 

substitutes into benzene giving only l-amino-4-phenylnaphthalene (48), whereas 

the nitrene formed from benzene (46) substitutes into naphthalene to give 

mainly N-phenyl-l-naphthylamine (49). This may be explained by the fact that 

stabilization of the positive charge from nitrogen into the ring will be more 

favourable for naphthalene because there is less loss of resonance energy than is 

the case in benzene. Thus, reaction as a carbon electrophile rather than a nitrogen 

electrophile is more favourable. 

(6.30) 

Substitution by a phenonium ion analogous to that shown in eq. 6.29 has also 

been observed in the decomposition by TFA of the adduct 50 (formed from 

1 -chloro-2,3-dimethylbenzene and acetyl nitrate).145 Protonation and loss of 

acetic acid give a phenonium ion which substitutes into, e.g., mesitylene to give, 
after 1,4-loss of nitrous acid, the product 51. 
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6.3 AMINOALKYLATION 

Treatment of reactive aromatics with aldehydes, especially formaldehyde, and 

a secondary amine results in aminoalkylation, e.g. eq. 6.31.146 The electrophile is 

an iminium derivative, e.g. RN + H=CH2<->RNH—CH2+, and may also be 

prepared from aldehyde precursors (HCl-MeCN) and amines.147 Electron- 

withdrawing substituents on nitrogen enhance the reactivity of the 
electrophile.148 

(6.31) 

6.4 HYDROXYALKYLATION 

Aldehydes and ketones are protonated by protic acids and coordinated with 

Lewis acids to give the electrophiles 52 and 53, respectively, and these substitute 

aromatics to give alcohols.104 These may be further protonated, subsequent loss 

of water producing a second electrophile and substitution in a second molecule of 

aromatic (eq. 6.32). This leads to one drawback of the reaction, namely that the 

alkylated aromatics will have increased reactivity and polymeric products are 

often obtained, although this is used to advantage in the formation of phenol- 

formaldehyde resins. Some cyclialkylations (Section 6.1.4) involve a form of 
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hydroxyalkylation whereby the carbocation substitutes into the parent ring, the 

intermediate alcohol losing water to give an aromatic ring. 

V- y -OH *- 
\ Lewis acid \ 
C=0 -► < 

J 
;c8+—o—mx36~ 

(52) (53) 

ArH + RR'C=0 ArCRR'OH ArCRR Ar + H20 (6.32) 

Since oxygen is more electronegative than nitrogen, the electrophiles are, for a 

given structure, more reactive than those Involved in aminomethylation. As in 

aminoalkylation, the reactivity of the electrophile can be enhanced by the 

presence of electron-withdrawing substituents. A well known example demon¬ 

strating these features is formation of DDT, in which the electrophile is 

sufficiently reactive to be able to substitute chlorobenzene (eq. 6.33). 

ci3cch=o + 

PhCI 

6.5 ALKYLTHIOALKYLATION 

The methylthiomethyl can be substituted at the ortho position of phenols by 

reaction with dimethyl sulphoxide and a dehydrating reagent such as acetic 

anhydride, dicyclohexylcarbodiimide (DCC), or pyridine-S03, these reagents 

probably functioning also as polarizers of the S=0 bond (eq. 6.34).149 Co¬ 

ordination of the electrophile with the substituent evidently occurs. 

(6.34) 
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6.6 HALOALKYLATION 

The group - CH2 hal can be introduced into aromatic rings by the reaction of 

the aromatic with formaldehyde and hydrogen halide in the presence of a protic 

or Lewis acid catalyst.150 The simplest example is the preparation of benzyl 

chloride in 79% yield by heating benzene with paraformaldehyde and ZnCl2 at 

60 °C while HC1 is passed in to the reaction mixture (eq. 6.35);151 formalin may 

also be used as the source of formaldehyde. 

PhH + CH20 + HC1--U PhCH2Cl + H20 (6.35) 

Haloalkylation shares features in common with hydroxyalkylation, including 

for example a tendency for diarylation (eq. 6.36), especially when the aromatic is 

very reactive, and/or polymerization. Indeed under some conditions the mechan¬ 

ism of both reactions is similar, differing only in the last step of the reaction. Thus, 

the reaction of mesitylene with formaldehyde-hydrochloric acid in acetic acid 

was first order in aromatic and aldehyde, the mechanism proposed being as in 

eqs. 6.37-6.39.152 The halogen is only introduced in the fast step (eq. 6.39) and 

consistent with this is the observation that the bromomethylation of toluene, 

ethylbenzene, and isopropylbenzene gives the same ortho:para ratios as in 

chloromethylation, indicating that a common electrophile is involved.153 

Moreover, under the conditions used for chloromethylation, benzyl alcohol is 

completely converted to benzyl chloride.153 The reaction is accelerated by the 

presence of halides, especially ZnCl2, which may not necessarily act as a Lewis 

acid here but rather raise the acidity of the medium (by generating HC1).154 The 

reaction succeeds with aromatics of the reactivity of chlorobenzene or greater. 

ArH + ArCLLCl ArCFLAr + HC1 (6.36) 
ZnCl 2 

HCHO CH2OH (fast) (6.37) 

ArH + CH2 + OH-» ArCH2OH + H + (slow) (6.38) 

ArCH2OH ArCH2Cl (fast) (6.39) 

A disadvantage with halomethylation under these conditions, and presumably 

therefore some hydroxyalkylations, is that the hydroxymethyl cation is car¬ 

cinogenic. So too are some of the alternative and more reactive chloromethylat- 

ing reagents, e.g. chloromethyl methyl ether (ClCH2OMe),155 bis(chloromethyl) 

ether [(C1CH2)20],156 methoxyacetyl chloride (MeOCH2COCl),157 and 1- 

chloro-4-(chloromethoxy)butane.158 The last compound in particular is less 

volatile and potentially safer and, moreover, produces tetrahydrofuran as a 
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byproduct, which then complexes with the acid catalyst and reduces side- 

reactions. 

Bromomethylation may be carried out with bromomethyl methyl ether, which 

is about ten times more reactive than the chloro compound.155 Iodomethylation 

has been carried out using chloromethyl methyl ether and HI159 or HCHO- 

HI,160 but fluoromethylation with either HCHO-HF or fluoromethyl methyl 

ether is unsuccessful since further reactions occur. Benzyl fluoride has been 

obtained by the ZnCl2-catalysed reaction of fluoromethanol with benzene at low 

temperature.161 

The relative reactivities of aromatics towards chloroalkylation have been 

measured but the results differ significantly according to the conditions 

employed, Table 6.12. Comparison of the sets of data suggests that the 

electrophile derived from chloromethyl methyl ether is bulkier, which seems 

reasonable. An earlier study using HCHO (paraformaldehyde)-HCl gave very 

small relative rates and deactivation by substituents which normally activate 

towards electrophilic substitution,163 and these results are probably unreliable. 

Re-examination of the reactivity of toluene towards paraformaldehyde-HCl 

gave a toluene:benzene reactivity ratio of 112 and partial rate factors off0 = 117, 

fm = 4.4, fp = 430 for the methyl substituent;164 for reaction with chloromethyl 

methyl ether values of 45.6, 2.79, and 84.6 were obtained.162 Under the latter 

conditions, the p factors have been quoted as — 3.55 to — 4.9.162 Some isomer 

distributions which have been obtained in chloromethylation are given in 

Table 6.13. The ortho:para ratios for chloromethylation of toluene vary accord¬ 

ing to the catalyst concentration, which was attributed to a change in 

mechanism.165 This is incorrect, however, since the log /0:log/p values were 

constant (0.79) under all conditions (see Section 11.2.4). 

From the data in Tables 6.12 and 6.13, and other reports, the following 
conclusions may be drawn. 

(1) The electrophile in chloromethylation is less reactive and more selective 

than that in alkylation. For the HCHO-HC1 reagent this is understandable since 

the hydroxymethyl cation should be a more stable reagent because of the 

resonance stabilization, +CH2-^OH<-»CH2=OH+. 

(2) When chloromethyl methyl ether is used the electrophile is likely to be 

+CH2C1 formed either by protonation of oxygen and loss of the stable species 

ROH, or by coordination of the Lewis acid with oxygen (more favourable than 

coordination with halogen). This species should be more electrophilic than 

+CH2OH, so accounting for the observed difference in selectivity. The higher 

reactivity in bromomethylation with bromomethyl methyl ether (and the 

predominance of secondary alkylation in fluoromethylation) can each arise from 

a differing balance of inductive and conjugative effects from the halogen in the 
corresponding electrophiles. 

(3) The ortho:para ratios for the halogenobenzenes increase with increasing 

size of the halogen. This contrasts with, for example, the results for hydrogen 
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Table 6.12 Relative reactivities of ArH towards chloromethylation 

ArH 

Ke\. 

HCHO-HC1, 
65 °C155 

ClCH2OMe, 
85 °C162 

Benzene 1.0 1.0 
Toluene 3.0 30.0 
o-Xylene — 46.5 
p-Xylene — 33.9 
m-Xylene 24.0 1220 
1,2,4-Trimethylbenzene — 8010 
Mesitylene 600 4800 
1,2,3,4-T etramethylbenzene — 1500 
Anisole 1300 — 

2,5-Dimethylanisole 100000 — 

Chloromesitylene 2.0 — 

Diphenyl ether — 70.3 

Table 6.13 Isomer distributions (%) in chloromethylation of PhX with 
HCHO-HC1 

X ortho meta para Catalyst Ref. 

Me 45 1.1 54 — 165 
Et 29 1.9 69 — 165 
i-Pr 12 3.2 84 — 165 
t-Bu ~ 0.1 5.8 94 — 165 
CH2COzEt 27 12.6 60.4 ZnCl2 in CC14 153 
F 11 — 89 ZnCl2 in CC14 153 
Cl 37 — 63 ZnCl2 in CC14 153 
Br 42 — 58 ZnCl2 in CC14 153 
I 47 — 53 ZnCl2 in CC14 153 

exchange (Section 3.1.2.5), and shows that demands for conjugative electron 

release here are not sufficient to outweigh the inductive effects; this is entirely 

consistent with the relative reactivities of the electrophiles in the two reactions. 

(4) Although the electrophile in chloromethylation is less reactive than that in 

alkylation, the reaction is successful even with nitrobenzene,150,166 which further 

suggests that the low reactivity of nitrobenzene in alkylation is due to 

coordination with the Lewis-acid catalysts (see Section 6.1.3). 
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6.7 FRIEDEL-CRAFTS ACYLATION 

In acylation the —COR group is introduced into the benzene ring, usually by 

reaction of the aromatic with an acid halide or anhydride (less commonly with an 

acid or amide) in the presence of a Lewis acid, e.g. eq. 6.40. Carboxylic acids, 

catalysed by sulphuric acid, phosphoric acid, or hydrogen fluoride, may also be 

used. The reaction has been extensively reviewed.1 

PhH + MeCOCl-U PhCOMe + HC1 (6.40) 

Acylations are not subject to the same complications that beset alkylations. 

The acyl group which is introduced deactivates the nucleus to further 

substitution so that monoacyl derivatives are easily isolable. Rearrangements of 

the nuclear-substituted products or within the acyl group do not normally occur. 

The process is therefore of much greater value than alkylation and yields are 

usually high. Strongly deactivated nuclei such as that of nitrobenzene cannot, 

however, be acylated; this makes nitrobenzene a useful solvent for acylations. 

6.7.1 Mechanism of Acylation by Acyl Halides 

(i) Formation of o-complexes 

The treatment of alkylbenzenes with formyl fluoride and BF3 at low 

temperatures gives 1:1:1 complexes which dissociate above their melting points 

to give aldehydes.15 These are almost certainly er-complexes such as 54 from 

mesitylene, and it is likely that similar intermediates are formed in other 

acylations. 

(57) 



REACTIONS INVOLVING ELECTROPHILIC CARBON 223 

(ii) The electrophilic species 

The Lewis acid polarizes the acylating agent to form either the polarized 

complex 55 or the acylium ion 56. Either of these species may be primarily 

responsible for substitution, and that which is the more effective in a given case 

will depend on the nature of R, the aromatic, and the reaction medium. Evidence 
for these species is as follows: 

(1) Many Lewis acids are known to form stable addition compounds with acyl 

halides, and these are mostly 1:1 donor-acceptor complexes.167 Proton and 

fluorine n.m.r. studies of the addition complexes formed between acetyl, 

propanoyl, and benzoyl fluorides and SbF5, AsF5, PF5, and BF3 have shown 

them to be acylium salts, RCO + MF4(6)~, in the solid state and strongly polarized 
complexes similar to 55 in solution.168 

(2) Spectroscopic measurements show that the carbonyl oxygen of acid halides 

is coordinated to the metal in a halide-Lewis acid complex.169 I.r. evidence 

shows that in a high dielectric medium, nitrobenzene, acetyl chloride and A1C13 

form a mixture of both the polarized complex 55 and the acetylium ion 56, but in 

chloroform only the former, and in the solid state only the latter are obtained. The 

existence of both species has been confirmed by X-ray spectroscopy,170 

which has in addition confirmed the proposal by Taylor171 that the charge on the 

carbonyl carbon is better delocalized in the aromatic acyl halide-complex than in 

the aliphatic acyl halide-complex. Thus, acylation by the former will, relative to 

acylation by the latter, show a greater preference for the free acylium ion 

mechanism (see eq. 6.45) rather than the nucleophilic displacement mechanism 

(see eq. 6.46). This explains why benzoylation is less sterically hindered than 

acetylation (see below). 

In less polar solvents, more than one molecule of Lewis acid is required to 

polarize the acyl halide, as shown by an i.r. study of the MeCOX-AlCl3 system in 

1,2-dichloroethane.172 The structure of the 1:2 complex may be 57, although 

coordination of catalyst dimer with oxygen is also possible. 

Coordination of the catalyst with oxygen rather than halogen is also shown by 

the greater stability of the complexes formed between Lewis acids and ketones 

compared with those formed with acyl halides,167 170 and this follows from the 

greater electron supply to oxygen in the former. Coordination with the ketone 

has kinetic consequences described below (Section iii). 

(3) The conductance of a solution of A1C13 in benzoyl chloride shows that there 

is slight dissociation of the complex into free ions, while PhCOCl and molten 

GaCl3 give a conducting medium in which ionization is extensive. The presence 

of the benzoyl cation is inferred in each case173 (eq. 6.41). 

PhCOCl • A1C13 PhCO ++A1C14“ (6.41) 

(4) 2,4,6-Tribromobenzoyl chloride is rapidly equilibriated with the corres¬ 

ponding acid bromide in the presence of aluminium bromide in nitrobenzene. 

This indicates the intermediacy of the acylium ion 58 (eq. 6.42).174 



224 ELECTROPHILIC AROMATIC SUBSTITUTION 

COCI COBr 

Br 
A IB r s 

Br 
-AICIBr2 

Br 

(6.42) 

(58) 

(5) Anisole reacts with pivaloyl chloride (Me2CCOCl) in the presence of A1C13 

to give tert-butyl 4-methoxyphenyl ketone, but under the same conditions 

benzene gives mainly tcrt-butylbenzene and carbon monoxide, while the 

monoalkylbenzenes give mixtures of ketone and aromatic hydrocarbon.175 Both 

reaction products evidently derive from a common intermediate (55 or 56), which 

either acylates or, if the aromatic is less reactive, has time to lose carbon 

monoxide to give a carbocation which then alkylates the aromatic. The relative 

stability of a tertiary carbocation provides the driving force for the 

decarbonylation. 

Acylations catalysed by proton acids are fairly rare. HF will catalyse acylation 

by acyl fluorides, through formation of the stable HF2~ ion (eq. 6.43), and in 

nitromethane, in which the HC12 “ ion is stable, HC1 will catalyse acylation by 

acyl chlorides.176 Trifluoromethanesulphonic acid is particularly useful for 

reactions involving nitro compounds, which give kinetic complications when 

Lewis acid catalysts are used. Its potential is indicated by the yields in reaction of 

benzoyl chloride with p-xylene, e.g. 82% (CF3S03H), 28% (H2S04), and 21% 
(CF3C02H).177 

RCOF + HF —* RCO + HF2 “ ArCOR + 2HF (6.43) 

(iii) Kinetics 

These have been concerned with the reaction order, the effect of varying R in 

RCOX, the effects of solvents, and substituent effects. 

(a) The order in reagents and their relative reactivities. There are two 

mechanisms for acylation, comparable to those which apply to alkylation, i.e. 

substitution by the free acylium ion into the aromatic, or nucleophilic displace¬ 

ment by the aromatic upon the polarized acyl halide-Lewis acid complex.178. 

The rate difference for reaction by the two mechanisms will diminish the more 
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reactive the aromatic, and more reactive aromatics should tend to react by the 

latter mechanism (see, however, ref. 178). The reactivity order for acyl halides will 

differ for the two mechanisms: the reactivity of the acylium ion will be increased 

by electron withdrawal, whereas this will retard polarization of the C—halogen 

bond which takes place in a rate-determining step in the displacement 
mechanism. 

Benzoyl halides tend to react by the acylium ion mechanism. Thus benzoyl- 

ation of aromatics by 2,4,6-tribromobenzoyl halides gave a very small rate 

spread, consistent with reaction via the free acylium ion,174 and the relative 

reactivities of substituted benzoyl chlorides is 4-N02 > 4-C1 > H > 4-Me for 

reaction with benzene (p = 1.3) or toluene,179 and 4-C1 > 3-OMe > 4-OMe for 

reaction with fluorene.180 However, for reaction with the very reactive 1,3- 

dimethoxybenzene the order becomes 4-OMe > H > 4-C1,181 suggesting that the 

nucleophilic displacement mechanism is intruding here. The latter mechanism 

accounts for electron-withdrawing groups Y in YCH2COCl reducing the rate of 

the AlCl3-catalysed acylation of reactive aromatics and increasing the rates of 

unreactive ones and vice versa.179,182 

Reaction by the nucleophilic displacement mechanism should become more 

difficult as R in RCOX becomes larger. This appears to explain the relative 

reactivities for AlCl3-catalysed acylation of mesitylene by a series of acyl halides 

which changed from X = I > Br > Cl > F for R = Me183,184 to F > Cl > Br > I 

for R = terf-butyl; alkyl groups of intermediate size gave intermediate rate 

sequences.184 

Early studies of the kinetics of acylation gave no examples of simple 

kinetics.185 However, the AlCl3-catalysed reaction of benzoyl chloride with 

benzene in benzoyl chloride as solvent gave straightforward second-order 

kinetics: rate = /c[PhH] [PhCOCl-A1C13]; added HC1 did not affect the rate.186 

These facts are consistent with reaction either by the free acylium ion (eqs 6.44 

and 6.45), or by the nucleophilic displacement mechanism (eqs 6.44 and 6.46); an 

intermediate possibility would involve an ion pair. The kinetics departed from 

second order when 1 mol of benzophenone had been produced per mole of A1C13, 

owing to preferential complexing of the ketone with the catalyst. 

RC=0 + A1C13 RC=0 + —A1C13" 

Cl Cl 
(6.44) 

rc=o+~aici3 - _J^rc==0+ + A1C14" 

Cl (6.45) 

RC=0+ + ArH^^+ArHCOR^^ArCOR + HCl, 
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R 

RC=0 +—A1C13~ 4- ArH HAr+CO — A1C13 —► ArCOR 
I | + 
Cl Cl haici4 

(6.46) 

The order in catalyst is doubled if weaker Lewis acids, e.g. SbCl5, FeCl3, or 

GaCl3, are used, consistent with two molecules being required to polarize the acyl 

halide sufficiently for reaction to occur.187 Complexes similar to 57 may well be 

involved here, especially since some of the catalyst have a greater affinity for 

chlorine than oxygen. The conclusion regarding the effectiveness of the catalysts 

contrasts with the relative rates they produce in benzoylation of toluene, benzene, 

or chlorobenzene with excess benzoyl chloride:185 SbCl5, 1300; FeCl3, 570; 

GaCl3, 500, A1C13,1; SnCl4,0.003; BC13,0.0006; SbCl3, ‘very small’. These rates, 

however, are probably valid only for initial rates of reaction since the kinetic 

orders differ according to the catalyst; it may be noted that the other works have 

found different relative reactivities, with A1C13 always the most effective.188 

SnCl4 is useful for substrates which may be susceptible to decomposition by 

A1C13, and, since it coordinates less effectively to oxygen and in particular the 

ketone product, stoicheiometric concentrations of catalyst are not required. On 

the other hand its greater bulk means that steric hindrance to acylation under 

these conditions will be greater. For example, yields for reaction at the 4-position 

of 2-methyl-5-phenylthiophene decrease more with increasing size of R in RCOC1 

when SnCl4 is used as the catalyst than when A1C13 is used.189 

Nitrobenzene, although a very good solvent for acylations, results in complex 

kinetics, the order in A1C13 varying, in benzoylation, from 1.0 for benzene to 1.5 

for toluene.190 This appears to be due to complexing of the catalyst with 

nitrobenzene. Kinetic complications also arise if nitromethane is used as a solvent 

[see also alkylation, Section 6.1.1(iii)(c)], but it is possible to obtain 

reproducible kinetics provided that the solvent is carefully purified.191 The 

kinetics are then third order but shown an inverse dependence on initial A1C13 

concentration: rate = [ArH][RCOCl][AlCl3]/[AlCl3]0. Partial rate factors for 

the methyl substituent, viz. f0 = 119, fm = 6.1, fp = 2580 indicate a surprisirigly 

weak electrophile under these conditions, attributed to the inverse dependence on 

initial catalyst concentration. 

(b) The kinetic effect of solvents. For the AlCl3-catalysed benzoylation of 

toluene, the relative rates for different solvents are as follows: 1,2,4-trichloro¬ 

benzene 1.0, 1,2-dichlorobenzene 2.4, dichloromethane 3.5, 1,2-dichloroethane 

4.1, excess benzoyl chloride 30.192 Hence the use of excess acylating reagent 

appears to be easiest way of increasing reaction rates and, under these conditions, 

addition of a 1 or 2 molar excess of aluminium halide can bring about a 300-800- 
fold increase in the rate of acylation.192,193 
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6.7.2 Mechanism of Acylation by Other Reagents 

(i) Acylation by carboxylic anhydrides, esters, amides, and acids 

Acylation by these reagents has been reviewed.176 Some have been the focus of 

recent interest because milder reaction conditions may be used, especially with 

anhydrides containing a good leaving roup. The main features are as follows: 

(1) The addition of a Lewis acid to an anhydride probably converts it to the acyl 

halide, e.g. eq. 6.47, which carries out the acylation. This is even more likely for 

acylation by amides and esters since they will be less reactive. 

RCOZ + A1C13 —RCOC1 + A1C12Z (6.47) 

(Z = OCOR, OR, or NH2) 

(2) The acylium ion may be generated by addition of a proton acid to an 

anhydride, acid, or amide. Evidence for this comes from the freezing-point 

depression obtained on adding acid to the acylating reagent. For example, 

addition of H2S04 to acetic anhydride indicates the presence of four species194 

(eq. 6.48) and five species on addition to a carboxylic acid (eq. 6.49). 

(MeC0)20 + 2H2S04 ;-* MeCO+ + MeC02H2+ + 2HS04” (6.48) 

RC02H + H2S04 -- RCO+ + 2H30+ + 2HS04“ (6.49) 

(3) If a mixed anhydride RCOOCOR' is used, then two products may be 

obtained. If R and R' are of similar electronic requirement then the ketone with 

the larger group predominates.195 If R is more electron withdrawing than R' then 

more of ArCOR' will be obtained. Moreover, if R is very electron withdrawing 

then the anhydride will acylate without the need for any catalyst. Acetic 

trifluoroacetic anhydride will acetylate very reactive aromatics, whereas anhy¬ 

drides from trifluoromethanesulphonic acid, RC00S02CF3, are more reactive 

than any other acylating reagent. For example, benzene may be benzoylated in 

90% yield by merely warming with PhC00S02CF3.196 

Other useful mixed anhydrides are the carboxylic dihalophosphoric anhy¬ 

drides formed from the anhydrides of the constituent acids. Here electron 

withdrawal in the dihalophosphoric group makes it a very good leaving group, 

and good yields of ketones may be obtained under mild conditions (eq. 6.50).197 

RCOOPO Cl2 + ArH ArCOR + Cl2POOH (6.50) 

(ii) Acylation by acylium salts 

Acylium salts (prepared from the reaction between an acyl fluoride and SbF5 in 

Freon at 0°C) give high yields of acylaromatics, e.g. eq. 6.15.198a The reaction 

(first order in aromatic) is very sterically hindered, acylation by EtCO + SbF6~ 
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giving a para:ortho ratio of 37 with toluene, and ArH.PhH rate ratios of 

92.2 (toluene), 13.7 (p-xylene), 204 (m-xylene), 652 (o-xylene), and 663 

(mesitylene).198b 

MeNO2,0°C 
[BrCH2C=0] + SbF5" + PhH---> PhCOCH2Br + HSbF6 (6.51) 

(Hi) Acylation by ketene 

In the presence of A1C13, ketene and derivatives will acylate aromatics to give 

ketones (eq. 6.52). Toluene:benzene rate ratios are 47.2 and 174 for the reaction of 

dimethylketene and diphenylketene, respectively.199 The former is smaller than 

for the corresponding reaction with acetyl chloride, which is consistent with the 

inability of the hydrogens of the CH2 group to stabilize the incipient carbocation 

by hyperconjugation. Dimethylketene also gave lower ortho:para ratios than the 

reaction with 2-methylpropanoyl chloride showing the electrophile to be larger 

in the former case, attributable to its planarity whereas in the latter the alkyl 

groups are able to bend away from the aromatic ring in the transition state. The 

reaction of dimethylketene with benzene gave a kinetic isotope effect, kH/kD 

= 1.06.199 

ArH + CR2=C—Oa+—ArCl3a" 

->Ar+C^ A1C13- ArCOCHR, + A1C13 (6.52) 

(iv) Acylation with phosgene 

The AlCl3-catalysed reaction between phosgene and benzene first gives 

benzoyl chloride, and then, more slowly, benzophenone (eqs 6.53 and 6.54).200 

PhH + COCl2-PhCOCl + HC1 (6.53) 

PhCOCl + PhH-> PhCOPh + HC1 (6.54) 

This is consistent with the greater electron withdrawal from the carbon centre in 

phosgene. The strong withdrawal may account for the lack of acceleration by 

trifluoromethanesulphonic acid of acylation with phosgene.201 

(v) Formylation 

Formyl halides are, with the exception of the fluoride, unstable. Formylation 

may be carried out with this in the presence of BF3,202 but other methods of 
formylation (described below) are generally preferred. 
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(vi) Acylation in the gas phase 

Gas-phase acetylation by ion-cyclotron resonance using acetone or biacetyl as 

precursors for the acetylium ion shows the general aromatic reactivity order 

expected for an electrophilic substitution, i.e. o-xylene > m-xylene > p-xylene 

> n-butylbenzene > ethylbenzene > toluene > benzene > halobenzenes.203 The 

reactivity of o-xylene is anomalous, however, relative to the other isomers (cf. the 

order in hydrogen exchange, Section 3.1.2.2) and may reflect severe steric 

hindrance which acetylation also shows in solution (see below). 

6.7.3. Substituent Effects 

There have been many quantitative studies of acetylation and benzoylation; 

there are no data for highly deactivated compounds such as nitrobenzene, which 

cannot be acylated, or for anilines, which acylate at the substituent. Phenols 

acylate at both substituent and ring but the former can be minimized by careful 

choice of conditions.204 Site selectivities can be very dependent on the conditions; 

in particular, the use of nitro solvents gives characteristics commensurate with 

increased steric hindrance of the electrophile, owing to complexing of this with 

the solvent.205 By using various conditions it is possible to alter dramatically the 

isomeric composition of the products, a notable example being the acetylation of 

1,2,3-trimethylbenzene.206 In 1,2-dichloroethane (excess of acetyl chloride) 91% 

of the 3-isomer and only 9% of the 2-isomer was obtained, whereas acetylation in 

carbon disulphide (slight excess of A1C13) gives 100% of the 2-isomer. Rearrange¬ 

ment of a kinetically formed product to a thermodynamically more stable 

product is rarer than in alkylation but may also occur. Thus acetylation of 

anthracene gives the hindered 9-isomer,207 which under appropriate conditions 

gradually converts to the less-hindered 1- and 2-isomers. Likewise l-acetyl-2- 

methyl- or methoxynaphthalenes rearrange into the 6-acetyl isomers and the a- 

acetyl groups in l,5-diacetyl-2,6-dimethylnaphthalene rearrange into the alterna¬ 

tive, less hindered a-positions.209 Benzoylation of naphthalene with benzoic acid 

in polyphosphoric acid gives a 1:2 product ratio which is 15 at 70 °C but only 0.7 

at 140 °C owing to acid-catalysed rearrangement (protiodebenzoylation) to the 

more stable (less hindered) 2-isomer.210 

Partial rate factors for the aluminium chloride-catalysed reactions in 1,2- 

dichloroethane at 25 °C are set out in Tables 6.14211,212 and 6.15.213,214 

The principal features of the results are as follows: 

(1) Acylation is very much more selective than alkylation (cf. Tables 6.7 and 

6.8), indicating that it involves a much less reactive electrophile. 

(2) Although acetylation and benzoylation have similar meta and para partial 

rate factors (indicating similar reagent selectivities), the ortho reactivities are 

much smaller in acetylation, showing the electrophile to have much larger steric 
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Table 6.14 Partial rate factors for acetylation of PhX 

X fo fm fr 

OMe 1.8 x 106 

SMe 860 4.2 x 104 

Me 4.5 4.8 749 

Et 1.0 10.4 753 

i-Pr 11.5 745 

I-Bu 13.1 658 

Ph 0.3 248 
F 1.51 

Cl 0.0003 0.125 
Br 0.084 

Table 6.15 Partial rate factors for benzoylation of PhXa 

X fo fm fv 

Me 32.6 4.9 626 

Et 10.9 10.3 563 

i-Pr 8.6 11.1 519 

t-Bu 11.4 398 
exo-Norborn-2-yl 1630 

en4o-Norborn-2-yl 1040 
Ph 0.3 245 

aNaphthalene: 1-position, 4660; 2-position, 1160. 

requirements. This is because the electrophile in benzoylation is the acylium ion 
(or more nearly so), whereas in acetylation it is the bulkier acyl halide-catalyst 
complex [see Section 6.7.1 (ii) and (iii)]. Steric effects may account for the 
preferential acetylation of 2-bromotoluene at the 5-position,215 and for the 
reactivity order (m>o>p) in acetylation and benzoylation of iodotoluenes, in 
addition to the high para yields in these reactions with iodobenzene.216 

(3) The exo-norborn-2-yl substituent is more activating than the endo- 
substituent, paralleling the result in both hydrogen exchange,217 gas-phase 
pyrolysis of 1-arylethyl acetates,218 and solvolysis of 2-aryl-2-chloro- 
propanes.219 The lower activation in the endo isomer has been attributed to steric 
hindrance to C-C hyperconjugation217,218 (see Section 3.1.2.1). 

Partial rate factors for acetylation of dichlorobenzenes in nitrobenzene at 
25 °C using the Perrier procedure (premixing of catalyst and acyl halide) have 
also been determined (Table 6.16).220 For the ortho and para compounds these 
differ from those calculated assuming additivity, the ortho isomer being more 
reactive than predicted whereas the para isomer was less reactive, cf. nitration 
[Section 7.4.3(ix)]. 
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Table 6.16 Partial rate factors for acetylation of chlorobenzenes in PhN02 

Substituent Position / Substituent Position / 

Cl 2 3.28 x 10~3 1,3-C12 2 1.23 x 10“4 
3 1.60 x 10“4 4 4.95 x 10“4 
4 0.150 5 <2 x 10”6 

1,2-C12 3 1.48 x 10“5 1»4-C12 3 2.80 x 10“8 
4 1.59 x 10“4 

Table 6.17 Relative reactivities in acylation of naphthalene and derivatives 

Acetylation in MeN02•' 

1.0 jy’ Me 
32.6 

177 10.8 

11.0 6.1 

Benzoylation in CHCl3: 
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Data for acylation of methylnaphthalenes (Table 6.17)208-209,221,222 demons¬ 

trate nicely the greater steric hindrance to each of a-substitution, acylation in 

nitro solvents, and acetylation compared with benzoylation. The proportion of /?- 

substitution is generally greater under the more hindered conditions (the 

anomalous result for 5-acetylation of 2-methylnaphthalene in chloroform is 

almost certainly due to experimental error). The greater steric hindrance to 

acetylation compared to benzoylation is also shown by the diacylation of 2,7- 

dimethylnaphthalene in which 59 and 60 are the preferred products, respec¬ 

tively;223 the 1- and 8-positions are much the most reactive sites in 2,7- 

dimethylnaphthalene, but they can both be substituted only in the less hindered 

benzoylation. 

COMe 

Me 

(59) 

COPh COPh 

(60) 

The higher steric hindrance in nitro solvents is shown by the 8-: 6- product ratio 

in acetylation of 2-bromonaphthalene, which is 3.3 in chloroform but only 0.53 in 

nitrobenzene.224 Likewise, the positional isomer yields in acetylation of 2- 

methoxynaphthalene at the 1-, 6-, and 7-positions are 9.5, 14, and 8.1% in 

chloroform, but 1.8, 43, and 0.6% in nitrobenzene; in chloroform the methoxy 

substituent activates the 1-, 6-, and 8-positions by factors of 1.72, 3.8, and 0.9, 

respectively.208 An important feature of this work is the demonstration that the 

yield of a desired isomer can often be increased by careful choice of conditions. 

The results also confirm the findings from hydrogen exchange that substituent 

effects acting across a 1,2-bond are much greater than when acting across a 2,3- 

bond (Section 3.1.2.13). 

There is some evidence that both second- and third-order terms are involved in 

acylation, arising from the involvement of a second molecule of catalyst.225 This 

phenomenon may account for the time-variable a/j8 rate ratios found in 

acetylation of naphthalene, although the finding that reaction of the more 

reactive (and more sterically hindered) a-position is second-order in catalyst226 is 

difficult to rationalize. 

The lower steric hindrance to benzoylation is further confirmed by the 87% 

of 1-benzoylation of 2-methylnaphthalene (cf. acetylation, Table 6.17), and the 

82% of 5-benzoylation of acenaphthene (61) compared with only 48% in 

acetylation.227 The 5:3- product ratio for acetylation of acenaphthene can vary 

from 2.5 (catalysis by ZnCl2 in Ac20) to 9 (TiCl4 in white spirit).228 In acetylation 

the (statistically corrected) relative reactivities of naphthalene, lJT-cyclobuta- 
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[de]naphthalene (62), perinaphthane (63), and acenaphthene (61) are 1.0:8.2: 

21.3:55.8.229 This first determination of the reactivity of 62 shows it to be less 

reactive than acenaphthene, owing, in the view of the writer, to the absence of 

steric acceleration (through eclipsing strain) of hyperconjugation (cf. 

acenaphthene) and the fact that hyperconjugative electron release from the 

substituent C—H bonds will increase the strain in the four-membered ring. 

Relative rates for acetylation in chloroform have also been determined 

(Table 6.18),230 and the anomalous lower reactivity of 1,8-dimethylnaphthalene 

compared with 1-methylnaphthalene probably reflects increased steric hindrance 

at the peri positions due to compression between the methyl groups. The higher 

reactivity of the 5-position of acenaphthene may be partially due to relief of 

this steric compression, but is largely an electronic effect (see hydrogen exchange, 

Section 3.1.2.13). The inexplicable lower reactivity of the 3-position of 1- 

methylnaphthalene compared with the corresponding position in naphthalene 

indicates that other factors intervene to vitiate the results. The AlCl3-catalysed 

acetylation of tetraphene (64) in CS2 gives 47 and 53% of 3- and 5-substitution, 

respectively, the corresponding values being 72 and 28% if dichloromethane is 

used as solvent.231 Acetylation of 5-acetylaminonaphthalene goes ca 50% in 

each of the 3- and 8-positions,232 and the lack of 6-substitution can again be 

ascribed to steric hindrance. This may also account for the unexplained 

observation of 6- rather than 5-acetylation of 3-terf-butylacenaphthene (see 61 
for numbering).233 In this work, 3-acetyl-, bromo-, chloro-, and nitro- 

acenaphthene acetylated exclusively in the expected 6-position, 5-acetylace- 

naphthene acetylated in the 8-position (although 5-halogenoacenaphthenes 

gave mixtures of 3- and 8-acetyl products), and both 5-methyl- and 5-terf-butyl 

acenaphthenes acetylated in the 6-position, this latter being particularly 

surprising in view of the result for the 3-isomer. 

Table 6.18 Relative reactivities in acetylation in chloroform at 20 °C 

6 4 

>^0.45 

1.0 62 60 94 

<0.2 
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Table 6.19 Relative rates of acylation of phenanthrene, triphenylene,3 and chrysene’ 

Acetylation in CHCl3 or 1,2-dichloroethane: 

Benzoylation in CHCl3: 
2.69 1.72 

0.64 

2.60 

“Acetylation of naphthalene in 1,2-dichloroethane gave a time-dependent a//J reactivity ratio, the 
value of 0.95 given in ref. 235 differing from all previously measured values. The triphenylene and 
chrysene data are given relative to those for phenanthrene so the numerical values are 3.4-fold 
smaller than in ref. 235, in which naphthalene was used as a reference; the phenanthrene: naphthalene 

reactivity ratio differs 3.4-fold between refs. 234 and 235. 

Relative rates for acylation of phenanthrene (Table 6.19)234 also demonstrate 

the high steric hindrance to acylation and to acetylation in particular. Both 

reactions give the positional reactivity order 3se9>l>2>4, in contrast to the 

order 9>1>4>3>2 theoretically predicted and found in (unhindered) 

hydrogen exchange [Section 3.1.2.12(ii)], and the reactivity difference between 

acetylation and benzoylation is ca six times greater at the most hindered 4- 

position than at any other. The pattern of greater steric hindrance accompanying 

the use of nitro solvents is also apparent since these give a higher proportion of 2- 

and 3-substitution for both phenanthrene234 and chrysene.235 Likewise is 

acetylation of anthracene in nitrobenzene, the minor product is the 9-isomer,236 

whereas the 9-position is normally the most reactive. Relative rates for 

acetylation of triphenylene (Table 6.19)235 give a much higher 2-: 1- rate ratio of 

74 than in hydrogen exchange (0.22, Table 3.17), where steric hindrance to 1- 

substitution does not apply. 

Steric hindrance probably accounts for acetylation and formylation of 

hexamethyl-trans-15,16-dihydropyrene (65) occurring principally at the 2- 

position whereas nitration occurs at both 2- and 4-positions.237 Both hydrogen 

exchange and trifluoroacetylation of azupyrene (66) take place preferentially at 

the 1-position, whereas nitration goes into the 4-position.238 (Trifluoroacetyla¬ 

tion may be less hindered than acetylation since it probably requires a lower 

degree of coordination between the anhydride and the BF3-etherate catalyst.) 

Acetylation of 3-methylfluoranthene (67) gives a high 8-:4- isomer ratio of 23,239 

again owing to hindrance at the 4-position. Acylation of triptycene goes 
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exclusively into the 2-position,240 whereas hydrogen exchange predicts that a 

substantial amount of 1-substitution should be found (see Table 3.9). Likewise, 

acylation of fluorene gives 2- with only a small amount of 4-substitution,241 in 

contrast to the substitution pattern in hydrogen exchange (Table 3.15). 

(65) (66) (67) (68) 

Acetylation has been used to determine the effect of transannular interaction 

in para-cyclophanes. For compound 68, AlCl3-catalysed acetylation in 1,2- 

dichloroethane at 25 °C gave 17% substitution para to bromine and, in the 

other ring, respectively 6 and 41% ‘pseudo’ ortho and para to bromine.242 These 

latter orientations led to the proposal that (in non-basic solvents) the neigh¬ 

bouring aromatic ring acts as an internal base in the product-determining step 

of the reaction. Similar results in bromination were confirmed by isotope studies 

but this was not possible for acetylation because of scrambling under the reaction 

conditions. Relative rates of acetylation of the cyclophanes 69 were >29 for 

m = 2, n — 2,11.2 for m = 3, n = 4,1.6 for m — 4, n = 4, and 1.0 for m = 6, n = 6.243 

The enhanced rates as the rings are brought closer together argues strongly for 

transannular stabilization as shown in 70. 

Azulenes containing electron-withdrawing groups at the 1- and 3-positions 

acetylate (and halogenate) at the 5-position244 as expected, since the 5-position 

is the most reactive in the seven-membered ring towards electrophilic sub¬ 

stitution.245 Acetylation, Vilsmeier formylation, ethylation, and sulphonylation 

of dimethylsulphonium cyclopentadienylide (71) at the 2-position demonstrate 

its aromatic character.246 Both cyclopropylbenzene,247 and cyclopropyl phenyl 
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ether248 acylate mainly at the 4-position. Benzoylation (and halogenation, 

nitration, and sulphonation) of benzocyclobutene occur largely at the 4- 

position.249 This is largely an electronic effect (Section 3.1.2.3), the 3-position 

being relatively unhindered by the four-membered ring. Acetylation of hexa- 

helicene gives mainly the 5-isomer together with what was assumed to 

be the 8-isomer,250 but is probably the 7-isomer since hydrogen exchange shows 

the 5- and 8-positions to be most reactive [Section 3.1.2.12(h)], 

Acylation has been used in numerous studies of the reactivity of ferrocene 

and derivatives.251 The high steric hindrance to the reaction is indicated by 

the substitution mainly into the unsubstituted ring of IV-ferrocenylamides (and 

-imides),252 and the failure to obtain either of the eclipsed 2,2'- or 3,3'-isomers 
from [3]ferrocenophanes (72).253 Competitive acetylation of 7i-cyclopenta- 

dienyl metal complexes shows the order of reactivity to be Fe(C5H5)2 > 

anisole > Ru(C5H5)2 > C5H5Mn(CO)3 > Os(C5H5)2 > C5H5Cr(CO)2NO > 

C5H5V(CO)4 > benzene > C5H5Re(CO)3.254a Acetylation has been used to 

show that the Cr(CO)3 group is weakly deactivating in arenetricar- 

bonylchromium complexes.25415 This reinforces the results of base-catalysed 

hydrogen exchange (Section 3.3) where electron withdrawal by this ligand caused 

substantial rate acceleration. 

6.7.4 Cycliacylation 

The reaction of arylaliphatic acids possessing a side-chain of suitable length with 

both protic and Lewis acids results in intermolecular acylation (eq. 6.55, X = 

CH2). Formation of six-membered rings is preferred when a choice of ring size 

exists; acid halides have also been used. The reaction is aided by electron- 

supplying groups at the ortho and para positions, and in consequence aryloxy- 

aliphatic acids (6.55, X = O) readily undergo the reaction, as do arylamino acids 

(6.55, X = NR), these latter providing a route to substituted quinolines. Because 

of the higher collision frequency for the reaction compared with acylation, milder 

reaction conditions are needed, especially for cyclization of aryloxy acids, and in 

some cases phosphorus pentoxide alone is sufficient to effect the necessary 

dehydration. The acids may be generated in situ from reaction between an 

aromatic and a lactone, and is then termed intramolecular cycliacylation.255 

As in the case of cyclialkylation, steric effects are very important and a meta- 

xch2ch2cooh X 



REACTIONS INVOLVING ELECTROPHILIC CARBON 237 

Table 6.20 Relative rates of cyclization of benzoylbenzoic acids (74) 

R' 3-OMe 4-Me 3-Me 4-Me 3,4-Me2 H 4-C1 
10 800 <0.0016 164 0.25 22 1.0 0.003 

substituted acid will cyclize so that the substituent occupies mainly the position 

para to the entering group. This is evident in the partial rate factors for the effect 

of the methyl substituent in the HF-catalysed cycliacylation of 3-phenylpro- 

panoic acids (73) to indan-l-ones.256 The higher activation by ortho- relative to 

para-methyl suggests steric acceleration. For the corresponding tert-butyl 

compounds the ortho, meta and para partial rate factors were 1-10, 3, and 80, 

respectively, so steric hindrance is dominant here. In this work it was shown that 

the acylating species is the free acyl cation, formation of which is rate-determining 

at high cyclization rates. This masks any further activation of the ring, i.e. rates 

reach a maximum. Introduction of an a-methyl substituent caused a large 

increase in rate, attributed to a conformational effect whereby the C+(OH)2 

group is forced next to the phenyl ring. 

140 

(73) (74) 

Cycliacylation will also take place with benzoylbenzoic acids (74) and the 

effects of substituents R' for the H2S04-catalysed reaction at 25 °C are given in 

Table 6.20.257 The relative effects of para substituents R under conditions 

producing a constant concentration of acylium ion were OMe 0.09 and N02 4.1; 

the reaction gave a small kinetic isotope effect, kH/kD = 1.25. 

6.7.5 Fries Rearrangement 

This reaction is the acylation equivalent of the Claisen rearrangement. 

Phenolic esters, on heating with a Lewis-acid catalyst, rearrange to o- and p- 

acylphenols (eq. 6.56).258 The ortho:para ratio depends on temperature, catalyst, 

and solvent, and in general higher temperature favours ortho substitution. The 

mechanism evidently involves a mixture of inter- and intramolecular reac¬ 

tions,259 even though some experiments have indicated that either the former,260 

or the latter,261 are exclusively formed; the formation of para products would 

seem to necessitate complete separation of the acyl group. The intermolecular 

reaction may be observed by carrying out the reaction in the presence of another 
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aromatic which may be acylated. Whether or not this (crossover acylation) is 

observed is likely to depend on the relative reactivities of both aromatics. The 

balance between the two processes is temperature dependent,259 owing to their 

differing activation energies. Intramolecular rearrangement to meta positions is 

possible if these are sufficiently activated by other substituents in the rings.259 

OCOR 

(6.56) 

6.8 FORMYLATION 

6.8.1 Gattermann-Koch Reaction 

Treatment of moderately reactive aromatics with CO and HC1 in the presence 

of copper(I) chloride and a Lewis acid (usually aluminium chloride) produced 

aldehydes (eq. 6.57).262 If the reaction is carried out at high pressure, the CuCl is 

not required. 

ArH + CO + HC1-^ ArCHO + HC1 (6.57) 
CuCl 

It is improbable that the reaction proceeds via formation of formyl chloride, 

since this is unstable except at low temperatures,263 and it has been suggested 

that the CO, HC1, and Lewis acid take part in a pre-equilibrium (eq. 6.58), which 

is followed by a rate-determining reaction between the formyl cation and the 

aromatic (eq. 6.59).264 This is consistent with conductivity data and the reaction 

being first order in aromatic. Complex formation between the aldehyde and 

Lewis acid causes the reaction to be thermodynamically favourable, which it 

would otherwise not be.264 Consequently, the Lewis acid is required in more than 

catalytic quantities, as shown by the increase in the yield of benzaldehyde from 21 

to 65.% when the A1C13 to benzene molar ratio is increased from 0.3 to l.O.265 

HC1 + CO + AlBr3  -- HCO+ + AlBr3Cl" (6.58) 

ArH + HCO + ArCHO + H + (6.59) 

Copper(I) chloride forms a complex with CO and its function may therefore 

be to accelerate the reaction with HC1. Other co-catalysts have been used, e.g. 

TiCl4, but none is more efficient than CuCl. The reaction is very sterically 
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hindered, as shown for example by the formation of 85% of 4-methyl- 

benzaldehyde in the formylation of toluene.266 Alkylbenzenes undergo 

rearrangement and disproportionation during the reaction (which has been 

comprehensively reviewed)266,2673 owing to the presence of HC1 and Lewis acid 

[Section 6.1.1(ii)]. A recent development has been to use catalysis by superacids 

such as HF-BF3;267b trifluoromethanesulphonic acid at high pressure has also 

been used and, if cyclohexene is present, cyclohexyl ketones may also be 
obtained.268 

6.8.2 Gattermann Reaction 

Many aromatics can be formylated by treatment with HCN and HC1 in the 

presence of a Lewis acid, followed by hydrolysis of the initial product (eq. 6.60). 

The initial product, which is not normally isolated, is evidently a derivative of the 

aldimine, ArCH=NH. The reaction is very similar to the Gattermann-Koch 

process, as CO and HCN are isoelectronic, but has the advantage that it can be 

successfully applied to phenols and to many heteroaromatics, although it fails 

with amines.2673,269 

ArH + HCN + HC1 (i) Lew'sac-^ ArCHO + NH4C1 (6.60) 
(ii) H20 

As is generally the case for Lewis acid-catalysed reactions, the choice of catalyst 

depends on the reactivity of the aromatic. Thus, formylation of benzene requires 

A1C13,270 whereas ZnCl2 is adequate for phenols and aromatic ethers. Nowadays 

Zn(CN)2 generally replaces HCN as the source of cyanide ion, and in the presence 

of HC1 also generates the Lewis-acid catalyst.271 

The mechanism of the reaction is not clearly understood and various 

complexes have been shown to be present.2673,272 The reaction is probably best 

understood on the assumption that the ionic intermediate (CH= 

NH + <-> + CH=NH) is the effective electrophile. Reaction does not take place on 

the less reactive aromatics such as nitrobenzene and benzophenone, but 

chlorobenzene has been formylated in low yield. Yields from more reactive 

aromatics such as toluene can be almost quantitative,270 although isomerization 

of alkyl substituents can occur as expected [see Section 6.1.1(h)]. 

6.8.3 Vilsmeier-Haack Reaction 

This is the most commonly used method of formylation and usually involves 

disubstituted formamides and POCl3 as reagents (eq. 6.61).2673,273 The reaction 

is limited to reactive aromatics and is successful with aromatic amines, in contrast 

to the two previous methods. The relative reactivities of the commonly used 
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amides are HCONMe2 > HCONMePh > HCONHMe > HCONH2,267a and 

COCl2 may also be used, in which case carbon dioxide is evolved during the 

reaction. 

ArH + Me2NCHO ArCHO + Me2NH (6.61) 

The mechanism evidently involves the formation of [R2NCH + C1]P02C12 “ as 

the electrophile.274 With phosgene the electrophile becomes [R2NCH + C1]C1~, 

and since the negative charge is delocalized less effectively here, carbon carries a 

smaller positive charge and the reagent is less reactive. Thus, whereas the former 

reagent gave with a range of reactive aromatics (including heterocycles) kinetics 

which were either first or (with very reactive aromatics) zeroth order in aromatic, 

the latter reagent gave first-order kinetics throughout.275 Zeroth-order kinetics 

are obtained when reaction with the aromatic is fast relative to the pre¬ 

equilibrium which forms the electrophile. 

The view that electrophilic substitutions may, in part, proceed through the 

intermediacy of cation radicals has received support from the finding of high 

concentrations of cation radicals in Vilsmeier-Haack formylation of N- 

substituted dihydrophenazines.276 The reaction has been used successfully to 

mono- and diformylate at the meso positions Cu11, Ni11, and Pd11 derivatives of 
octaethylporphyrin.2 7 7 

6.8.4 Formylation with Dichloromethyl Alkyl Ethers 

The Lewis acid-catalysed reaction of dichloromethyl alkyl ethers with 

aromatics gives aldehydes, after decomposition of the intermediate 1-alkoxy-l- 

arylethyl chlorides either by heating or by SN1 hydrolysis (eq. 6.62);278 A1C13 and 

TiCl4 are the most frequently used catalysts. It may be noted that the 

electrophiles produced under these conditions and those employed in the 

Vilsmeier-Haack reaction (Section 6.8.3) differ essentially in that in the latter 

reaction they are ionized owing to the greater electron-supplying ability of NR2 

compared with OR. 

ArH + CI2CHOR (6.62) 

There is evidence that TiCl4 may coordinate with hydroxy substituents and 

produce substantial formylation (and other electrophilic substitutions) at the 

ortho position. Thus compounds 75 give substantial 3-substitution whereas 
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Table 6.21 Rate and product data for formylation of toluene and benzene 

Reagent Catalyst Solvent T/°C kT/kB 

Methylbenzaldehydes/% 

ortho meta para 

CO HF-SbF5 so2cif -95 1.6 45.2 2.7 52.1 
HCOF bf3 xs. ArH 25 34.6 43.3 3.5 53.2 
HCN-HC1 A1C13 xs. ArH 25 49.1 39.9 3.7 56.4 
Zn(CN)2-HCl AICI3 MeN02 25 92.8 38.7 3.5 57.8 
Zn(CN)2-HCl AICI3 xs. ArH 50 128 34.3 1.8 63.9 
Cl2CHOMe AICI3 MeN02a -27 200 42.3 0.5 57.2 
Cl2CHOMe AICI3 MeN02 25 119 35.8 3.8 60.4 
CO-HC1 A1C13-CuC1 xs. ArH 25 155 8.6 2.7 88.7 
CO-HC1 AICF xs. ArH 0 319 6.6 0.8 92.6 
CO-HF BF3 xs. ArH 0 860 3.5 0.5 96.0 

Ref. 280. 

compounds 76 react exclusively at the 5-position.279 Formylation of benzene and 

toluene in nitromethane at — 27 °C is first order in aromatic, ether, and metal 

halide.280 The rate and product data (Table 6.21) differ significantly from those 

obtained with the same reagents at higher temperature, possibly because high 

temperature causes dichloromethyl methyl ether to be partially decomposed by 

A1C13.280 

COR COOMe 

X/°h rV ^ 1 
V T 

R' OMe 

(75) (76) 

R = Me, OR; 

R' = OH, OMe, Me 

OMe 

6.8.5 Formylation with Formyl Fluoride 

Unlike formyl chloride, formyl fluoride is stable and reacts with aromatics in 

the presence of BF3 to give aldehydes.202,2678 However, the relative difficulty of 

obtaining the fluoride negates the general use of this method. 
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6.8.6 Substituent Effects in Formylation 

The isomer distribution and relative toluene to benzene rate ratios have been 

determined under a wide range of conditions (Table 6.21 ).281 The very low 

selectivity in the reaction with CO-HSbF6 may be assumed to be due to non¬ 

competitive conditions involving mixing and/or diffusion control (Section 2.10). 

The very low yields of 2-methylbenzaldehyde obtained with CO-Lewis-acid 

catalysts is not a selectivity effect since the f0: fp ratios differ from the value of 0.87 

theoretically required (Section 11.2.4) and indicate severe steric hindrance under 

these conditions (cf. ref. 281). 

6.9 THE HOESCH REACTION 

The reaction of nitriles and HC1 with reactive aromatics such as phenols and 

phenolic ethers gives ketones.282 A Lewis-acid catalyst (usually ZnCl2) is 

required except when the aromatic is very reactive. An example of the reaction 

which has been reviewed283 is the formation in 70-80% yield of 2,4,6- 

trihydroxyacetophenone (eq. 6.63).284 Yields may be maximized by premixing 

the nitrile, HC1, and catalyst, and then adding the aromatic at 0 °C. In this way 

even aryl nitriles will react.285 The reaction is particularly useful for preparing 

polyhydroxy- and polyalkoxyketones and hence (via Clemmensen or Wolff- 

Kishner reduction) the corresponding alkylphenols and their ether derivatives 

(these being of importance in natural product chemistry); moreover, substituents 

do not migrate during the reaction. 

MeCN 

OH 

COMe + NH4CI 

(6.63) 

The reaction mechanism is complex, but can be understood in terms of 

formation of the imino chloride (eq. 6.64), which subsequently reacts with the 

aromatic to give the aromatic ketimine hydrochloride, followed by hydrolysis to 

the ketone (eq. 6.65). Consistent with this are the facts that (1) ketimine 

hydrochlorides are frequently isolated intermediates and (2) the imino chloride 

from chloromethyl cyanide has been isolated286 and shown to react with m- 

dihydroxybenzene to give 2,4-dihydroxy-co-chloroacetylbenzene.287 However, 

imino chlorides are normally too unstable to exist, the above example being 

favoured by electron withdrawal in the alkyl group (which retards thermal 

elimination of HC1). The imonium chloride RCC1=NH2 + CE has been 
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suggested as a more probable intermediate, and indeed high yields can be 

obtained by pre-formation of the imonium chloride at low temperatures and 
reacting it with the aromatic in the presence of ZnCl2.285 

RCN + HC1 -> R—C—Cl (6.64) 

NH 

ZnCl, H,0 
ArH + R—C—Cl-U Ar—C—R —ArCOR + NH4C1 (6.65) 

II II 
NH NH2 + CP 

6.10 CARBOXYLATION AND AMIDATION 

The catalysed reaction of electrophiles of the general form CO'5+ - X with 

aromatics gives carboxylic acids (in some cases after hydrolysis of the first-formed 

product). The simplest example is the formation of benzoic acid from benzene, 

C02, and A1C13,288 which is facilitated by high pressure. The corresponding 

reaction with CS2 gives dithiocarboxylic acids, ArCSSH.289 It may be expected 

that a combination of C02 and superacid would also give carboxylation, but this 

reaction has so far not been reported. 

The reaction takes place more readily with phosgene, as expected, but reaction 

of the intermediate acyl halide tends to produce diaryl ketones (eq. 6.66).290 This 

can be largely avoided by carrying out the reaction in CS2 in which the 

intermediate acyl halide-AlCl3 complex is insoluble and therefore precipitates 

out of solution.291 Oxaloyl chloride, (COCl)2, has also been used as it is more 

convenient. The intermediate acyl halide, ArCOCOCl, readily loses CO to give 

ArCOCl and hence the acid after hydrolysis; benzil derivatives, ArCOCOAr, are 

also obtained as byproducts.290 

ArH + C0CI2 

ArCOOH 

(6.66) 

Ketone formation can be avoided by using various reagents that produce 

intermediate proucts which may be hydrolysed to the carboxylic acid, but which 

are themselves insufficiently reactive as acylating reagents. For example, the 

dinitrile of carbonic acid, CO(CN)2, may be used in place of phosgene, and this 

gives ArCOCN as intermediate; however, CO(CN)2 is difficult to obtain.292 

More useful are amides, ClCONR2, derived from chloroformic (chlorocarbonic) 
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acid (these compounds are also the acyl chlorides of carbamic acid). The N- 

phenylamide (phenylcarbamoyl chloride) is readily produced from phenyl 

isocyanate and HC1, and reacts with the aromatic in the presence of A1C13 to give 

the A-phenylamide of the arylcarboxylic acid (eq. 6.67).290,293 Cyanic acid itself 

(HC=N=0) may also be used in this reaction,294 as well as other isocyanates, 

RN=C=0. If R is a strongly electron-withdrawing group such as S02X (X 

= alkyl, aryl, or Cl) then reaction with very reactive aromatics will take place 

without the need for a catalyst (eq. 6.68).295 Carbamoyl chloride (ClCONH2) 

and, more recently, the N,N-diethyl derivative,296 have been used, as have alkyl 

chlorothiolformates (RSCOC1).297 The latter reaction showed high steric 

hindrance and is fairly selective, giving a p factor of ca — 11.7 (although using a 

rather than o+ values, which exalts the p factor). For ClCOSC6H4R reagents, 

increased electron withdrawal by R produced a decrease in selectivity between 

toluene and benzene, suggesting a free cation as the electrophile. Catalysts other 

than A1C13 give various byproducts, including alkylaromatics (which could arise 

from extrusion of COS from an intermediate RSCO+ cation). 

Ph—N=C—O + HC1-> PhNHCOCl-^ 

ArCONHPh + HC1-► ArCOOH (6.67) 

Alkylthiocarboxylation and -dithiocarboxylation have been achieved by 

reaction of aromatics with S-methyl thiocarboxonium fluoroantimonate (from 

MeF, SbFs, and COS) and S-ethyl dithiocarboxonium fluoroantimonate (from 

EtF, SbF5, and CS2), respectively (eq. 6.69).298 The former electrophile is more 

reactive as expected, and benzene gave a 72% yield, increased and decreased by 

electron-supplying and electron-withdrawing substituents, respectively, thus 

showing typical electrophilic properties for the reactions. The reactions show 

very high para selectivity, consistent with the high steric hindrance expected. 

ArH + RCS + SbF6 "-♦ ArCSR + HSbF6 (6.69) 

X X 

(R = Me, Et; X = O, S) 

Another method involves use of KOCN in aqueous HF; this forms the 

intermediate carbamoyl fluoride which reacts immediately with the aromatic to 
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give the amide (eq. 6.70); use of KSCN gives the corresponding thioamide.299 

KXCN + HF - H20-> KOH + H2NCF 

O 

ArH 
ArCNH2 + HF 

II 
O 

(6.70) 

(x = o, S) 

The chloro-oxocarbocation COCl+ is believed to be formed in CO-Br2- 

SbCl5-liquid S02 at — 70 °C, and this reacts with benzene to give the 

intermediate PhHCOCl+, which hydrolyses to benzoic acid.300 

Carboxylation accompanies chlorination by thallium(III) chloride tetra- 

hydrate in CC14; the electrophile here is thought to be CC13 + .301 

6.11 CYANATION 

Aromatics of the reactivity of benzene or greater can by cyanated with 
C13CCN, BrCN, or Hg(ONC)2 (mercury fulminate).302 In the case of tri- 

chloromethyl cyanide, the electrophile is probably C13C + =NH, produced 
by protonation (eq. 6.71). 

Cl3CCN-^Cl3CC + =NHCr -^Ar—C—CCl3^>ArCN (6.71) 

NH2+Cr 

Cyanation may also be achieved using cyanogen bromide and aluminium 

chloride, and the yields for the reaction (Table 6.22)303 indicate little steric 

hindrance to the reaction. 

Table 6.22 Yields in cyanation using CNBr-AlCl3 in CS2 

Compound Position Yield/% Position Yield/% 

1,3,5-T rimethylbenzene 2 92 
Naphthalene 1 42 2 1 
1-Methylnaphthalene 4 72 
2-Methylnaphthalene 1 85 
Anthracene 9 92 
Phenanthrene 9 83 
Chrysene 5 2 6 66 

Triphenylene 1 32 2 48 
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6.12 THE KOLBE-SCHMITT AND REIMER-TIEMANN 
REACTIONS 

Both of these reactions take advantage of the high reactivity of the phenoxide 

ion. Reaction of phenols under basic conditions therefore occurs with electro¬ 

philes of relatively low reactivity. The Kolbe-Schmitt reaction304 (eq. 6.72) 

involves reaction with carbon dioxide and, if sodium phenoxide is used, 

substitution occurs mainly at the ortho position, indicating that some kind of 

coordination mechanism is involved.305 However, potassium phenoxide is 

substituted mainly in the para position.306 

(6.72) 

The Reimer-Tiemann reaction produces aldehydes and uses as reagents 

chloroform and a base (eq. 6.73), substitution taking place mainly at the ortho 

position, unless both of these are blocked.307 The reaction will also take place 

with reactive heterocycles such as pyrrole, and here insertion reactions accom¬ 

pany substitution, confirming that the electrophile is dichlorocarbene, :CC12.308 

(6.73) 
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CHAPTER 7 

Reactions Involving Nitrogen 
Electrophiles 

Reactions described in this chapter are those involving nitrogen electrophiles, 
nitrogen being attached to either aryl, alkyl, or hydrogen (amination), nitrogen 
(diazonium coupling), one oxygen atom (nitrosation), or two oxygen atoms 
(nitration). The reactions become easier as electron withdrawal from the nitrogen 
is increased by greater overall electronegativity of the attached atoms. 

7.1 AMINATION 

Amination may be brought about in a variety of ways, but some of these do 
not involve normal electrophilic substitution: 

(1) The thermal decomposition of azides produces nitrenes which will react 
with aromatics, provided that X is sufficiently electron withdrawing. For example 
the reaction with N,N-dimethylaniline (eq. 7.1, X = CN) gives o- and 
p- semidines.1 

(2) Reaction of hydrazoic acid with A1C13 or H2S04 gives nitrenium ions 
which react with aromatics forming primary amines in 10-65% yields.2 3 The 
mechanism shown in eq. 7.2 is a simplification. 

HN3-^H2+N3-» N2 + H2N+ —ArNH2 + H + (7.2) 

(3) A variation on (2) uses aryl azides (ArN3) and either CF3C02H or 
CF3S03H to generate the electrophile ArNH + . This can then either aminate 
aromatics directly giving diarylamines or, through delocalization of the positive 
charge into the aromatic ring, produce arylation (Section 6.2). A p factor of 
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— 4.5 was obtained for the formation of diarylamines from toluene, prop-2- 

ylbenzene, and chloro- and bromobenzenes (each of which substituted mainly 

ortho,par a); naphthalene substituted mainly at the 1-position.3 A similar re¬ 

action occurs between aromatics, aryl azides, and phenol at -60°C, the 

toluene:benzene rate ratio being 20 (phenyl azide) or 30 (p-tolyl azide).4 

(4) Replacement of hydrogen in hydrazoic acid (eq. 7.2) by an electron- 

withdrawing group facilitates reaction. Thus reaction of ethyl azidoformate with 

aromatics in the presence of TFA gives ethyl N-arylcarbamates (eq. 7.3). For 

reaction in nitrobenzene at 109 °C the p factor was - 1.7, and partial rate factors 
for toluene were f0 = 2.8, fp = 3.O.5 

O 

EtOCN3 -2-> 

O OH 

EtOCNH + <-> EtOC=N + 
ArH 

ArNHCO,Et 
(7.3) 

(5) Amines containing electron-withdrawing groups also provide suitable 

electrophiles. For example, tertiary aromatic amines have been obtained from 

the reaction of N-chlorodialkylamines, C1NR2, with aromatics, in some cases 

in the presence of H2S04 or A1C13 catalysts, the yields being 50-90%. For the 

H2S04-catalysed reaction of toluene, meta products dominated (irrespective 

of irradiation), but with Lewis acids the yields were mainly ortho, para; under 

the former conditions a PhMe: PhH: PhCl rate ratio of 9.3:1:0.1 was obtained.6 

Both secondary and tertiary aromatic amines have also been obtained by 

reaction of JV-chloroalkylamines or N-chlorodialkylamines with aromatics and 

H2S04 with metal ions as catalysts, although here the attacking species is said 

to be a radical cation, R2NH+'.7 This is electrophilic and gives the 

usual orientation pattern, e.g. ortho,para orientation with anilides and ethers. 

Amination with some haloamines and with NC13 in the presence of A1C13 also 

gives mainly meta products. This is attributed to C1 + NC12-A1C13_ polarization, 

and an addition-elimination mechanism with Cl+ substituting initially in the 

site most activated towards electrophilic attack.8 

(6) Variations of (5) use N-alkyl- or V,V-dialkylhydroxylamines-AlCl39 or 

V-arylhydroxylamines-TFA,10 the latter making use of water as a leaving 

group (eq. 7.4); the selectivity is low under the former conditions. 

Ar'NHOH H20 + Ar'NH + Ar'NHAr + H + (7.4) 

Two other variations use derivatives of amides as reagents. One involves 

heating the aromatic with a hydroxamic acid in polyphosphoric acid (eq. 7.5) 

and forms amides, but works only with phenolic ethers.11 The second involves 

AT-chloro-N-methoxyamides in the presence of TFA and silver ion and has been 

used for intramolecular amination, the products being N-methoxyamides 

(eq. 7.6); yields are 87% for n = 1 and 2 and 60% for n = 3.12 Cyclization from 

the 2- to either the 1- or 3-position of naphthalene takes place in 68% yield 
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1), and radicals are not involved in the reaction. 

RCONHOH H20 + RCONH + RCONHAr + H + (7.5) 

A g+,T F A 

Ph(CH2 )„ C-N-OMe - 

II I 
0 Cl 

(7) A range of hydroxylammonium salts, e.g. HONH3Cl, in the presence of 

A1C13 have been used and these give characteristically low selectivities, e.g. a 

PhMeiPhH rate ratio of 2.9 for the reaction of the chloride salt.13 

=0 + H+, AgCI 

(7.6) 

OMe 

258 

(for n 

7.2 DIAZONIUM COUPLING 

Diazonium coupling involves electrophilic substitution of aromatic diazonium 

ions Ar—N+^N into aromatics (eq. 7.7).14 Because the positive charge is 

readily delocalized into the aryl ring, the ions are weakly electrophilic and 

reactions are essentially limited to amines and phenols (the latter as phenoxide 

ion). The size of the electrophile results in para substitution unless the para 

position is blocked, in which case substitution will take place ortho. The standard 

test for an aromatic amine (diazotization followed by coupling with /Tnaphthol 

to give an azo dye) makes use of the intrinsic relatively high reactivity of the 1- 

position of naphthalene together with the very strong activation by the 2- 

hydroxy group across the high-order 1,2-bond. 

ArN2+X“ + Ar'H-> ArN=NAr' + HX (7.7) 

The pH of the medium is very important. Amines will react in neutral or mildly 

acidic media (the free base remains the active reagent in the latter), but the less 

reactive phenols must be coupled in weakly basic media to produce the more 

reactive phenoxide ion. If the medium is too basic, neither amines nor phenols 

will react because the diazonium ion becomes converted to the unreactive diazo 

hydroxide, ArN=NOH, i.e. the positive charge is neutralized by electron supply 

from the oxygen. 

The reaction with phenols is first order in phenol and diazonium hydroxide,15 

but is consistent only with bimolecular attack of the diazonium ion on the 

phenoxide ion, rate = /c2[ArN2 + ][Ar'0-].16 This rate expression differs from 

that which applies to the neutral reagents, rate = k2[ArN2OH] [Ar'OH], by the 

presence of one molecule of water in the former and, since the concentration of the 

water solvent is constant, the two expressions are kinetically identical. For 

coupling with amines the appropriate concentration terms were shown to be 
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[ArN2+] and [Ar'NR2] since pH-rate profiles passed through a maximum.17 As 

the pH is increased the concentration of free base relative to its conjugate acid 

increases, as does the rate. At high pH the rate decreases because the diazo ion is 
converted to the hydroxide, as noted above. 

The electrophilicity of the benzenediazonium ion can be increased by the 

presence of an electron-withdrawing group in the aromatic ring, and conversely 

decreased by the presence of an electron-supplying group; these groups modify 

the concentration of positive charge carried by the nitrogen. This is illustrated by 

the following approximate relative rates for the substitution of para-substituted 

benzenediazonium ions into five phenols: p-X = N02,1300; S03~, 13; Br, 13; H, 

1; Me, 0.4; OMe, 0.1.18 The effect of substituents is such that 2,4,6-tri- 

nitrobenzenediazonium ion will substitute into mesitylene,19 which is very much 
less reactive than phenoxide ion. 

The p factors for the effects of substituents in the diazo ions have been 

determined as ca 4.0 for substitution into aniline.20 4-Methyl- and 4-methoxy- 

phenol,21 1-naphthoate ion,22 4-hydroxynaphthalene-l-sulphonic acid,22 and 6- 

amino- and 6-hydroxynaphthalene-2-sulphonic acid;23a later work gave smaller 

values for the latter238 and also ca 3.1 for substitution into acetanilide. These 

latter could be due to breakdown of additivity of substituent effects in the 

diazonium ions used, since non-linear Hammett plots were obtained. Encounter 

control (Section 2.10) and solvation effects may account for the constant rate 

spread for reaction of diazo ions with resorcinol and its monoanion and 

dianion,24,25 the relative rates of which are 1:107 5:1013, and for the generally 

poor correlation of reactivities of diazo ions with p-factors.26 1-Naphthol and its 

anion differ in reactivity by 7-9 orders of magnitude, depending on the 

diazonium ion used.22 For the substitution of diazotized sulphanilic acid into the 

2-position of 4-substituted phenols the p-factor has been determined as ca 

— 3.8,27 although this assumes, incorrectly, that a+ values apply to ortho 

positions. 

The possibility that diazonium coupling may proceed by an electron-transfer 

mechanism has received support from CIDNP studies28 and it has been 

proposed that charge-transfer structures are intermediates in the substitution 

pathway.29 

Diazo coupling is usually subject to strong base catalysis,30 but the rate of 

such base-catalysed reactions is not linearly related to the base concentration, 

thereby ruling out a termolecular SE3 mechanism (Chapter 2, eq. 2.3), and the 

two-step (Se2) mechanism (eq. 7.8) must apply. In accordance with this, isotope 

effects are observed alongside base catalysis, e.g. the reaction of substituted 

benzenediazonium ions with l-D-2-hydroxynaphthalene-6,8-disulphonic acid 

gives values of kH/kD of 6.55 (4-C1), 5.48 (3-C1), and 4.78 (4-N02). By contrast, 

ArN+ + Ar'H^=±Ar'^H ArN2Ar' + BH+ (7.8) 
2 k_! \ N2Ar k2 
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the reaction of 2-methoxybenzenediazonium ion with 2-D-l-hydroxy-4-sul- 

phonic acid shows neither effect. The occurrence of base catalysis and isotope 

effects depends on the ratio of the rate coefficients k2 and /c_x (Section 2.1.3). 

Greater electron withdrawal in the aryldiazonium ion reduces the value of /c_x 

and hence the isotope effect as shown by the effect of the substituents above. 

On the other hand, an increase in steric hindrance in the aromatic should 

increase /c_x relative to k2, thereby leading to an increased isotope effect and 

more effective base catalysis. This too is observed, values of kyjkD of 1.04 and 

3.12 being obtained for (1) and (2), respectively. 

OH OH 

Moreover, substitution at the 2-position of 2 occurs more readily than at the 4- 

position, so the 2:4-ratio becomes higher when deuterium is present. This is 

because reaction at the 4-position is more strongly base-catalysed, hence the 

isotope effect for 4-substitution is also larger.31 

The magnitude of the isotope effect also depends on the pKa of the catalysing 

base and passes through a maximum at pKa« l.32 This parallels the results 

observed in hydrogen exchange [Section 3.1.1(iv)], showing that the difference in 

basicity between proton donor and proton acceptor is a measure of transition 

state symmetry. 

(7.9) 

Substitution by the diazo group can also occur through rearrangement from a 

substituent. Thus, aryltriazines on treatment with acid give exclusively para-azo 

derivatives of secondary or primary aromatic amines (eq. 7.9);33 the mechanism is 

not fully resolved, but appears to be largely intermolecular.343 

In one stndy, ArCR=CR=CR=N2 + ions have been used as electrophiles; 

here diazocyclization gives benzo-l,2-diazepine derivatives as products. 

Although the aromatic ring here is not strongly activated, entropy factors 

facilitate substitution.3413 
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7.3 NITROSATION 

Nitrosation, which has recently been reviewed,35 involves a relatively 

unreactive electrophile, but compounds of the reactivity of toluene or greater 

may be readily nitrosated. Although the nitrosonium ion (the most reactive 

nitrosating species) is 1014 times less reactive than the nitronium ion,36 

nitrosation frequently accompanies nitration with nitric acid because the 

concentration of the nitrosonium ion is greater; here only nitro compounds are 

obtained because the nitroso products are very readily oxidized by the acid. 

7.3.1 Nitrosation with Nitrous Acid 

Kinetic studies of nitrosation have usually been carried out in the context of 

nitration via nitrosation [Section 7.4. l(ix)]. Nitrous acid in the presence of an 

excess of nitric acid exists mainly in the form of dinitrogen tetroxide, and this in 

turn gives rise to equilibria 7.10-7.13. A number of entities are therefore present 

which may be effective nitrosating agents, i.e. the nitrosonium ion NO + , and the 

carriers of this ion, N204, N203, HN02, and H2N02 + . The nitrosonium ion 

should be the most effective of these, but if one of the carriers of the ion is present 

in high concentration it could be of comparable kinetic significance. 

n2o4 —^ NO+ + N03~ (7.10) 

h2o -^N203 + 2HN03 (7.11) 

n2o3_ —“ NO + N02 (7.12) 

n2o3_ -*• NO+ + N02~ (7.13) 

For example, the kinetics of nitrosation during concurrent nitration and 

nitrosation in acetic acid obey the complex rate law rate = (k + k'/ 

[N03~])[ArH][N204], indicating that NO+ and N204 are both involved 

as nitrosating species. The former is generated from N204 via eq. 7.10 and its 

concentration is accordingly reduced by added nitrate ion. The value of k' is at 

least 10-fold greater than k, showing that NO+ is a more reactive electrophile 

than N204,37 but this numerical value is unlikely to be of real significance in view 

of the observation of kinetic isotope effects (below). The kinetics of 0- and N- 

nitrosation also suggest the effectiveness of the carriers of the nitrosonium ion as 

nitrosating agents;38 the nitrous acidium ion H2N02 + has been suggested as the 

electrophile in carboxylic acid media of pH 1-ca 5.39 
Nitrosation shows substantial kinetic isotope effects, kH/kD, of 1.26-4.5,40 

confirming that the electrophile has low reactivity, and thus /c_ 3/A:2 in the normal 

SE2 process is large 40 Rate-determining decomposition of the Wheland inter¬ 

mediate then accounts for the fact that the p factor for nitrosation (- 6.9) is small, 
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despite the low reactivity of the electrophile, i.e. the rate-limiting transition state 

lies beyond the Wheland intermediate. Since the electrophile reacts with the 

aromatic in a pre-equilibrium, conclusions regarding the nature of the electro¬ 

phile cannot be made from kinetic studies.40 A recent theoretical investigation of 

the reaction mechanism suggests electron transfer from the frontier orbital of 

benzene to the re*-orbital of the electrophile occurs to give, initially, two 

interconverting re-complexes of C2v and Cx symmetry (3).41 

(3) 

For para nitrosation of PhX by NaN02 in 10.4 M HC104 at 52.9 °C, partial rate 

factors are Me 102, PhO 3780, MeO 210 000, and HO 168 000, giving p=- 6.9,36 

and for nitrosation meta to X in 4-X-phenols in 6.8 m HC104 at 0 °C, p = — 6.2.42 

The reaction typically gives very low ortho'.para ratios, e.g. with biphenyl.43 

7.3.2 Nitrosation with Nitrosonium Compounds 

The ease of nitrosation by NOX compounds could be expected to be greater 

the more electron-withdrawing is X, and this is the case. Thus the relative rates of 

nitrosation of 2-naphthol by NOC1, NOBr, and NOSCN are 3928:236:1.44 

7.3.3 The Fischer-Hepp Rearrangement 

Nitrosation may also occur via rearrangement of the electrophile from the 

substituent, and is known as the Fischer-Hepp rearrangement (eq. 7.14).35’45 

The reaction goes exclusively para, only works satisfactorily with HC1, and is 

particularly useful for preparing C-nitroso derivatives of secondary aromatic 

amines since these cannot be nitrosated directly. The mechanism of the reaction 

involves initial protonation of the A-nitrosoamine, which then decomposes 

HCI 

(7.14) 
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either intramolecularly to give the p-nitrosoaromatic, or nitrosonium ion and free 

amine are formed;46 however, the ion is captured by other nucleophiles present 
before it can nitrosate the amine.47 

7.4 NITRATION 

Nitration, which has been described in many major reviews,48-52 has been the 

most studied of all electrophilic aromatic substitutions, and was probably the first 

to be observed. This focus of attention in both preparative and kinetic studies is 
due to the following: 

(1) The reaction is very easy to carry out, owing to the high reactivity of the 

electrophile; very unreactive aromatics may be readily nitrated. 

(2) The nitro products have higher boiling and melting points with wider 

differences between isomers, than for virtually any other derivatives. Consequent¬ 

ly, separation into pure isomers is relatively easy, and this was a vital factor in 

early quantitative studies. 

(3) Yields are generally good or excellent, partly owing to the electron- 

withdrawing nature of the nitro group; mononitration products are therefore 

readily obtained. 

(4) The products are readily converted (via reduction and diazotization) into a 

wide range of other derivatives. 

(5) Many of the products are commercially important, e.g. explosives. 

Despite this intensive scrutiny, it is paradoxical that some aspects of the 

mechanism are imperfectly understood, in particular the nature of the electro¬ 

phile or its mode of attack under certain conditions. 

7.4.1 Conditions of Nitration 

Nitration can be brought about using a wide variety of reagents: 

(i) Nitric acid, either aqueous or anhydrous. 

(ii) Nitric acid with added inorganic acids, such as sulphuric, perchloric, or 

trifluoromethanesulphonic acid. 

(iii) Nitric acid in organic solvents such as nitromethane or acetic acid. 

(iv) Nitric acid in acetic anhydride. 

(v) Acyl nitrates in organic solvents. 

(vi) Dinitrogen tetroxide or dinitrogen pentoxide. 

(vii) Nitronium salts. 

(viii) Nitroalkanes, alkyl nitrates, and metal nitrates. 
(ix) Nitrous acid, giving nitrosation which is followed by oxidation. 

(x) Nitrocyclohexadienones. 
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(xi) Pernitric acid and nitryl halides. 

(xii) Protonated methyl nitrate (gas-phase nitration). 

Although there are marked differences in these conditions, which cause wide 

variations in the ease of nitration of a given compound, the mechanism of 

nitration under most of them is believed to be essentially the same. The attacking 

entity is thought to be the nitronium ion, NOz+ (nitryl cation), which in some 

cases may be abstracted from a species N02X by the aromatic substrate. One 

mechanistic problem therefore is to discover how much association exists 

between N02+ and X- in the rate-determining step of the reaction. The 

mechanism of nitration by the nitronium ion may be considered in terms of 

eqs 7.15-7.17; in some cases there is evidence that an additional step may be 

involved. 

hno3^no2+ 
k-l 

(7.15) 

ArH + N02+ ArN02H + 
k-2 

(7.16) 

ArN02H+ —ArN02 + H + (7.17) 

(i) Nitration by nitric acid 

Concentrated nitric acid contains mainly molecular nitric acid. This is not the 

nitrating species, since the rate of nitration is considerably altered by the addition 

of sulphuric acid, or of nitrate ions (neither of which should alter significantly the 

concentration of nitric acid). Cryoscopic,53 conductimetric,54 and Raman 

spectroscopic55 studies indicate that nitronium ion is present (to the extent of ca 

3%) through self-protonation according to eq. 7.18. Lines in the Raman spectrum 

at 1400 and 1050 cm “1 were assigned to NO2 + and NO3 ~, respectively, and their 

concentrations are equal, which rules out a significant presence of the nitric 

acidium ion formed according to eq. 7.19. Similar lines are also observed in other 

nitrating systems, namely dinitrogen pentoxide in nitric acid (1400,1050),56 nitric 

acid in perchloric or selenic acids (1400),57 and crystalline nitronium perchlorate 

(1400),58 which is completely ionized into nitronium ions and perchlorate ions. 

The single line for the nitronium ion shows that it is linear, i.e. 0=N + =0. 

Kinetic studies in the presence of stronger mineral acids [Section (ii), below] also 

show nitration by H2N03+ to be unimportant. 

2HN03^^N02+ +NCV +H20 (7.18) 

2HN03 H2N03+ +N03“ (7.19) 

Nitration of unreactive aromatics in concentrated nitric acid follows the rate 
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law, rate = kt[ArH], because formation of nitronium ion is not rate-deter¬ 

mining, and its precursor nitric acid is present in large excess. 

Addition of water to nitric acid reduces the rate of nitration of unreactive 

aromatics, as might be expected in view of eq. 7.18, but the kinetic order is 

unchanged. However, nitration of reactive aromatics shows mixed first- and 

zeroth-order kinetics.59 The implication is that nitric acidium ion is present in 

these weaker media, and that this then heterolyses to give nitronium ion in a step 

which is slow relative to the subsequent nitration; the observed kinetics then 

follow. There is thus competition between water and the aromatic for nitronium 

ion and it has been shown that zeroth-order kinetics results when the aromatic is 

ca 20000 times more reactive than water towards nitronium ion. Confirmation 

that the rate-determining step is formation of the nitronium ion is provided by the 

rate of lsO exchange between nitric acid and water being the same as the initial 
rates of the zeroth-order nitrations.60 

The presence of nitrous acid causes ten-twentyfold rate reductions for a 

hundredfold increase in its concentration. Nitrous acid is present mainly as 

dinitrogen tetroxide, which is ionized according to eq. 7.10, so the rate 

retardation follows from the suppression of eq. 7.18 by nitrate ion.59 The 

anticatalytic effect of nitrous acid is greater in more dilute nitric acid solutions, 

because the water reduces the self-protonation of nitric acid according to eq. 7.18. 

The concentration of nitrate ions is therefore lower, making the nitration rate 

more sensitive to other sources of these ions. 

(ii) Nitration by nitric acid in strong mineral acids 

Addition on strong mineral acids such as sulphuric acid to nitric acid produces 

a higher concentration of nitronium ion, through protonation to the nitric 

acidium ion followed by rapid dissociation. This is represented by the overall 

equilibrium in eq. 7.20, supported by an i-factor of 3.82 in cryoscopic measure¬ 

ments61 (The difference from the expected value of 4 is attributed to incomplete 

protonation of water molecules.) Moreover, the Raman spectrum showed lines at 

1400cm-1 (N02+) and 1050cm-1, the latter here arising from HS04-.62 

HN03 + 2H2S04^N02 + + H30 + +2HSCV (7.20) 

Because the rate of formation of nitronium ion is more rapid in this medium, 

nitration gives essentially second-order kinetics: rate =/c2[ArH][HN03],63,64 

and shows a rate maximum at around 90wt-% sulphuric acid,63,65-67 probably 

owing to a combination of causes: protonation68 (most of the compounds 

contain the group X = O), hydrogen bonding,69 and a decrease in the activity 

coefficient ratio, /(N02+)//t59,70 (the latter being indicated by a rate maximum 

for PhNMe3+, which can neither protonate nor hydrogen bond70,71). 

Addition of water to solutions of nitric acid in 90wt-% H2S04 produces 

reductions in rate which parallel the decrease in nitronium ion concentration.63 
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Nitration is observed even when nitronium ion is no longer detectable, but 

support for nitronium ion being the nitrating species is provided by the rates 

paralleling the HK, rather than the H0 acidity scale.63,64 Half-lives for the 

nitronium ion have been calculated to be 10-4,10-6, 5 x 10-8, and 10 9 s in 80, 

68.3, and 60.4 wt-% H2S04, and water, respectively.72,73 
The ease of formation of nitronium ion from nitric acid depends on the extent 

of protonation of nitric acid and hence the strength of the catalysing acid. It 

follows that the effectiveness of catalysing acids is, for a given wt-%, perchloric 

> sulphuric > phosphoric;74,75 trifluoromethansulphonic acid, which is much 

stronger than any of these, is an extremely powerful catalyst for nitration, and 

converts the nitric acid completely to nitronium ions.76 

Nitration in strong mixed acid media exhibits a problem that also shows up 

under other nitrating conditions, namely that a limiting rate (known as the 

encounter rate) is reached (Section 2.10). At the encounter limit, no compound, 

regardless of its intrinsic reactivity towards electrophilic substitution, nitrates 

significantly faster than the encounter rate. Another consequence of this limiting 

nitration rate is that the Additivity Principle breaks down. The phenomenon is 

well demonstrated by the following relative rates for nitration in 68.3 wt-% 

h2so4 at 25 °C: benzene, 1.0; toluene, 17; o-xylene, 38; m-xylene, 38; p-xylene, 38; 

mesitylene, 36; anisole, 13; o-methylanisole, 22; p-methylanisole, 21; biphenyl, 16; 

naphthalene, 28; 2-methylnaphthalene, 28; 1-methoxynaphthalene, 35; phenol, 

24.77 Similar rate spreads have been obtained for nitration in 63.2 wt-% 

H2S04,77 61.05 wt-% HC104,77 and 85.7 wt-% H3P04;75 a limiting rate is also 

obtained in nitration in 88.0 wt-% MeS03H.78 The encounter limit also causes 

nitration of 1,2,3,4- and 1,2,4,5-tetramethylbenzene to take place only 41- and 20- 

fold faster, respectively, than their nitro derivatives.79 The encounter rate is a 

function of viscosity, showing that diffusion control is a contributory factor. Thus 

relative mesitylene:benzene nitration rates decrease along a series of perchloric 

and sulphuric acid media of increasing viscosities,77 and the greater the viscosity 

of a given medium, the lower is the intrinsic reactivity of an aromatic that shows 

onset of an encounter nitration rate.75 The observed encounter nitration rate is 

also close to the calculated rate coefficient for encounter between two molecules 

in these viscous media,77 but this may be fortuitous. 

The limiting rate found under encounter conditions implies that reaction 

occurs at almost every collision, in which case there ought not to be any 

positional selectivity within a given aromatic. This is not the case, however, 

and this paradox has led to the proposal that the nitronium ion and the aromatic 

form a discreet ‘encounter pair’, the rate of formation of which is rate¬ 

controlling.80 This subsequently forms a Wheland intermediate, and only in 

the latter is the product isomer distribution determined; the formation of the 

encounter pair is thought to occur by diffusion together of the components, 

not by pre-association.72 The ortho'.para ratios for nitration of various 

aromatics in phosphoric acid are lower than those obtained in sulphuric acid. 
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This is apparently not due to differences in size of the solvated nitronium ion, 

since chlorobenzene, the least reactive compound examined and unlikely to be 

reacting at the encounter rate, gave similar ratios under both conditions. It was 

therefore proposed that viscosity can affect rates of translation (from encounter 

pair to Wheland intermediate, but in a manner difficult to envisage), so that less 

hindered sites in highly reactive substrates are relatively favoured in the more 

viscous solvent.81 

The concept of the ‘encounter pair,’ which is almost unique to nitration and 

under this condition, leads to a number of difficulties, including the evaluation 

of its structure. Two possibilities are 7r-complexes and, more probably, radical- 

radical cation pairs [see also Section 7.4.2(h)], but there is no compelling 

evidence as yet that either are involved.82 Another factor that may contribute 

is the change in shape of the nitro group from linear in the ion to bent in the 

product. Calculations have also indicated that in the reaction with ethene, 

structures with nitronium ion bridged across adjacent carbon atoms are more 

stable than that with it attached to one carbon atom;83 such structures could 

be involved in the encounter pairs. 

Another difficulty that arises in nitration in these media concerns oxygen- 

containing substituents. Nitration of anisole in aqueous perchloric acid gives 

ortho:para ratios that vary from 1.58 in 50.6wt-% acid to 0.80 in 72.7 wt-% 

acid.74 Similar decreases accompanied nitration of anisole in 54-82 wt-% 

sulphuric acid (1.8-0.7),84 and of phenol in 58-80 wt-% sulphuric acid (2.4-0.9).85 

This has been attributed to increased hydrogen bonding with increasing acidity; 

hydrogen bonding also causes decrease in the ratios with increasing acidity in 

the nitration of methyl A-phenylcarbamate, a-chloroacetanilide, acetanilide, 

dihydroquinolone, and indolin-2-one.86 

Finally, the rate of nitration of 4-nitrotoluene above 90 wt-% sulphuric 

acid has been found to increase considerably faster than the increase in nitronium 

ion concentration, determined by 14N n.m.r.87 Moreover, the values of ku fc_l5 

and /c2[ArH] (eqs. 7.15 and 7.16) for nitration of anisole were determined, and 

although /c_ j was 10-fold less than k2[ArH], the expected zeroth-order kinetics 

were not obtained. The encounter rate was also calculated to be 100-fold greater 

than /c2[ArH], so the normally observed rate limit is anomalous. Rates of 

nitration of deactivated aromatics by nitric acid containing various amounts 

of N205 also increase more rapidly than the nitronium ion concentration.88 

These results suggest that current views on the nitration mechanism in these 

media may need modifying. More work may be needed to establish with certainty 

the homogeneous nature of nitration in these mixed acids. It is the writer’s 

experience based on hydrogen exchange carried out in sulphuric acid media, 

that solutions can appear to be perfectly homogeneous when the kinetics show 

that they are not. Nitration would then occur at the interface between the acid 

and the dispersed microdroplets (giving the usual positional selectivity), diffusion 

from within the droplets to their surfaces producing the limit on the nitration 
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rate. Nitration in the presence of a small amount of co-solvent or with ultrasonic 

agitation might help to evaluate this possibility. 

(iii) Nitration by nitric acid in organic solvents 

These mixtures improve the solubility of aromatics and ensure homo¬ 

geneous nitration; solvents most commonly used are trifluoroacetic acid, ace¬ 

tic acid, nitromethane, tetramethylene sulphone (sulpholane), and carbon 

tetrachloride. The nitronium has not been detected spectroscopically in these 

media, but its presence is inferred from kinetic studies. 

Trifluoroacetic acid (TFA) is both a good solvent and a strong acid, so 

permitting high substrate concentrations and fast reaction rates; however, it is 

expensive and thus not suitable for large-scale nitration unless recovery of the 

acid is contemplated. Nitration of toluene by nitric acid-TFA89 (or by sodium 

nitrate-TFA)90 gives both an isomer distribution and reactivity relative to 

benzene typical of nitration of the nitronium ion. A detailed study of nitration 

of a range of aromatics showed that the relative reactivity of toluene to benzene 

was the same by both competition and kinetic methods, but both mesitylene 

and p-xylene were more reactive when measured by the former method.91 This 

was attributed to their ability to nitrate under competition conditions (when 

they are present in high concentration) with ion-paired nitronium ions. 

In this medium, durene (in contrast to mesitylene and p-xylene) is nitrated 

through the intervention of radical cations (which are predicted to be involved 

only with reactive aromatics). Attack of nitronium ions occurs at a position 

bearing a methyl group (ipso attack) to give the usual Wheland intermediate 

(4). This then undergoes homolytic C—N cleavage in a step having a low energy 

barrier to give the radical cation-radical pair (5), followed by migration of the 

nitro group to the adjacent unoccupied site giving 6 and thence 7.92 

Me Me Me Me 

N02 

The kinetics of nitrations using excess nitric acid in nitromethane, sulpholane, 

and acetic acid are zeroth order in aromatic if this is fairly reactive but first 

order if it is unreactive.59,93,94 These results thus parallel those above for 

nitration in aqueous nitric acid, i.e. the rate-determining step in the zeroth-order 
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nitration is heterolysis of the nitric acidium ion (eq. 7.21). This is confirmed by 

the kinetic effect of the addition of large amounts of water (for nitration in 

acetic acid). The water competes with the aromatic for the nitronium ion and 

a change to kinetics first order in aromatic results. Similarly, the zeroth-order 

rate coefficients decrease with decreasing concentration of nitric acid.59,93,94 

H2N03+^N02+ +H20 (7.21) 

Some additional confirmation comes from nitration in acetic acid and in 

nitromethane under high pressure.95 It was argued that the two- and fivefold 

increases in the zeroth- and first-order rates, respectively, produced by a pressure 

of 2000 atm, were consistent with the volume decreases expected in the respective 
rate-limiting steps. 

Nitrations in nitromethane show a greater tendency towards zeroth-order 

kinetics, and thus require larger additions of water than does nitration in acetic 

acid, in order to cause a change to first-order kinetics; nitration in sulpholane 
shows intermediate behaviour. 

Nitration in carbon tetrachloride can show anomalous results96 owing to 

incursion of heterogeneity arising from the lower polarity of the co-solvent.97 

If this is avoided then the usual decrease in kinetic order with increase in 

reactivity of the aromatic is found. However, the zeroth-order rate coefficients 

increased according to the fifth power of the nitric acid concentration, and the 

reaction has a negative activation energy. Both features may be attributed to 

the formation of aggregates of nitric acid molecules from which the nitronium 

ions are produced, and it may be significant that negative activation energies 

are obtained in various molecular brominations carried out in carbon tetrachlo¬ 

ride (Section 9.3.2). 

(iv) Nitration by nitric acid in acetic anhydride 

Nitric acid in acetic anhydride provides a potent nitrating mixture which is 

also a good solvent; reaction occurs ca 104 times faster than for an equivalent 

concentration of nitric acid in nitromethane or sulpholane. The acid should 

always be added to the anhydride (not the reverse) and the temperature 

kept below ca 65 °C, otherwise explosions may occur. 

Nitric acid and acetic anhydride combine rapidly at room temperature to 

give acetyl nitrate (eq. 7.22) provided acetic anhydride is in excess, and dinitrogen 

pentoxide (eq. 7.23) if nitric acid is in excess.98 The dinitrogen pentoxide is either 

covalent or, at higher nitric acid concentrations, ionized to give nitronium ions 

(eq. 7.24) which may be detected spectroscopically.99 These reactions are fairly 

rapid at room temperature, but slow at — 10 °C, so if the reagents are mixed 

at low temperature (preferred for safety reasons) they must either be allowed 

to warm to room temperature or allowed to stand for 24 h, otherwise nitration 

will be very slow.100,101 A key function of the acetic anhydride is therefore 
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to remove water from the system. Since both eqs 7.22 and 7.23 are acid catalysed, 

the use of stronger nitric acid causes the nitrating species to be formed more 

rapidly and the difference in potency of reagents mixed at room temperature 

and low temperature diminishes.101 

Ac20 + HN03_ Ac0N02 + HOAc (7.22) 

Ac20 + 2F[N03 -- N2Os + 2HOAc (7.23) 

n2o5 -N02+ + N03“ (7.24) 

An additional nitrating species present in these media is protonated acetyl 

nitrate (8)100 (which may also considered as nitronium ion solvated by acetic 

acid, 9).102 There are thus may conceivable nitrating agents present and 

to these we must add the possibility of nitration via nitrosation [see 

Section 7.4.1(ix)]. 

ch3c+ 0—no2 

OH 

(8) 

0-H 

Me-C .0 

W N, 
(9) 

Nitration of benzene with nitric acid (0.4-2.0m) in acetic anhydride is 

first order in benzene and second order in nitric acid and retarded by added 

nitrate ion.103,106 These results are therefore consistent with nitration by the 

nitronium ion formed via eqs 7.23 and 7.24. Earlier work had indicated that 

nitration of toluene and mesitylene was third order in nitric acid,104,105 but 

more recent work has shown that if purified acetic anhydride is used then the 

order in acid is only two.106 A zeroth-order nitration also appeared to be 

obtainable with xylenes, mesitylene, and anisole,107 but again later work has 

shown that this is a medium effect arising from the relatively high concentrations 

of aromatic used in these studies.108 Crucial to the rejection of the zeroth-order 

mechanism was the observation that the apparent zeroth-order rates were 

different for each aromatic, which cannot apply if formation of the nitrating 

species was rate-determining. The appearance of the pseudo-zeroth-order 

nitration may account for the toluene:benzene reactivity ratios obtained under 

competition conditions (38) being lower than that obtained under kinetic 

conditions (50);103 side-reactions may also lower the former value.109 

A number of difficulties prevent clear identification of the nitrating species 

in this medium. First is the retarding effect of added nitrate ion,103,104,106,110 

which suggests that a cation must be involved, nitronium ion or protonated 

acetyl nitrate being strong possibilities. The nitronium ion is favoured by the 

calculated nitration rates for toluene in acetic anhydride and acetic acid being 

the same,106 and by the similarity in the isomer distribution for nitration 

of toluene under these and other conditions where only the nitronium ion is 
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Scheme 7.1. Nitration and acetoxylation via addition of protonated acetyl nitrate. 

likely (Table 7.1). Protonated acetyl nitrate should have a larger steric require¬ 

ment. On the other hand, ethers, anilides, and other aromatics give much greater 

ortho\para ratios for nitration in acetic anhydride, and similar to those obtained 

in nitration with acyl nitrates where the reagent is considered to be either 

the acyl nitrate itself or dinitrogen pentoxide (Tables 7.3 and 7.12). Further, the 

rate ratios obtained with nitric acid-acetic anhydride are significantly greater 

than those obtained under other conditions and are, moreover, very dependent 

on the quality of the acetic anhydride. Thus the anisole:mesitylene^-xy¬ 

lene Toluene: benzene reactivity ratios are: 650:650:220:34:1 (purified an¬ 

hydride)106; 1500:5000:870:50:1 (unpurified anhydride)105’106;—: 355: 

136:23:1 (acetic acid).106 The reason for this is not clear, but the conductivity 

of purified acetic anhydride alters on standing; acetic anhydride is known to 

readily undergo thermal elimination to give ketene and acetic acid111 and this 

may take place to a significant extent at room temperature. 

Nitration in acetic anhydride is strongly catalysed by added sulphuric acid.112 

A probable cause is conversion of acetyl nitrate into protonated acetyl nitrate, 

whence the good leaving group acetic acid provides the nitronium ion. 

Acetyl nitrate adds to alkenes to give cis-nitroacetates.100 A similar addi¬ 

tion process also occurs with aromatics, subsequent loss of nitrous acid giving 

acetoxylation (see also Chapter 8), and of acetic acid giving nitration 

(Scheme 7.1). The common process for both reactions results in the ratio of 

nitration to acetoxylation (first observed with o- and m-xylene) remaining 

constant for a 330-fold change in overall reactivity.112 The much greater stability 

of aromatics compared with alkenes means that a more electrophilic reagent 

is required for the initial step, i.e. protonated acetyl nitrate, and consequently 

acetoxylation is greatly accelerated by added sulphuric acid.112 This process is 

described in greater detail in Section 7.4.2(ii). 

(v) Nitration by acyl nitrates in organic solvents 

Nitration can be carried out by acyl nitrates in organic solvents, 

usually carbon tetrachloride. Kinetic studies of the nitration of benzene by 
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benzoyl nitrate showed that it was first order in benzoyl nitrate, slower than 

nitration by dinitrogen pentoxide in carbon tetrachloride, and inhibited by the 

addition of benzoic anhyride.113 Dinitrogen pentoxide, formed according to 

eq. 7.25, is therefore believed to be the active reagent rather than benzoyl nitrate, 

which accords with the greater polarity of the former. It is not known if dinitrogen 

pentoxide fully ionizes to give nitronium ion prior to nitration, but this seems 

unlikely in view of the abnormally high ortho: par a ratios obtained with anilides 

and ethers in nitration by acyl nitrates (Table 7.12).114,115 Nucleophilic displace¬ 

ment of nitrate ion from dinitrogen pentoxide by the substituent is the probable 

cause of this anomally. 

2PhC00N02 (PhC0)20 + N205 (7.25) 

Acyl nitrates may be produced in situ from acyl chlorides and silver 

nitrate.102,116 Use of aroyl chlorides produced no change in isomer ratios, so 

providing further evidence that the aroyl nitrate itself is not the nitrating 

reagent.116 

(vi) Nitration by dinitrogen tetroxide and dinitrogen pentoxide 

Dinitrogen tetroxide in non-polar solvents (e.g. CC14) will nitrate aroma¬ 

tics,117 giving first the nitrosoaromatic, which is subsequently oxidized to the 

nitro derivative. This may involve attack by covalent N204, although the 

anomalous substitution pattern observed with fluoranthene [different from the 

(predicted) order found in hydrogen exchange (Section 3.1.2.12) and nitration 

by N02 in CHC12 or HN03-Ac20] could indicate a radical mechanism.118 In 

sulphuric acid, dinitrogen tetroxide is ionized into nitrosonium ions and 

nitronium ions (eq. 7.26), and since the latter are the more powerful electrophiles, 

nitration proceeds through these.119 

N204 + 3H2S04 ^=± N02 + + NO + + H30 + + 3HS04 " (7.26) 

Protonation of N204 under less drastic conditions (by passing N02 into 

trifluoroacetic acid) also yields nitronium ion and nitrous acid (eq. 7.27), 

formation of the former being indicated by the rate-orientation patterns 

obtained with anisole, toluene, benzene, and chlorobenzene.120 

N204 + CF3C02H N02 + + HN02 + CF3C02 - (7.27) 

Nitration by dinitrogen pentoxide in relatively non-polar solvents, e.g. CC14, 

CHC13, MeN02, and MeCN, follows second-order kinetics, rate =/c2[ArH] 

[N205].121 This is consistent with either covalent N2Os, the ion pair 

[N02+N03“], or free nitronium ions formed by dissociation of this ion pair, 

being the electrophile. These latter possibilities have been disproved by the fact 

that added nitrate ions increase the rate, as do other anions, and the rate is 

not much affected by an increase in solvent polarity. 
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The reaction is autocatalysed since the nitric acid byproduct protonates 

N2Os to give N02+, and added nitric acid also catalyses the reaction, the order 

in nitric acid being > 2. The catalysis involves protonation analogous to that 

shown to occur when N2Os is dissolved in sulphuric acid (eq. 7.28),121 and the 
high order in added nitric acid follows from this. 

N205 + 3H2S04^=±2N02+ +H30+ +3HSCV (7.28) 

Under the catalysed conditions, the isomer distribution obtained in nitration 

of chlorobenzene (27% ortho, 73% para) is similar to that (33% ortho, 67% para) 

obtained in nitration by HN03-H2S04, indicating the nitronium ion to be the 

electrophile. However, N2Os in CC14 gives only 43% para product, further 

indicating that here a different electrophile, covalent N2Os, is involved.121 

Likewise, nitration of fluorobenzene by N2Os in CC14 gives a higher ortho:para 
ratio (0.39) than HN03-H204 (0.14).102 

(vii) Nitration by nitronium salts 

Olah and co-workers were responsible for generating interest in nitration by 

nitronium salts such as N02 + BF4-, N02 + PF6~, N02 + C104“, N02 + AsF6-, 

and N02 + HS207 many studies have been carried out using solutions of these 

salts in nitromethane, tetramethylene sulphone, and other solvents.79,122-138 
The former two reagents are commercially available and are therefore those most 

commonly used. The non-aqueous conditions are especially advantageous for 

nitrating substrates susceptible to hydrolysis. 

Nitration of nitrobenzene by nitronium tetrafluoroborate in sulphuric acid, 

methanesulphonic acid, and acetonitrile was found to be first order in both 

nitronium salt and aromatic.124 In the first two solvents, rate coefficients were 

similar for nitration by nitric acid and by the nitronium salt, indicating a 

common nitrating entity which must be the nitronium ion. With acetonitrile 

the rate coefficients were lower, consistent with nitration by ion pairs 

[N02+X-]. Evidence supporting the presence of ion pairs consists of the 

following: 

(1) Increasing the size of the anion in a series of nitronium salts causes a 

decrease in the proportion of ortho substitution in nitration of alkylbenzenes.125 

(2) Raman spectra and cryoscopic measurements gave no indication of the 

separate existence of the nitronium ion.125 

(3) Nitronium trifluoromethanesulphonate, N02 + CF3S03-, is a very power¬ 

ful nitrating species.139 However, if all of the nitronium salts were fully ionized, 

the ease of nitration should be independent of the stability of the counter ion. 

(4) Nitration of aromatics containing either lone pairs or 7r-clouds by 

nitronium tetrafluoroborate gives enhanced ortho'.para ratios (as do nitrations 

by dinitrogen pentoxide or acetyl nitrate), indicating that nucleophilic displace¬ 

ment of the counter ion by the substituent is occurring.129,130 
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(5) For a range of nitrotoluenes, the intrinsic nitration rates were in every 

case larger when using nitric acid-sulphuric acid than when using nitronium 

hexafluorophosphate in nitromethane.79 This is consistent with extra energy 

being required to displace the counter ion from the nitronium ion under the 

latter conditions. 
Olah eta/.123 found that nitration with nitronium tetrafluoroborate gave 

very low substrate selectivities (determined by the competition method), 

combined with normal positional selectivities, and this was subsequently shown 

to be due to mixing control arising from the very high reactivity of the 

reagent.127,131 Reaction tends to be complete before the reagents have time to 

mix properly, and true competitive conditions are not established. In particular, 

nitration of 1,2-diphenylethane by nitronium tetrafluoroborate gave a ratio of 

dinitro to mononitro products that was much greater than statistical. In this 

molecule the two benzene rings are close-coupled yet effectively electronically 

isolated from each other, i.e. a nitro substituent in one ring has little effect on 

the reactivity of the other. The product ratio showed that some molecules had 

a greater chance of reacting than had others, i.e. mixing was slow compared 

with nitration.131 Mixing control also accounts for the predominant formation 

of 3,6-dinitrodurene in nitration of durene with nitronium hexafluorophosphate 

in nitromethane.134 

Nitronium salts have poor solubility in most organic solvents, and conse¬ 

quently under heterogeneous conditions nitration will be much slower, and 

mixing control should not be a problem. This could explain the reported change 

in the toluene:benzene reactivity ratio for reaction with nitronium hexafluoro¬ 

phosphate from the typically abnormal values of ca 2 in nitromethane and 

sulpholane to normal values of ca 28 in ethyl acetate and dioxane.135 

Alternatively, it may be due to the formation of (less reactive) adducts between 

the nitronium ion and the solvents.136 Similar adducts are formed with pyridines, 

the sigma lone pair from the pyridine nitrogen being donated to that in the 

nitronium ion, giving e.g. 1 -nitropyridinium tetrafluoroborate.13 7 These reagents 

are consequently much less reactive, and give toluene: benzene rate ratios of 

ca 40. 

(viii) Nitration by nitroalkanes, alkyl nitrates, and metal nitrates 

In principle, any compound XN02 in which X is a good anionic leaving 

group should be capable of nitration, the ease of this depending on the stability 
of X“. 

It follows that nitroalkanes, RN02, are poor nitrating agents unless the alkyl 

group contains strongly electron-withdrawing substituents. This condition is 

satisfied in tetranitromethane, which has therefore been used in a number of 

studies, though mainly with very reactive aromatics such as phenols,140 

iV,N-dialkylanilines,141 and azulene.142 
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Alkyl nitrates, R0N02, have greater electron withdrawal from the nitro 

group than in nitroalkanes, but even so they are unable to nitrate aromatics 

unless a protic or Lewis acid is present to coordinate with the oxygen of the 

RO group, thereby increasing the electron withdrawal.51 Since R is more electron 

releasing than H, it would be expected that ionization of RHNOa+ to ROH 

and N02+ would be less complete than in the case of the nitric acidium ion 

(eq. 7.21). Consequently, nitration of toluene gives ortho: para ratios that decrease 

according to the size of the group R; for a given alkyl nitrate the ratio was 

substantially lower (0.64) when using polyphosphoric acid as catalyst than when 

using sulphuric acid (1.42).143 This indicates that the acid anion is associated 
with the electrophilic complex. 

In BF3-catalysed nitration with methyl nitrate, a ‘normal’ toluene:benzene 

rate ratio of 25.5 was obtained, showing that mixing control is not a problem 
in this system.144 

Nitration with metal nitrates permits the use of higher temperatures and thus 

nitration will take place without a catalyst, e.g. benzene may be nitrated by 

heating at ca 300 °C with copper(II) or silver nitrate. The order of effectiveness 

of metal nitrates is Ag > K > Na > Pb > Ba; Lewis acid catalysts increase the 

reaction rate in the usual order, viz. A1C13 > FeCl3 > BF3 > SiCl4.145 Metal 

nitrates have limited solubility in organic solvents, but silver nitrate is solu¬ 

ble in acetonitrile, and the BF3-catalysed reaction in this medium gives a 

toluene:benzene rate ratio of 24.5, typical of many other nitrations.146 

Metal nitrates [especially copper(II) nitrate] in acetic anhydride have 

frequently been used for nitration especially for compounds that are either acid 

sensitive, or react uncontrollably fast with other nitrating reagents (as for 

example does thiophene). Zinc nitrate is the most effective nitrating agent under 

these conditions.147 Copper(II) nitrate on K10 montmorillonite clay in the 

presence of excess acetic anhydride in hexane or dichloromethane gives very 

high para:ortho ratios with halogenobenzenes, e.g. 35 for fluorobenzene.148 This 

was attributed to polarizability of the halogens, but this is untenable since it 

is well established from the charge distribution in the Wheland intermediate 

(Section 3.1.1.2) that under conditions of maximum polarizability the ratio would 

be just below 1.0; a steric effect is the most probable explanation of the results. 

Nitration with titanium(IV) nitrate shows a typical electrophilic substitution 

pattern, but free nitronium ion is probably not involved.149 

(ix) Nitration via nitrosation 

Nitrous acid has both a catalytic and an anticatalytic effect on nitration, the 

former applying dilute (ca 6 m) nitric acid, the latter in more concentrated 

solutions. 

(a) The anticatalytic effect. Nitrous acid retards both zeroth- and first-order 
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nitrations by nitric acid alone, in acetic acid, or in nitromethane, without 

changing the kinetic order. At low nitrous acid concentrations, and in the absence 

of water, the retardation is proportional to [HN02]0'5, and at higher con¬ 

centrations or in the presence of water it is proportional to [HNO2]1 5.59 These 

dependences were attributed to lowering of the nitronium ion concentration by 

nitrate ion and nitrite ion, respectively.59 More recently it has been shown that 

both dependences can arise solely from the presence of nitrate ion [from 

ionization of dinitrogen tetroxide (eq. 7.10)] causing reversal of eq. 7.18.150 

(b) The catalytic effect. The more common effect is C-nitrosation followed by 

oxidation (eqs 7.29 and 7.30) observed with aromatic amines and phenols which 

may be nitrated by dilute ( < 5 m) solutions of nitric acid in water or acetic acid, 

provided nitrous acid is present. Since nitrous acid is continually reformed its 

concentration remains constant throughout the reaction.151 However, oxidative 

side-reactions sometimes occur and lead to an increase in nitrous acid 

concentrations so that autocatalysis is observed. These side-reactions can be 

suppressed by using low temperatures and aromatic substrates bearing deactivat¬ 

ing substituents, whence the reaction can be separated into two kinetic terms:151 

rate = /c0(l + a[HN02]° 5)_1 and rate = /c2[ArH] [HN02]. The former is char¬ 

acteristic of nitration by nitronium ion in the presence of low concentrations of 

nitrous acid [see (a), above], whereas the latter describes nitration according to 

eqs 7.29 and 7.30. The dual mechanism is reflected in ortho:para ratios that vary 

widely according to the nitrous acid concentration.151,152 

slow 

ArH + HNQ2; > ArNO + H2Q (7.29) 

ArNO + HN03 —ArN02 + HN02 (7.30) 

Cation radicals appear to be involved in some nitrous acid-catalysed 

nitrations. For example, nitration of aromatic amines in 85-100 wt-% H2S04 

involves the anilinium ion, and is greatly accelerated by the addition of nitrous 

acid; this is not due to C-nitrosation, which is very slow. Isotopic labelling 

showed that > 80% of the p-N02 group in p-nitro-N,N-dimethylaniline comes 

from the stoichiometric nitric acid, so nitric acid-catalysed C-nitrosation cannot 

be involved. The mechanism appears to involve reaction of nitrosonium ion with 

the aromatic to give the PhNMe2 + *NO* radical pair. This may either be oxidized 

by nitric acid to give the PhNMe2 + ’N02‘ radical pair, followed by combination 

of the radicals to give p-nitro-A,N-dimethylaniline, or the aromatic radical 

cations may combine, so accounting for the formation of N,N,N',N'- 
tetramethylbenzidine.153,154 

Ridd and co-workers have used Chemically Induced Dynamic Nuclear 

Polarization (CIDNP) to detect the presence of these associated radical pairs. 

Certain states of the radical pairs are able to recombine faster than others, so 
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escape of radicals (from the solvent cage) to give reaction will be more probable 

from radical pairs with a slower recombination rate. Consequently, the reaction 

products will have preferred spin states which can be detected by 15N n.m.r. 

This method has detected cation radical pairs in nitrous acid-catalysed nitration 

in trifluoroacetic acid of mesitylene and 4-nitrophenol;155 in this latter reaction, 

which gives 2,4-dinitrophenol, some nitrodenitration also occurred, as shown 

by migration of the original 4-nitro group to the 2-position. The kinetic form, 

rate =/c[Ar0H][HN02] and rate =/c[ArOH], observed at low and high 

nitrous acid concentrations, respectively, in the catalysed nitration of 4- 

nitrophenol in aqueous solution,156 has also been shown to be consistent with 

a PhO + 'NO‘ radical pair.157 However, an alternative proposal is that the 

reaction proceeds via initial formation of phenyl nitrite, PhONO,156,158 which 

dissociates into phenoxyl radical and nitric oxide; the latter is oxidized to N02 

and this then carries out substitution.1583 

Nitrous acid-catalysed nitration of naphthalene gives rise to a term second 

order in naphthalene, and this becomes more significant at higher naphthalene 

concentrations. This unique result has been attributed to the formation of the 

cation radical of the 7r-dimer of naphthalene (eq. 7.31), which reacts with N02 

radical (formed as in eq. 7.32) in the product-forming step (eq. 7.33). Since 

stabilization of radical cations by 7i-dimers occurs widely, it follows that paths 

involving electron transfer in nitration will be more significant as the con¬ 

centration of the aromatic is increased.1586 

ArH + ArH + NO+^(ArH)2+* + NO‘ (7.31) 

NO* + N02 + NO + + N02- (7.32) 

(ArH)2 + • + N02*-> ArNO, + ArH + H + (7.33) 

(x) Nitration with nitrocyclohexadienones 

Bromocyclohexadienones have been used for brominating aromatics (Sect¬ 

ion 9.3.9), and the comparable reagents, nitrocyclohexadienones, e.g. 10, have 

been introduced recently for mononitration in good yield of highly activated 

substrates under mild conditions.159 For example, 1-hydroxynaphthalene gives 

2- and 4-nitro derivatives in a ratio of 0.8-1.5, depending on the conditions, 

Br Br 

N02 

Br 

(10) 
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whereas nitric acid produces much disubstitution with oxidation as the main 

reaction. The efficacy of the reagent stems from it regaining aromaticity after 

delivering the nitronium ion. 

(xi) Nitration with pernitric acid and nitryl halides 

Nitration has been accomplished with pernitric acid, HN04, but the expected 

hydroxylation side-reaction also occurs.160 Nitryl halides, N02X, will nitrate, 

the ease depending on the electronegativity of X. The efficacy is increased by the 

presence of Lewis acids (LA), giving either N02+ or XNO.O:LA as the 

electrophiles, depending on the affinity of the Lewis acid for coordination to 

oxygen161 [cf. acylation with acyl halides, Section 6.7.1.(ii)]. 

/ 
(xii) Gas-phase nitration 

In contrast to earlier attempts at gas-phase nitration,162 the reaction of 

protonated methyl nitrate [solvated nitronium ion, Me0+(H)N02] with 

aromatics gives partial rate factors typical of an electrophilic substitution (see 

Section 7.4.3) and a p factor of ca — 3.9 (o+ values appropriate to the gas phase 

were not used). A limiting nitration rate appears to exist; anisole is less reactive 

than expected, probably owing to incursion of a proton-transfer mechanism.1633,6 

Nitration of a range of alkylaromatics with protonated alkyl nitrate gave 

closely similar substrate:benzene rate ratios (ca 8), indicating further that 

nitration at the encounter rate was occurring. This was confirmed by the 

intramolecular selectivity for substitution in each ring of benzylmesitylene (11) 

being > 20, whereas the intermolecular selectivity for substitution in the 

corresponding 1,2,3,5-tetramethylbenzene and toluene was only 1.5.163c 

7.4.2 Mechanism of Nitration 

(i) Isotope effects 

Except when the formation of the nitronium ion provides the rate-determining 

step in nitration [Section 7.4.l(i) and (iii)], the kinetics are usually second order, 

the rate being proportional to the concentrations of the nitrating agent and the 

aromatic compound.63,64,66,71’164 The transition state of the rate-determining 
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step therefore contains both of these species, but the kinetics give no information 

as to whether addition of the nitrating agent followed by loss of a proton is a two- 

step or a concerted process. The isolation of an adduct of trifluoromethylbenzene 

and the nitronium ion (Section 2.1.1) provides evidence for the former path in this 

case, but more general evidence comes from kinetic isotope-effect measurements. 

There is no isotope effect in the nitration under a range of conditions of benzene 

and a number of its derivatives of widely differing reactivities.71,165,166 In these 

cases the C—H bond is not significantly weakened in the rate-determining step. 

This is evidence against the synchronous mechanism and indicates that the rate¬ 

determining step consists of addition of the nitronium ion to the aromatic 

nucleus. When such addition is rate-determining, it is the formation of a a- rather 

than a 71-complex which is the critical step, and nitrations may therefore be 

represented as in eq. 7.34. 

(7.34) 

It follows from the general rate equation (eq. 2.9, Chapter 2) that k2 is only 

kinetically significant if k2[B]«k-1. The latter applies in nitration of very 

sterically hindered aromatics 12 and 13. For 12 the values of kH/kD are, for 

various Z, 1.0 (H), 2.3 (F), 3.0 (N02), and 3.7 (Me),167 and for 13 the values 

are 1.445 (Z = I) and 1.15 (Z = Br).168 Large values (2.25-6.1) have been obtained 

for 9-nitration of anthracene by N02 + BF4~ in sulpholane, acetonitrile, or 

nitromethane.169 Not only is the 9-position very sterically hindered, but the 

intermediate 14 is very stable since it contains two benzenoid rings; the energy 

required for return of the intermediate to starting materials is thus small, making 

/c_! particularly rapid, hence the isotope effect follows. 

(12) 

Z = H,F;l\J02, Me 

(13) 

Z = Br, I 

(14) 

(ii) Electron-transfer mechanism 

The proposal that the transfer of electrons from the aromatic to the nitronium 

ion takes place singly rather than as a pair (electron-transfer mechanism, 
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Section 2.1.291.70) has received some support. Two main mechanisms may exist: 
the first, which is a special case involving the formation of an aromatic radical 
cation through reaction of nitrosonium ion with the aromatic [as described in 
Section 7.4.1(ix)] has good experimental evidence. Evidence for the comparable 
mechanism involving the nitronium ion is harder to obtain. Conclusions from 
earlier experiments using electrochemically generated radical cations171 were 
subsequently shown to be invalid as a result of concurrent nitration by an 
alternative acid-catalysed mechanism involving N204.172 Eberson and Rad- 
ner173 have drawn attention to the difference between the energies of the 
transition states for the electron-transfer and normal process on the one hand, 
and between ArH + ’ + N02 and ArH + N02 on the other. These do not parallel 
each other, and the differences make it possible to observe the presence of radical 
cations only in nitration of very reactive aromatics. Recent work has shown that 
under charge-transfer conditions, viz. u.v. irradiation of an electron donor- 
acceptor complex of the aromatic (ether) and tetranitromethane in various 
solvents, isomer yields similar to those obtained under normal nitration 
conditions were obtained.174 

(Hi) Ipso substitution 

In many nitrations, Wheland intermediates are formed by ipso substitution, 
which usually takes place at the site of highest electron density in the ring 
(although recent theoretical calculations contradict this175). These intermediates 
can provide routes to some nitro isomers additional to that involving direct 
nitration at a given site. 

(16) 

The Wheland intermediates are in some cases stable enough to be isolated as 
salts, e.g. 15,176 16 and derivatives.154,177 These intermediates can then react in a 
number of different ways: 

(1) By loss of the substitutent at the site attacked by the nitronium ion. This 
reaction has long been known and is described fully in Chapter 10. In a few cases 
displaced methyl groups resubstitute elsewhere in the same ring.178,179 

(2) By reaction with nucleophiles, e.g. acetate, fluoride, nitrate, water, and aryl 
rings; the latter reaction is described in Section 6.2. 
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Many adducts have been described180-184 and some typical examples are 
17-28. 

(17) 

cis and trans 

(20) 

X = CN,COR 

R OAc 

(21) 

R'=H, Me j 

R = H,Me, /-Pr ,/-Bu 

R 

(22) 

R = /-Bu, 

hal, OMe,NHAc 

Me OAc 

(23) 

Cl X 

(25) (26) (27) (28) 

X = HS04_(7) 

The adducts may then lose nitrous acid from the nitroacetate to give the 

acetoxy derivatives (Section 8.3), and from adducts such as 26 to give phenols that 

in turn may undergo further nitration, so accounting for the formation of 

nitrophenols in many nitrations.185,186 Phenols may also be formed from 

dienones which arise from decomposition of the adducts.89,179 181’187-189 

(3) By rearrangement of the nitro group to either the ortho or meta position. 

This is the mechanism by which the isomer yields in nitration may differ 

substantially according to the conditions. Whether migration occurs in the 

Wheland intermediate, or whether the intermediate is nucleophilically sub¬ 

stituted, depends on the nucleophilicity of the solvent. This is shown in the 
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nitration of o-xylene by HNOa in aqueous H2S04, where ipso substitution 

proceeds via the intermediate 28. The yield of 4-nitro-o-xylene increases regularly 

with increasing sulphuric acid concentration, e.g. from 23% in 54 wt-% H2S04 to 

42% in 75 wt-% H2S04. By contrast, the yield of 3-nitro-o-xylene (partially 

formed from rearrangement of 28) increases much more markedly, i.e. from 12 to 

58% over the same acid range;185 this follows because media containing a higher 

concentration of acid are less nucleophilic. 

The rearrangement of the nitro group in 28 to the 3-position was shown to be a 

1.2- rather than a 1,3-shift by labelling experiments, which also showed that the 

1.2- migration to the adjacent site bearing the methyl group occurs 50 times faster 

than to the adjacent site bearing hydrogen;190 these relative migration rates are 

to be expected from symmetry considerations. The 1,2-shift was also shown by 

acid-catalysed solvolysis of 17; 1,3-migration can give either 3- or 4-nitro-o- 

xylene whereas 1,2-migration can give only 3-nitro-o-xylene; only the latter was 

formed.191 

In these reactions, the nitro group migrates to the site that is normally most 

reactive towards electrophilic substitution.192 N.m.r. studies have indicated that 

the 1,2-shift is intramolecular,187 and the lack of substitution at all positions in 

the ring indicates the absence of radical cations in the process; they have also 

apparently been ruled out by other studies.190 Nevertheless, recent CIDNP 

studies of ipso nitration of 1,2,4,5-tetramethylbenzene followed by migration of 

the nitro group to the vacant 3-position (assumed to be a 1,2-shift although in this 

molecule it could equally be a 1,3-shift) indicates that radical cations are 

produced in homolysis of the C—N bond in the intermediate [see 

Section 7.4.l.(iii)] but not in the initial formation of the intermediate.92 

1,3-Migration can also occur as demonstrated by the formation of 2,3- 

dimethyl-5-nitrobenzonitrile (29) from thermal decomposition of 20 
(X = CN).182 The thermal nature of this reaction is shown by the fact that under 

solvolytic conditions the same adduct rearranges to 30.183 Here the nitro group 

migrates in both a 1,2-intramolecular and intermolecular fashion since it can 

cross-nitrate into 4-fluorophenol, with 2,3-dimethylbenzonitrile being also 

formed. The thermal rearrangement of the diene 20 (X = CN) probably proceeds 

via a tautomeric 1,3-shift to give 31, since this will then very readily undergo cis /?- 

elimination of acetic acid; rearrangement prior to, and to facilitate, /1-thermal 

Me 

02N' 

Me 

CN 

Me 

H 

02N 

Me 

CN 

H OAc 

(29) (30) (31) 

'OAc 

(32) 
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elimination is a well documented process.193 Likewise, the thermal formation of 

4-chloro-3-nitrotoluene (33) from 32 may proceed via initial rearrangement to 34; 
solvolysis of 32, by contrast, gives 4-chloro-2-nitrotoluene (35), again accom¬ 

panied by cross-nitration. Formation of the 8-nitro derivative 37 by solvolysis of 

36 also indicated a 1,3-nitro shift;184 the deuterium label showed that the nitro 

group migrated rather than the alkyl chain. Thermal 1,3-migrations also occur in 

formation of 2,4-dinitrophenol from 38187 and in nitration of pentamethyl- 

benzene by nitric acid in HS03F to give nitropentamethylbenzene. Here the 

initially formed Wheland intermediate is 39,188 where the nitro group again 

attaches to the site of highest electron density. 

Each of the iV,./V-dimethylanilines 40 undergo ipso substitution by the nitrous 

acid-catalysed mechanism in 60-70 wt-% H2S04, but in 76-83 wt-% H2S04 it is 

the conjugate acid that reacts, the extent of ipso substitution at the 4-position then 

varying from 0%(R1,R2 = H)to 84%(R1,R2 = Me).194 The isotope effects for the 

subsequent 1,3-rearrangement of 40 (R1 = H, R2 = Me) to the o-nitroamine 41 
varies from 1.0 in 25 wt-% H2S04 to 4.8 in 75.9 wt-% H2S04. Thus, either the 1,3- 
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(40) (41) 

R1 = R2 = H,Me 

rearrangement or the subsequent proton loss can, depending on acidity, be rate¬ 

determining; the overall rearrangement rate (which occurs ca 500 times faster 

than in the corresponding cyclohexadienone) is not very acidity-dependent, 

however.195 

7.4.3 Substituent Effects 

Many substituent data are available for nitration, particularly for deactivated 

compounds where the high reactivity of the electrophile renders accessible 

information that is difficult to obtain in many other electrophilic substitutions. 

Interpretation of the data is not unambiguous, however. In particular, the 

existence of an encounter-rate limit renders the reaction unsuitable for determin¬ 

ing the reactivities of aromatics of greater than moderate reactivity. Also, data for 

some compounds, e.g. alkylbenzenes, indicate the electrophile to be the same 

under all conditions, whereas other data, e.g. for ethers, indicate this not to be the 

case. Thirdly, problems of mixing control (with either very reactive nitronium ion 

sources123,127,131 or in non-polar solvents196) can give erroneous relative 

reactivities. 

(i) Simple alkyl substituents 

The most frequently measured parameter in nitration is the toluene:benzene 

rate ratio. Wide variations in value have been obtained but most of these 

variations are due to mixing control and/or solubility effects. Mixing control131 

accounts for the low ratio of 1.7 obtained with nitronium salts in tetramethylene 

sulphone,125 and may also account for the ratio of 17 obtained125 with nitric acid 

in tetramethylene sulphone. With nitryl chloride and a range of Lewis acid 

catalysts, ratios of 11.2-39.3 were obtained, but these became a constant 27.7 

+ 0.9 in the presence of nitromethane as solvent.197 The former variation was 

attributed to the electrophile being a donor-acceptor complex in the non-polar 

hydrocarbon solvent, but mixing control is likely to have been a contributory 

factor. It clearly accounts for the drop in the ratio from 32.6-46.4 obtained in 
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nitration by iV-nitropyridinium and iV-nitroquinolinium salts in acetonitrile to 

ca 14 in nitromethane.137 High ratios are obtained using N02 + PF6- in 

sulpholane in the presence of two molar equivalents of ethers, attributed to 

nitration by nitroxonium and nitrosulphonium ions, e.g. 65.7 in the presence of 

dimethyl sulphide.197 

Partial rate factors for nitration of alkylbenzenes under conditions where these 

complications are not thought to be a significant problem are given in Table 7.1. 

Variations in values under different (solution) conditions at similar temperatures 

are small, indicating a common electrophile under all conditions [though data for 

other substituents contradict this (see Tables 7.3 and 7.12)]. Differences that exist 

are due largely to difficulties in determining accurate relative rates by the 

competition method, evident from the values obtained by different workers using 

the same conditions; the fm values for toluene < 2.5 are particularly suspect (see 

also ref. 202). The high and variable ratios (34-50) obtained under some 

conditions using nitric acid in acetic anhydride have also been noted above 

[Section 7.4.1(iv)]. Under other conditions, the average relative rates are 27 

(0 °C), 25.5 (25 °C), and 24 (45 °C), and the average isomer distributions in 

nitrations carried out in solution are as shown in Table 7.2. 

The p-t-Bu > p-Me activation order applies under all conditions in Table 7.1, 

this being the order of both inductive and hyperconjugative electron release. It is 

obtained in nitration owing to the high reactivity of the nitronium ion, such that 

in the transition state a relatively small amount of charge is delocalized into the 

aromatic ring, making steric hindrance to solvation unimportant.206 It then 

follows that the highest p-t-Bu:p-Me rate ratio should be observed in the gas 

phase, and this is indeed the case. Olah et al.146 have reported the p-Me > p-t-Bu 

activation order for nitration by AgN03-BF3 in MeCN, and this follows from 

the very large solvating counter ion (AgOBF3_) involved here [see 
Section 1.4(iii)]. 

The data show that steric hindrance to nitration is substantial, although it is 

less than in most other electrophilic substitutions. The ortho: par a ratio for 

toluene may be reduced to as low as 0.49 by using neopentyl nitrate in 

polyphosphoric acid,143 probably owing to association between the nitronium 

ion and the acid anion. Steric hindrance is, as expected, slightly less for nitrations 

Table 7.2 Average isomer distributions (%) in nitration of 
simple alkylbenzenes 

Compound ortho meta para 

Toluene 59 3.0 38 
Ethylbenzene 49 2.5 43.5 
Isopropylbenzene 35 4.5 60 
lert-Butylbenzene 11 8.0 81 
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carried out under high pressure. Thus the ortho, meta, and para partial rate 

factors for nitration of tert-butylbenzene by HN03-H2S04 in HOAc at 45 °C 

change from 4.4, 3.4, and 75 at 1 kg cm ~2 to 4.1, 3.0, and 59.7, respectively, at 

2000 kg cm 2; these results also indicate that the p factor decreases with 
increasing pressure.207 

(ii) Bulky alkyl substituents 

Isomer ratios (jo:p) for a series of alkylbenzenes, Ph(CH2)„Me (n = 1-16), in 

nitration by HN03-Ac20 showed no significant differences, but the ratios 
(ca 0.42) were higher than those obtained using HN03-H2S04-H0Ac.208 This 

contrasts with another study of bulkier compounds that gave virtually identical 

ratios under both conditions,209 and yet another that showed the former 

condition to give lower ratios.210 Moreover, the reagent formed by mixing the 

components at room temperature and then cooling to -40°C, the reaction 

temperature, gave substantially lower ratios for isopropyl- and tert- 

butylbenzenes than with the reagent mixed at - 40 °C.210 It seems probable that 

either the electrophile is not the same under each condition, or some ipso 

substitution followed by rearrangement is occurring; this conclusion is reinforced 
by results for cyclopropylbenzene, below. 

The ratios for nitration with HN03-Ac20-MeN02 were also fairly constant 

for compounds PhCH2R (R = Me, Et, Pr, i-Pr, i-Bu, cyclohexyl), although 

significantly smaller for R = cyclobutyl.211 However, for compounds PhCHRR1 

and PhCRR^2 (R, R1, R2 variously Me, Et, i-Pr, and r-Bu) the ratios decrease 

regularly with increasing bulk.209 In general, bulkier substituents tended to be 

the more electron releasing as they are more polarizable (i.e. C-C hyperconjug¬ 
ation in them is greater). 

(in) Cycloalkyl substituents 

Nitration of cyclopropylbenzene gives enhanced but variable ortho'.para ratios 

(Table 7.3). The highest ratios are evidently obtained at low temperatures but it is 

Table 7.3 Isomer ratios o:p) in nitration of cyclopropylbenzene 

Ratio Reagent Temperature/°C Ref. 

1.25 HN03-Ac20 10-20 212 
1.00 HN03-Ac20, prepared at — 40 °C -40 210 
2.0-2.35 HN03-Ac20, prepared at room temp. -40 210,213 
2.39 Ac0N02-CH2C12 -25 203 
1.64 MeO + (H)N02 37.5 163a,b 
1.41 HN03-Ac20-MeN02 25 209 
1.05 hno3-h2so4 40 210 
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Table 7.4 Partial rate factors for nitration of cycloalkylbenzenes, PhR 

n 

R = OpCH2)n 

H 

R= < 

Me 

fo /, fo fm fP 

3 >221 >0.9 >157 115 2.4 159 
4 35 2.7 82 5.8 3.3 102 
5 26 3.5 100 4.66 7.2 94 
6 17 4.4 89 
7 16 4.7 105 

not clear if this enhancement is due to involvement of a different electrophile, or 

to temperature-variable ipso substitution (followed by rearrangement); ipso 

substitution has been shown to occur in nitration of some arylcyclopropanes by 

HN03-Ac20.214 

Partial rate factors for nitration of cycloalkylbenzenes by HN03-Ac20- 

MeN02 are shown in Table 7.4.209 Notable features are the following: 

(1) The para-cycloalkyl substituents activate in the order cyclopropyl > 

cyclopentyl > cyclohexyl « cyclobutyl, paralleling that found in hydrogen ex¬ 

change and solvolysis [see Section 3.1.2.1.(viii) for interpretation], 

(2) The strong activation by the para-cyclopropyl group compared with other 

alkyl substituents, and which arises through strain-assisted C-C hyperconjug¬ 

ation [see Section 3.1.2.l(vii)] is conformationally dependent. This is demon- 

947 

(42) 

2260 

5.5 

Me 

790 

658 

(43) 

275 

(45) 

6680 1170 

944 1220 

108 

(48) (49) 

Scheme 7.2. Partial rate factors for nitration with HN03-Ac20-CH2C1, at — 25 °C. 
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strated more clearly by the partial rate factors in Scheme 7.2, obtained using 

HNO3-AC2O-CH2CI2 at — 25 °C, a condition under which both the rate data 

shown appeared to be unaffected by encounter control, and acetoxylation was 
only minor.203 

Activation is maximal in the bisected conformation where the electrons of the 

C—C bond are coplanar with the p-orbitals of the aryl ring. In 1-methyl- 

cyclopropylbenzene (43), steric hindrance between the methyl group and the 

ort/io-hydrogen of the aryl ring prevents this conformation being achieved, and so 

the activation is less than in 42. A comparable interaction accounts for the low 

reactivity of 44, whilst in 45 steric interactions are reduced on adopting the 

bisected conformation, so the reactivity here is greater. Steric hindrance prevents 

adoption of the bisected conformation in 47, so that relative to 46 activation at 

the position para to cyclopropyl is only 13.3-fold. By contrast, comparison of 49 
(in which the bisected conformation is enforced) and 48 shows p-cyclopropyl to 

activate 7.5-fold relative to p-isopropyl, whereas there is only a 3.7-fold reactivity 

difference between 42 and isopropylbenzene (Table 7.1). 

The relative activations by cyclopropyl and 1-methylcyclopropyl will also 

depend on the conformation of the cyclopropyl group under given conditions, 

and superimposed on this will be the effect of C-C vs. C-H hyperconjugation at 

the 1-position; the latter for example probably accounts for the 1-methyl¬ 

cyclopropyl substituent being more electron-releasing than cyclopropyl in 

hydrogen exchange (Section 3.1.2.1). 
(3) The ortho position of cyclopropylbenzene is considerably more reactive 

than the para position, as shown in Table 7.3. Moreover, the partial rate factors in 

Scheme 7.2 show that the ortho:para ratio is dependent on conformation, being 

larger the more activating the substituent is, viz. 0.66 (44), 1.20 (43), 2.39 (42), and 

3.56 (45). This provides very compelling evidence for initial coordination of the 

electrophile with the 7t-cloud of the substituent215 (as proposed for ethers115 and 

biphenyl101), since this should be maximal when the cyclopropyl group is in the 

bisected conformation. 
There have been a number of studies of the nitration of other cyclopropyl- 

substituted aromatics,216 of trans-2-methylcyclohexylbenzene (which is much 

more sterically hindered than the cis isomer), and of 1-adamantylbenzene (which 

Table 7.5 Partial rate factors for nitration of 4-X-l-phenylbicyclo[2.2.2]octanes 

X fo fm fr 
X fo fm /p 

Ha 10.9 6.87 123 Cl 2.92 2.76 37.8 

OMe 4.84 4.12 63.5 F 3.16 2.82 40.6 

COzMe 4.91 4.01 61.5 CN 2.02 1.96 27.6 

Br 2.46 2.52 57.1 no2 1.81 1.69 23.5 

'Alkyl groups gave similar factors. 
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is much more hindered than the 2-isomer).209 Partial rate factors for nitra¬ 

tion of 4-substituted-l-phenylbicyclo[2.2.2]octanes by HN03-Ac20 ar 25 °C 

(Table 7.5)201 indicated the involvement of 7c-inductive effects in addition to the 

n-inductive effects expected in this system; the partial rate factors also show 

bicyclo[2.2.2]octyl to be more electron releasing than tert-butyl (cf. hydrogen 

exchange, Chapter 3, Tables 3.2 and 3.3). 

(iv) Polyalkyl substituents 

There have been various nitration studies of aromatics containing more than 

one alkyl substituent.79,105,144,146,217,218 However, the onset of encounter 

control of the reaction rates under some conditions, and the occurrence of ipso 

substitution followed by rearrangement, render quantitative interpretation of the 

data unsafe. Typical anomalies are the high 3-:4-positional reactivity ratio in o- 

xylene218 and the low reactivities of m-xylene and mesitylene compared with their 

isomers.144,146 Nitration with methyl nitrate-boron trifluoride has been re¬ 

commended for selective mononitration of polyalkylbenzenes.144 

( v ) Cyclic alkyl substituents 

Nitration of various benzocyclenes, e.g. 50 and 51, has been carried out,219-222 

but the results are complicated by ipso substitution followed by rearrangement. 

The most notable feature of the results is that the a:/? reactivity ratio diminishes 

with increasing strain in the side-chain (note that the result for indane in ref. 221 is 

in error222), the interpretation of this being given in Section 3.1.2.3. Thus, for 

example, benzcyclobutene (50, n = 2) and 51 and derivatives give almost exclusive 

^-substitution. Noteworthy also is the fact that the a-reactivity decrease is 

accompanied by ^-reactivity increase as n diminishes; this is predicted only by the 

interpretation based on bond-strain effects, but not that221 which attributes the 

low a-reactivity to increased s-character of certain orbitals of the bridgehead 

atoms. 

(50) (51) 

n = 2 — 4 

i-Pr, f-Bu Et, /-Bu 

Nitration of 2-alkyl-tetrahydroquinolinium ions (52, 53) by HN03-H2S04 
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showed no 5-substitution, which was likewise attributed to increase in strain in 

the N-containing ring on going to the transition state for 5-substitution. The 

overall 6- and 7-substitution rate was only marginally affected by the nature of 

the alkyl group, but the 7-:6-rate ratio was substantially larger when R was 

bulky.223 It seems most probable that conjugative electron release to the 6- 

position (which is itself minor) is reduced when R is bulky owing to the nitrogen 

lone pair being twisted more out of plane of the aromatic ring. 

(vi) Substituted alkyl groups 

Partial rate factors for nitration of some compounds PhCH2X at 25 °C 

(Table 7.6) show that as X becomes more electron withdrawing the effect of 

CH2X changes from activating to deactivating, yet the orientation remains 

ortho,para. This latter combination parallels the behaviour of, for example, the 

halogen substituents, and provides important evidence confirming that the 

origin of the electron-supplying effect of the methyl group is mainly conjugative 

(hyperconjugation, Section 1.4.3).204 Thus for groups such as CH2CN the overall 

electronic effect is — /, + M. The trend towards meta orientation with increasing 

electron withdrawal may also be found in PhCH20S02X compounds, as X is 

made more electron withdrawing.228 

In Table 7.6 the decrease in the f0 values parallels that in the fp values, except 

in the case of the phosphorus-containing and /I,/?,/?-trichloroethyl substituents 

for which steric hindrance is likely to be significant. 

Table 7.6 Partial rate factors for nitration of compounds PhCH2X at 25 °C 

X fo fm u Reagent Ref. 

H 42.4 1.9 62.6 AcON02 204 
Ph 11 36 HN03-Ac20 224a 

30.5a 56.4a HN03-Ac20 224b 
4-N02C6H4 14.7 34.0 HN03-Ac20 224b 
OMe 10.0 1.3 16.3 AcON02 204 
PO(OEt)2 2.3 10.9 AcON02 224 
COzEt 6.3 1.5 7.55 AcON02 204 
co2h 1.9 2.7 hno3-cf3co2h 225 
Cl 0.72 0.30 2.24 Ac0N02 204 
CN 0.25 0.21 1.15 Ac0N02 204 
P + (OH)3 0.15 0.90 hno3-cf3co2h 225 
ch2cci3 0.10 0.27 0.73 hno3-cf3co2h 226 
S02Et 0.24 0.15 0.58 HN03-Ac20 227 
no2 0.08 0.20 0.17 Ac0N02 204 

“At 0 °C. For compounds Ph(CH2)„Ph, the partial rate factors/„ and fp are 41.6,61.0 (n = 2), 44.7,60.7 
(n = 3), 46.5, 60.8 (n = 4),224a showing the diminishing inductive effect of phenyl as the chain length 

increases. 
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Table 7.7 Isomer distributions (%) and partial rate factors for a-halotoluenes, PhX 

X 0 m P 107, 107m 107, Conditions Ref. 

ch3 56.1 2.5 41.4 Ac0N02, 25 °C 204 
ch2ci 33.6 13.9 52.5 AcON02, 25 °C 204 
chci2 23.3 33.8 42.9 HN03-H2S04, 25 °C 229 
CC13 6.8 64.5 28.7 HN03-H2S04, 25 °C 229 

16.8 62.5 20.7 HN03-H2S04, 25 °C 233 
13 68 19 3.5 18 10 N02 + BF4“-su1- 226 

pholane, 25°C 
CF3 6.0 91.0 3.0 6.7a hno3-h2so4, o°c 230 

6.7 91.0 2.3 0.5 6.8 0.345 N02 + BF4_-su1- 226 
pholane, 25 °C 

1100 Me0+(H)N02, 37.5 °C 163a,b 

Ref 231. 

The substitution of a second and then a third electron-withdrawing group into 

methyl changes the orientation from predominantly ortho, para to meta, as shown 

in Table 7.7. The result for trifluoromethylbenzene compared with tri- 

chloromethylbenzene follows from the greater electron withdrawal by CF3. The 

value of the ratio log fjlog fm for CF3 is greater than for other comparable 

electron-withdrawing groups such as CC13, N02, and NMe3+,226 so indicating 

additional conjugative deactivation of the para position through C-F (negative) 

hyperconjugation (see Section 1.4.3); this contributes 17% to the overall free 

energy of activation. The C(CF3)3 substituent also produces meta orientation in 

nitration.232 

Partial rate factors for nitration of triptycene at the a- and ^-positions are 1.6 

and 67, respectively, and a nitro group in one ring reduces the reactivity of the 

others 5.5-fold.234 The /?:a reactivity ratio is higher than in hydrogen exchange 

(Section 3.1.2.4), indicating that the lower demand for conjugative stabilization of 

the transition state in nitration renders more important the —I effect of the 

bridgehead carbon atom arising through strain (cf. Section 3.1.2.3). Nitration of 

compound 54 takes place preferentially in the coplanar central rings rather than 

in the lateral ones, even though electronic effects in each should be identical.235 

This strongly points to transannular stabilization of the transition state for 

(54) (55) 
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substitution in the coplanar rings, in the manner found for cyclophanes 

(Section 6.7.3). Nitration of 4-bromo[2.2]paracyclophane (55) gave the pos¬ 

itional yields shown. The high yield pseudo ipso to the most basic site in the 

bromine-containing ring was attributed to this acting as an internal base in the 
product-forming step of the reaction.236 

(vii) Substituted alkenyl and alkynyl groups 

These groups combine -I and + M effects and thus, like the halogens, are 

ortho,para-orientating (Table 7.8). They show a tendency towards meta orient¬ 
ation as electron withdrawal in the side-chain increases; this tendency is also 

produced by protonation which occurs under more acidic conditions. The CH= 

CHNMe3+ and CH=CHS02C1 substituents are also reported to be almost 

entirely ortho,para-orientating.240 The deactivating effect of a para-nitro 

substituent in azobenzene (39-fold) is less than in stilbene (115-fold), which may 

reflect the differences in transmission abilities of the corresponding double bonds; 

the effect is smaller in 2,4-dinitrostilbene (7.75-fold) in accordance with the 

Reactivity-Selectivity Principle. The high reactivity at the ortho position of 

azobenzene suggests that initial coordination of the electrophile at nitrogen 
occurs. 

(viii) Halogen substituents 

Partial rate factors for nitration of halogenobenzenes are shown in Table 7.9. 

Notable features are as follows: 

(1) Deactivation of the meta positions is in the order F = Cl > Br > I which is 

approximately that of the — / effects of the halogens. This shows that the demand 

for resonance stabilization of the transition states in nitration is small, because in 

other reactions, e.g. hydrogen exchange (Section 3.1.2.5), secondary relay of 

resonance to the meta positions makes fluorine relatively less deactivating. In 4- 

halogenoanisoles, partial rate factors for nitration at the 2-position (i.e. meta to 

halogen) are 0.119 (I), 0.077 (Br), and 0.069 (Cl);244 the order is the same as that 

above, but the values are much smaller, which may be largely due to nitration of 

anisole, the reference, being encounter controlled. 

(2) The order of reactivity for the para positions is F = I > Cl > Br, largely 

accountable in terms of a combination of inductive electron withdrawal and 

conjugative electron release. The latter is not large, however, so fluorine does not 

activate, in contrast to its behaviour in some other reactions. The high reactivity 

of iodobenzene relative to the other halogens seems anomalous. 

(3) The ortho:para ratio decreases in the order I > Br > Cl > F, which follows 

from the relative strengths of the — / effects of the halogens, and indicates that 

steric hindrance to nitration is small. However, the very marked difference in he 

ratio between iodine and bromine, coupled with the well established nitro- (or 
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Table 7.10 \ ortho'.para ratios in the nitration of fluorobenzene and chlorobenzene 

Fluorobenzene Chlorobenzene Condition Ref. 

0.19 0.66 n2o5-cci4 102 
0.07 0.27 hno3-h2so4 102 
— 0.20 Ac0N02-H2S04 243 
— 0.19 AcON02-MeCN 102 
0.03 0.14 Ac0N02-Ac20 102 
— 0.11 Ac0N02-CC14 102 
— 0.15 N02 + BF4--sulpholane 123 

nitroso-)deiodination (Section 10.61), strongly suggests that some ortho nitration 

of iodobenzene occurs via ipso substitution followed by rearrangement. It is 

significant that Bird and Ingold243 were unable to obtain consistent values for the 

relative rates of nitration of iodobenzene and benzene, the former sometimes 

reacting faster than the latter, whilst Roberts et al,242 obtained substantially 

different values for this ratio using different solvents, namely 0.13 (MeN02) and 

0.22 (Ac20). Iodobenzene is also abnormally reactive in nitration by nitric acid- 

aqueous sulphuric acid,66f’245 the relative reactivities in 67.1 wt-% acid being 1.0 

(H), 0.133 (F), 0.068 (Cl), 0.056 (Br), and 0.245 (I). All of these anomalies would 

follow from ipso substitution. 

The ortho'.para ratio for chlorobenzene and fluorobenzene also varies substan¬ 

tially according to the reagent (Table 7.10). This implies that under some 

conditions the substituent nucleophilically displaces the counter ion 

and coordinates with the electrophile, which subsequently migrates to the ortho 

position; the electrophile must therefore vary with conditions. 

(ix) Polyhalogen substituents 

The effects of multiple chlorine substituents has been determined66f and it was 

found that additivity breaks down badly (Table 7.11). Contributing factors may 

Table 7.11 Ratios of observed to calculated reactivities in nitration of chloroaromatics 

No. Substituents fobs/ fcalc Position No. Substituents fobs/ fcalc 

1 1,2-C12 4.25 3 6 1,3,5-Clj 1.0 
2 1,2-C12 0.9 4 7 1,2,3,4-C14 9.0 
3 1,3-C12 0.18 2 8 1,2,3,5-C14 4.0 
4 1,3-C12 0.57 4 9 1,2,4,5-C14 13.8 
5 F4-C12 7.3 2 10 1,2,3,4,5-C1S 244 
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be steric hindrance (e.g. entry no. 3), ipso substitution (e.g. entry no. 1), reduced 

— / effects due to C—Cl bond elongation, and enhanced + M conjugative 

electron release in the very unreactive systems, these latter being especially 

significant in the more chlorinated compounds.246 Parallel effects are observed in 

gas-phase elimination of 1-arylethyl acetates, which takes place via partial 

carbocation formation adjacent to the aromatic ring and thus provides a gas- 

phase measure of electrophilic aromatic reactivity.246 

(x) Amines, anilides, and ethers 

Isomer ratios and partial rate factors obtained in the nitration of these 

compounds under various conditions are given in Table 7.12. For the anilides 

and ethers the ratios are very dependent on the conditions [and show the same 

pattern of ratio-reagent dependence found for cyclopropylbenzene (Table 7.3)]. 

Explanations for these results are twofold; neither is uniquely satisfactory. 

(1) It is evident that the ratios are smaller the more acidic the conditions (and 

this is true also for nitration of phenols and cresols),254 and under a given 

condition are smaller for acetanilide than for anisole. This suggested protonation 

as the cause, but this has been ruled out for both molecules, since if they were 

protonated then substantial meta substitution should occur.249 The alternative 

explanation is that the substituent is hydrogen bonded so that it acquires either 

sufficient positive charge, or possibly bulk, to render attack at the ortho position 

less favourable. 

(2) Whilst the evidence indicates that an acidity-dependent interaction such as 

hydrogen bonding must occur, this cannot be a full explanation because under 

many conditions the ratio is higher than statistical, higher than in all other 

reactions, and cannot be accounted for theoretically. This has led to proposals of 

specific interactions between the electrophile whereby the heteroatom displaces 

the counterion. 

Halvarson and Melander248 suggested the involvement of structure 56 with 

subsequent six-centre rearrangement. It follows that increased electron density 

on the side-chain heteroatom should lead to a greater ortho:para ratio and vice 

versa. This would account, for example, for the increase in the ratio with 

increasing size of the substituent in nitration of a range of ethers PhOR by 

HN03-Ac20208 (in this work the ratios also decreased markedly with increasing 

temperature). It would also account for the low ratios obtained with 

trifluoroanisole. 
Nucleophilic displacement followed by nitronium ion migration was proposed 

to account for the high ratio obtained in nitration of anisole by nitronium 

tetrafluoroborate.129 
A further variation was proposed by Knowles and Norman,204 whereby the 

reagent was assumed to be a mixture of dinitrogen pentoxide, giving rise to 

specific ortho interaction involving a six-membered cyclic transition state in 57 
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(56) 

no2—ono2 

(57) 

Me 

I 
Me 

r\, 

and 58, and nitronium ion (produced by heterolysis) which substituted at each 

position in the normal way. The specific ortho nitration would parallel the 

decreasing ease of formation of the necessary cyclic transition states, i.e. 6 > 5 > 7, 

so accounting for the smaller effect in nitration of benzyl methyl ether, and the 

absence of any effect with methyl 3-phenylpropyl ether (Table 7.12). 

Coordination of the electrophile with the substituent was also proposed to 

account for the high ratios under certain conditions obtained with acetanilide;255 

1-acetylaminonaphthalene also gives a high 2-:4-isomer ratio (2.3) in nitration 

by nitric acid-acetic anhydride.256 The low ratios for both a,a,a-trifluoro- 

acetanilide and iV-(methylsulphonyl)aniline and their invariance with conditions 

strongly supports this view. However, it is now clear that this cannot involve 

coordination with the carbonyl group, as in 59 and 60;115 nitration of dihydro-2- 

(62) 

X = 0,Si 

R = Me,Et 

(61) (63) (64) 



REACTIONS INVOLVING NITROGEN ELECTROPHILES 301 

quinolone (61), in which such coordination could not aid 8-substitution, also 

gives a much higher 8-:6-substitution ratio.253 Coordination with nitrogen is 

thus more probable and the fact that methyl-JV-phenylcarbamate, in which the 

electron density on nitrogen is higher than in acetanilide, gives a slightly higher 

ratio (Table 7.12) is consistent with this. 

(3) Although ipso substitution has not been shown to occur with these 

compounds, it would seem to be a feasible alternative explanation of these 
results.257 

Nitration of A-arylphosphoramidates (61, X = O) in protic media258 gives 

very high meta yields in contrast to acetanilide and X-(methylsulphonyl)aniline 
(Table 7.12), indicating that here the protonated form is involved; by contrast, N- 

phosphorthioamidates (62, X = S) gave almost entirely the para product (93%) 

(consistent with nitration of the free base, and steric hindrance arising from the 

bulky substituent). With nitronium tetrafluoroborate the amidate gave mainly 

ortho, para nitration with a high ortho:para ratio typical of this reagent. 

(4) Partial rate factors for diphenyl ether are less than for diphenyl sulphide, 

indicating that the former is hydrogen bonded. This is also shown by the fact that 

a 4-nitro substituent reduces the reactivity of the ether only 74-fold compared 

with 251-fold for the thioether. For diphenylamine the corresponding factor is 

196-fold, but this may not be reliable since the rate for the parent compound is 

comparable to the encounter rate. The results for all three series of compounds 

are self-consistent, however, in showing the substituent deactivation order 

2-nitro- > 4-nitro- > 3-nitrophenyl. The effects of the nitro substituents are not 

additive, and are in accordance with the Reactivity-Selectivity Principle. 

(xi) Substituents containing boron and silicon 

These elements are electropositive with respect to carbon so each has a +1 

effect. Boron has only six electrons in its outer orbital, whilst silicon has unfilled 

d-orbitals, so each can accept a pair of ^-electrons from the aromatic ring, 

resulting in a — M effect; this + /, — M combination is unique, and results in meta 

orientation with activation. 

Nitration of PhSiMe3 gave partial rate factors of f0 = 2.95, fm = 2.2, and 

isomer ratios of 22:73:5 (HN03-H2S04) and 63:23:14 (HN03-Ac20).259 The 

high ortho:para ratio is typical of -M substituents (Section 11.2.4) and the 

higher ratio for nitration in acetic anhydride (with accompanying decrease in 

meta substitution) was attributed to formation of the complex 63, with a 

consequent greater + / effect. 
Nitration of PhSiMe3 gave partial rate factors of f0 = 2.95, fm = 2.2, and 

fp = 1.25.260 Nitration of Ph(CH2)„SiMe, compounds gave approximate values 

of f0, fp of 91.8, 32.4 (n = 1), 13.5, 32.0 {n = 2), 13.4, 27.6 (n = 3), and 28.0, 30.3 

(n = 4).261 The very high value of f„ for n = 1 was attributed to coordination of 

the electrophile with the side-chain, thereby involving 64 as a transition state. The 
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minimum in reactivity for n = 3 confirms the behaviour in hydrogen exchange 

(Section 3.1.2.4) and protiodesilylation [Section 4.7.1(ii)]. 

The effects of carborane substituents have been determined in nitration. In the 

icosohedral carboranyl group B10H10C2H, the (hexacoordinate) carbons may be 

in either a 1,2-, 1,7- or 1,12-relationship, these being pseudo-ortho, meta, and para, 

respectively. The phenyl group may be attached either to carbon (as in 1-phenyl- 

o-carborane and 1-phenyl-m-carborane), or to boron (as in 3-phenyl-o-carborane 

and 2-phenyl-m-carborane). Nitration of the first three compounds (HNOa- 

CC14) is said to occur mainly para,262 and the latter gives an ortho:meta:para 

substitution ratio of 4:1:7.263 1-Phenyl-m-carborane is similar in reactivity to 

chlorobenzene, with that of 1-phenyl-o-carborane being somewhat lower. In the 

B8H8C2H carboranyl substituents, the (pentacoordinate) carbons may be in a 

1,2-, 1,6-, or 1,10-relationship. Nitration of the phenyl derivative of the 1,10- 

isomer goes into the para position.264 

(xii) Positive poles 

The effects of positive poles have been studied more comprehensively in 

nitration than in any other reaction. Aromatics containing mercury, thallium, 

bismuth, tin, lead, iodine, nitrogen, phosphorus, arsenic, antimony, oxygen, 

sulphur, selenium, and iodine bonded to the ring as positive centres show mainly 

meta substitution.265 The nuclear positions are all strongly deactivated, and the 

deactivation and tendency towards meta orientation increase, the more electro¬ 

negative the element. The meta orientation is ascribed to the para intermediate 65 

being of higher energy than the meta intermediate 66, because of the unfavourable 
juxtaposition of positive charges in the former.266 

(65) (66) (67) (68) 

a, R = H 

b, R=Me 

(69) 

a, R = H (c/s) 

b, R =H (trans) 

c, R =Me (cis) 

d, R=Me (trans) 

The deactivation by positive poles was formerly attributed to the — I effect of 

the pole, but more recent evidence indicates that the field effect may be partially 

responsible. Moreover, substantial para substitution may occur; these features 

are discussed below. The isomer yields also show considerable acidity de- 
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pendence; for example, the p ratio for nitration of PhNH3 + changes from 0.31 

in 82.0 wt-% H2S04 to 0.88 in 100 wt-% H2S04. Hydrogen bonding of the pole 

has been suggested as a possible cause.267'268 The change in the ratio for a given 

change in acid concentration decreases along the series PhNH3+ > PhNH2Me + 

>PhNHMe2+, which could be due to increasing steric hindrance either to 

hydrogen bonding or to solvation in this highly solvating medium. It follows that 

in quantitative comparisons of the effects of poles, both the medium and the 

groups attached to the pole atom should be kept constant. Partial rate factors are 
given in Table 7.13. 

Notable features of these results are as follows: 

(1) The metcr.para rate ratios for the poles are much higher than would be 

expected, and much higher than obtained, for example, with the nitro substituent. 

This has been attributed partially to the field effect (which would produce 

relatively less deactivation at the para position).280 More important is likely to be 

conjugative electron release to the para position from the pole (either from the 

lone pair giving rise to the intermediate 67 or from N-R hyperconjugation) and 

thus for example the NH3+ substituent has a substantial <tr° value of 

— 0.18.281’282 Conjugative electron release from the oxygen pole in triphenyl- 

oxonium ion, Ph30+, appears to be very strong since it is reported to give almost 

100% para nitration, whereas the triphenylsulphonium ion Ph3S+ gives meta 

nitration;283 this is the opposite order to that which would be expected on the 

basis of electronegativities. 

(2) The relative reactivities of the Group V poles, N:P:As:Sb, are 

1.0:5.3:41.5:1957 at the meta positions and 1.0:0.87:14.1:913 at the para 

positions. The reactivity of the phosphorus pole at the para position appears 

to be low, and has been ascribed to — M electron withdrawal into the empty 

d-orbitals.268 The anomaly is, however, very readily explained in terms of the 

substantial + M effect of the nitrogen pole noted above causing the para 

reactivity of NMe3 + to be abnormally high (cf. the high para reactivity of fluorine 

relative to the other halogens. Section 3.1.2.5). The relative reactivities of the 

Group VI poles, S:Se, are by contrast the same (1.0:23) at both positions. 

(3) The reactivity decreases on changing from NH3+ to NMe3+, and the 

meta:para ratio decreases. For a given acid concentration the meta reactivity 

decreases 40-fold, whilst the para reactivity decreases 195-fold.268 This is 

consistent with steric hindrance to solvation which will be very important in these 

highly solvating media, and will adversely affect para substitution in PhNMe3 + . 

(4) Interposing methylene groups between the aryl ring and the poles severely 

attenuates the deactivation as expected, and at a given acidity the reactivities 

relative to benzene (=1) for Ph(CH2)„NMe3+ have been determined as 

3.39 x 10~8, 7.94 x 10~5, 0.224, and 3.16 for n = 0, 1, 2, and 3, respectively.274 

For the less deactivating phosphorus-containing poles the values for 

Ph(CH2)„P(OH)3+ are 1.1 x 10”5, 0.18, and 3.2 for rc = 0, 1 and 2, respec- 



304 

x 
cu 

o 
a 
<D 
> 

o 
a, 

a 
o 

c 
u. 
,o 

o 
,aj 

a> -4-* cd 

Im a3 
Dh 

JJ 
3 C« 
H 

<D 

o 
c/3 

X 

ON 
VO 
<N 

1 

r- 
l 

r- oo OO 
VO vo vO vo 
<N (N <N <N 

r^r-r-r-r-r-r-r'-r-t^r-r^r-r-r- 
M(N(N(N(N(N(N(N(N(NMM(N(NM 

ooooooONONOOoovOTH^ONn 

I I I I I I I I I I I I 
oooooooooooo 

X X X X 

r-H m 0> ’-H ■■—< Tfr r- rN 

X XXXXXXXX0y 

'^drtTtri^d'O 

o 
vo as 

VO 

V 
* on rn 

00 00 00 ON ON 00 no oo on oo ro cn 

i i i i i i i i i i i i i 
ooooooooooooo 

</-) fO (N <N 
I I I I 
o o o o 

XXXXXXXXXXXx 

m ^ CnI VO ^ <N 
on 

<N On XXX 
OV t 04 vo x s 

00 
1 

00 
o o 

NO -H ^ 
o 

(N NO fS 

O O 
1 1 1 

o o o 
1 

O o o o O ,-H y—* y—* i i—< ■ i 

X X XXX X X X 
o 
vn X X 

ON cn ^ Tf so ON p IZN r- vq p 

OO CN i-H —5 OO © (N 

ON «TN 

pppppppoNpppoopppppp 
(Noooooooooooo^oooooodfnriooorloori 
oooNONONONONGNr^ONONONoor^r^ooNor-'or^ 

+ + 
+ ro ro+ n dj (D 

X 
X 

5 ^ « 
siSs»oS z z z Oh <: £ S« 

r> r>+ 
+ mK X JS 

+IZZ^Z 
Z ^ ’’"n ’’"n 
S ^ H3 X K X 

u 



C
H

2P
M

e3
+
 

a 
2.

6 
x 

10
“3
 

3.
9 

x 
1(

T
3 

26
.8
 x

 1
0"

3 
27

5 
C

H
2A

sM
e3

+
 

a 
6.

7 
x 

10
“3
 

2
.6

x
l0

“
3
 

57
.7
 x
 1

0~
3 

27
5 

C
H

2S
M

e2
+
 

77
.3
 

38
.4
 x

 1
(T

5 
93

.8
 x

 1
0“

5 
21

.0
 x
 1

0“
4
 

27
1 

305 

<0 
r- 
<N 

m 1—1 80 r- VO T“H i—i oo OO OO ON O O O O O O 
r- r- r- r- r- r- r- r- r- r- oo oo oo OO oo OO 
<N (N (N Ol <N <N <N (N <N (N <N (N <N (N ri <N (N 

o o 
X 00 y id ■t- «d 

(N O O O O O o © 1 1 •*—< rHi T-H ' 

in X X ■ X X X X X 
o 

X , ■ ■ 
o m r- r- oo cq <N Os r- (N 
o P o K <N in © (N 

oo 

fS 't X 00 
1 

00 ON ON X -t cs V) rD 't rs fS ro ro 
i 1 

O o 
1 
O 

1 
O 

1 
O 

1 
o 

1 
O 

1 
O 

1 
o 

1 
O 

1 
o 

1 
o 

1 
o 

1 
o 

1 
O 

1 
O 

l 
o 

’"H *—* 1 H T-* ’“H ’—1 *-H <1 T—1 

X X X X X X X X X X X X X X X X X 

VO m o oo p in 1—1 vq in °o vq m 1-H xO 

vd cd vd <N 
■ i <N 

oo <N (N cd r-i (N vd 

<N ID 00 
o o 

1 1 
X (N 

i 
ID 

1 
o 
T—H 

1 
o 

1 
O 

1 1 

° 2 
O 

l 
o 

i 
O 

1 
o 

X X X I X X X X X X 

o vq in in On cq i-H oo 
vd vd 

in 
vd 

XI X X X X 

O in m rq in OO in in O ^f- p p p o 
On in <N cd oo On OO (N in CN <N rd <N 
VO r- oo oo On On oo r- VO r- r- r- 

<L> r 
<D + + 

GO S + ro2 
<n a) ^ hr /~\ 

£ x 
Ph Ph < CO 

K 
O 

Ph 

"O © 

<L> 00 C3 

op z * 
(D 

O c lx U 
Z > 
I < V

a
lu

e
s 

g
iv

e
n
 i

n
 r

e
f.
 2

7
3
 a

re
 i

n
 e

rr
o

r.
 



306 ELECTROPHILIC AROMATIC SUBSTITUTION 

tively.276 The results for the nitrogen poles indicated that a field effect operates, 
although competitive nitrations in media of different dielectric suggested the 
converse.274 

(5) Further work with the ions 68 and 69 showed a reactivity difference of 
23-fold (cis) and 37-fold (trans) between 69c, d and 68b compared with a much 
bigger factor (ca 550-fold) between PhCH2NMe3+ and Ph(CH2)2NMe3+. 
Likewise, the difference is 7.4-fold (cis) and 6-6-fold (trans) between 69a, b and 68a 
compared with 17-fold between PhCH2NH3+ and Ph(CH2)2NH3 + . These 
conformational dependences imply a field component of the deactivation, 
although the marked differences in effect between the different poles shows that 
some other major factors also operate. 

(6) To provide information regarding the operation of a direct field effect, 
Ridd and coworkers284 studied the rates of nitration of compounds 70 and 71. If a 
field effect operates then 71 should be less reactive than 70 for a given value of n 
(except when n — 1, since here the distance between the pole and the ring is the 
same in both systems). The data (Table 7.14) show that in each case compounds 
71 are the least reactive. However, the fact that this true even for n = 1 indicates 
that a large part of the difference arises from steric hindrance to solvation of one 
side of the aromatic ring, which is known markedly to affect substitution rates; an 
additional factor may be the ease of transmission of the field effect through the 
solvent-free cavity. The solvation effect is confirmed by the increasing reactivities 
for increasing values of m (with n constant) for the poles (71, X = SMe+). On the 
other hand, the difference in reactivities between 70 and 71 for n= 1, m = 8 

Table 7.14 Partial rate factors for nitration of cyclic and open-chain positive poles 

X-(CH2)m-X 

X n / X n m / 

nh3+ 1 2.95 x 10“6 nh2+ 1 8 2.80 x 10“9 
2 5.40 x 10“2 2 4 4.90 x 10“4 
3 2.80 — — — 

NMe3 + 1 7.02 x 10“11 NMe2 + 1 8 4.43 x 10“11 
— — 2 4 3.40 x 10“4 
3 2.10 3 2 1.20 x 10“3 

SMe2 + 1 2.79 x 10“9 SMe + 1 6 1.76 x 10“10 
— — 1 8 4.03 x 10“10 
— — 1 10 1.01 x 10“9 
2 1.46 x 10“2 2 4 1.76 x 10“5 

2 6 2.85 x 10“4 
2 8 4.23 x 10“4 



REACTIONS INVOLVING NITROGEN ELECTROPHILES 307 

depends markedly on the pole, being 1050, 1.6, and 7 for NH3+, NMe3+, and 

SMe2+, respectively, so an additional factor must operate. 

(7) Nitration of the dimethylphenyloxosulphonium ion, PhSOMe2+, in 

98 wt-% H2S04 goes 100% meta and takes place 500 times slower than 

nitration of PhSMe2 + .285 The substituent is therefore extremely deactivating 

(fm ~2x 10“ n), giving am « 1.6 (cf. 1.38 given in ref. 285). 

(8) The P(OH)(CH2Cl)2+ substituent is less deactivating than 

P(OH)Me2 + ,277 which may be due to diminished protonation in the former. 

(xiii) Dipolar substituents 

Each group here is of the —— M type, a combination which produces strong 

deactivation of the ortho and para positions, and hence meta orientation. High 

ortho:para ratios are obtained, which vary according to the meta:para ratios 

(Table 7.15), showing them to have an electronic origin,286 described in 

Section 11.2.4. Partial rate factors and the positional selectivities (Table 7.15) 

show significant medium dependence due to hydrogen bonding (protonation 

may also be involved)295 which produces an increase in the amount of meta 

product and a corresponding increase in the ortho:para ratio. 

The abnormal isomer distribution in nitration of tert-butyl phenyl ketone is 

attributed to twisting of the carbonyl group out of the plane of the ring, due to the 

bulk of the tert-butyl group, and this attenuates the — M effect.292 

(xiv ) Poly substituted aromatics 

Substituent effects are not additive. In the case of benzene containing two or 

more electron-supplying substituents, additivity breaks down because the 

encounter limit is reached. When an electron-supplying and an electron- 

withdrawing group are present, the reactivity is greater than predicted by the 

effects of the individual substituents. This arises because the demand for 

resonance stabilization of the transition states is increased by the electron- 

withdrawing substituent, so necessitating greater electron release from the 

electron-supplying substituent (polarizability effect). The magnitude of this effect 

is position-dependent, as shown by the ratios of observed: calculated partial rate 

factors for nitration in sulphuric acid (72-74).297 

Me Me Me 

N02 

(72) (73) (74) 



T
ab

le
 7

.1
5 

Is
o

m
e
r 

d
is

tr
ib

u
ti

o
n
s 

(%
) 

a
n

d
 p

a
rt

ia
l 

ra
te

 f
ac

to
rs
 f

o
r 

a
ro

m
a
ti

c
s 

(P
h
X

) 
c
o
n
ta

in
in

g
 d

ip
o

la
r 

su
b
st

it
u
e
n
ts

 

308 

4) 

Pi 

u 
o 

E- 

T—( r- GO on ON OO r~i O O OO o i-h <N m ,—i in in NO NO in 
r7t- oo OO oo OO oo Os ON oo on ON ON on ON on ON On ON ON r^ 
(N (N <N <N (N <N <N (N <N (N <N <N (N (N <N (N (N (N (N (N <N <N 

o *n in 0
 

0
 

5
 

0
 

OO OO in OO in in in in O OO in in in in in 
<N r- r- 1 1 1 (N (N <1 m i-H (N <N <N (N <N 

a <D 
60 03 <D 
Pi 

X 

*0 
OU£ 
OP r m 3 (S pLi <U 
X V o 

l i i 

O 
o 

ro 

Ph 

U 

3 jD 
o 

I 

Tj- rt Tt 

o o o o 
on op c/3 oo N N N N 
im 

oo a\ on 
0\ rn ri ri ™On oo oo oo <! 

O I I I I I 
fOmrOfOrOfOrOfOfOrOfO tnrororo ro ro ro fO r^> 

ooooooooooooooooSooooo 
ZZZZZZZZZZZZZZZZ^ZZZZZ KhH HrH HtH HrH l-H HiH HH HfH M hH HH HH HH HH hH ^ HH M hH hH hH 

hhhhhhhmhU'^hihhhhhhhhh 

ON 00 1 i NO ro i i 
O 

1 
O 

i 
O 

1 1 
o o 

' | | | | ■ | . - | i—< . i i^i 1 "-H T“H 
X x x X X 

NO m ON m r- 
<N in © ^ o 

l-H 

00 r- i 00 NO rO 

O 
1 
O 

i 
O 

1 1 1 
o © o 

1 | | | | i—H i-H i-H 1-H i—H 
x X 1 I X I XXX 

<N r- ON p oo p 
NO r- n n on ' (N 

oo r- i ro On NO ro 

O 
i 
O 

1 
© 

1 
© 

1 
© 

1 
© i—H . - | . - ▼—' . l | rm~* | i—H l—H i—i 

x x x x X X 
oo (N NO © m ON 
O p o4 <N c4 © 

X 

m i-H 00 in ON p p rn © © rn © p © 
© c4 i-H l-H i-H <N c4 S m (P rn 

V/ Tt- 

<N oo p © oo <N OO in NO © ON 

rn i-H in © © © © (N m © oo fH •^r o oo (N rsi 
ON ON oo oo oo r- OO ON r- NO ON r- if h- « oo in 

in oo oo in in rn i-H so , 
NO NO © rn NO in oo <N ON NO O oo rn rn 

1—H <N i—H m i-H <N m <n (N 

■*-. IN 

<N 

o> 

s « z " 
<D 

o z O X o o o o o 
z o u u u o U u C/P 

vq m 
(N Os rp 

V 

o <■<■> 
^ vd oo 

TT oo 
m 

X i W 
(N <N (N 

o o o 
OP OP OP 



REACTIONS INVOLVING NITROGEN ELECTROPHILES 309 

In 73 the factor ortho to methyl is greater than that meta to it because the 

conjugative effect of methyl is relayed to the former. A comparable factor is 

obtained at the 5-position of 72, but the factors are substantially larger at the 

other positions because these are all deactivated much more by the conjugative 

(—M) effect of nitro. This in turn produces much greater electron release at 

these positions of 72 which are ortho,para to methyl. The factors in 74 would 

be comparable to those in 73 were it not for the intervention of a second 

factor, namely the forcing of the nitro group out of the plane of the aromatic 

ring thereby reducing deactivation by its — M effect, so increasing the overall 

reactivity. This factor also accounts for the higher reactivity of o-chloronitro- 

benzene relative to nitrobenzene63). The relative reactivities of 72-74 are 

therefore 1.0:1.1:2.2. Similar results were obtained for nitration by nitronium 

salts, which also showed that in 1,3-dinitrobenzenes, methyl activated the ortho 

and para positions 468- and 2705-fold, respectively. This high para:ortho ratio 

was attributed to the extreme conjugative electron release from methyl,132 which 

is also evident in the relative reactivities of the ions 75. 298 In 82 and 98 wt-% 

H2S04 the methyl compound (R' = Me) is 2600 and 3500 times as reactive, 

respectively, as the unsubstituted compound, the corresponding tert-butyl values 

(R' = t-Bu) being 288 and 207 (cf. the • activation by ortho-alkyls given in 

Table 7.1). The effect of increased conjugative electron release from substituents 

under conditions of high electron demand is also evident in the relative rates 

of nitration of 4-N02C6H4X and C6H5X compounds, where X — Me, 

F, Cl, Br.299 

R' 

(75) (76) (77) 

In the nitration of methyl- and methoxy-substituted anilinium ions, e.g. 76 and 

77, considerably greater substitution occurs ortho to the pole than in the 

unsubstituted ions.300 In the latter the differential ortho,para reactivity was 
ascribed to hyperconjugative release of electrons from the NR3 + group, but there 

is less demand for this in the substituted compounds, hence the ortho:para ratio 

becomes reduced. 

The departure from additivity due to the reduced deactivation by — M groups 

being twisted out of the plane of the aromatic ring will in particular reduce the 

deactivation of positions ortho and para to the group. A typical example of the 

result of this may be seen in nitration of 2-nitro-l,4-dialkylbenzenes which give 

much more substitution ortho:para to nitro than in nitrobenzene itself.301 
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The departure from additivity arising from the presence of a number of 

deactivating groups is exemplified by the results for the polyhaloaromatics, given 

in Section 7.4.3. (ix). 

(xv) Biphenyl and derivatives 

Partial rate factors for nitration of biphenyl and its mononitro derivatives 

are given in Table 7.16. The results for biphenyl parallel those in hydrogen 

exchange (Section 3.1.2.10). In the nitrobiphenyls the second nitro group enters 

the unsubstituted ring, and the deactivation of one ring by a nitro group is 

least when the group is in the 3-position, showing that its deactivating influence 

from the 2- and 4-positions is partly conjugative. The 4-nitro group reduces 

the reactivity of the 4'-position by a factor of only about 30, whereas in 

nitrobenzene the 4-position is deactivated 107-fold greater (Table 7.15). In 

linear free-energy terms this represents a ca fourfold reduction in transmis¬ 

sion of substituent effects between the rings, as found in other reactions (see 

Section 3.1.2.10). 
When an activating substituent is present, nitration occurs in both rings if the 

substituent is in the 4-position, and mainly in the substituted ring if the 

substituent is in the 2- or 3-position.303 The proportions of substitution in each 

ring can vary markedly according to the acidity of the medium for substituents 

that can either protonate or hydrogen bond, e.g. NHAc.304 

Biphenyl gives ortho:para ratios that depend markedly on the medium, the 

ratios obtained with nitric acid-acetic anhydride (e.g. 2.13)302 being higher than 

those obtained under other conditons (e.g. 0.6 in HN03-H2S04),305 higher than 

theoretical, or any other reaction including hydrogen exchange (which always 

gives results closely paralleling theoretical prediction). Similar variations in ratio 

with conditions have been obtained with p-terphenyl,306 4-phenylpyimidine,307 

2,2'-bithienyl,308 2,3'-bithienyl,308 trans-2-styrylthiophene,309 and l-methyl-4- 

phenylpyrazole.310 

For biphenyl, earlier work indicated that the low ratios were due to 

heterogeneous nitration,311 but this was subsequently disproved;101 in the 

absence of nitrosation the ratio of 0.6 is raised to 1.4.43 High ratios are also 

obtained with N205-MeCN (2.8, — 20°C), and N02 + BF4~-sulpholane (2.0, 

10 °C), and increase with decreasing temperature as does that obtained with 

Table 7.16 Partial rate factors for nitration of biphenyl and nitrobiphenyls 

Compound fi h h Conditions Ref. 

Biphenyl 1.8 0.18 5.04 MeO + (H)N02, 37.5 °C 163a, b 
Biphenyl 41 <0.6 38 1 1 
2'-Nitrobiphenyl 0.28 0.03 1.25 HN03-Ac20, o°c 302 
3'-Nitrobiphenyl 1.4 0 3.4 | 
4'-Nitrobiphenyl 0.35 <0.01 1.3 J 1 
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HN03-Ac20 (2.8, — 40°C);130 this pattern with the latter reagent is also found 

with p-terphenyl.306 The high ratios are obtained under the same conditions that 

give high ratios in the nitration of anisole, etc., indicating that one ring 

nucleophilically displaces the counter ion from the nitrating species, subsequent 

migration favouring ortho substitution (78).101 Alternatively, ipso substitution 

may occur,254 though a report of a ratio of 3.3 in nitration by HN03-45% 

H2S04 is said to discount this since reaction of the intermediate with the solvent 

should be very rapid,312 as shown by results for nitration of o-xylene [Sect¬ 

ion 7.4.2(iii)(3)]. Nitrations in these weak sulphuric acid media are also 

complicated by heterogeneity and dinitration,43 and yields can be considerably 

less than quantitative.312 The cause of these anomalously high ratios in nitration 
of biphenyl has yet to be fully resolved. 

The positional reactivity order for nitration of p-terphenyl is 4 > 2 > 2' (» 3), 

as expected;306 likewise, quaterphenyl nitrates in the 4-position.313 Isomer yields 

in the nitration of pentafluorobiphenyl by fuming nitric acid-sulphuric acid, viz. 

ortho (25), meta (18), para (57%), are unaffected by nitrosation;314 fuming nitric 

acid gives less meta derivative.315 Only acetoxylation occurs if nitric acid-acetic 

anhydride is used.314 Published partial rate factors for nitration offluorene, viz. 

f2 2040, /3 60, /4 944, are greater than for biphenyl (as in hydrogen exchange, 

Section 3.1.2.10), but do not correspond with the given rate data.2246 Nitration of 

some substituted fluorenes takes place in the expected positions.316 Partial rate 

factors for nitration of 1,2,3-triphenylbenzene by fuming HN03-Ac20 (79)317 

show the effect of twisting of the adjacent phenyl groups further out of 

coplanarity than in biphenyl. Those for 1,3,5-triphenylbenzene (80)318 are 

anomalous since the meta phenyl groups in one ring should decrease the 

reactivity in the other (cf. Tables 7.16 and 3.15); pentaphenylbenzene nitrates in 

the central ring (50%).318 The nitration positions in o-, m-, and p-terphenyl318 

and biphenylene319 are as predicted by hydrogen exchange (Table 3.15). 

( xvi) Polycyclic aromatics 

Partial rate factors for nitration of some polycyclics by HN03-Ac20 at 0°C 

were determined as follows (positions in parentheses): naphthalene, 470(1), 50(2); 
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phenanthrene, 490(9), 360(1), 300(3), 92(2), 79(4); triphenylene, 600(1,2); 

chrysene, 3500 (6); pyrene, 17 000 (1); perylene, 77000 (3); benzo[a]pyrene, 

108 000 (6); coronene, 1150 (1); anthanthrene, 156000 (6).224b The accuracy of 

some of these values is doubtful (that for triphenylene, for example, is clearly 

wrong, cf. Table 3.17 and ref. 320), and some may be affected by encounter 

control; redetermination of them might be appropriate. For example, nitration of 

perylene with dilute nitric acid in dioxane has been shown to give 3-nitro- and 1- 

nitroperylene in 56 and 24% yields, respectively.321 Radical-cation mechanisms 

are not significant for compounds of reactivity at least as high as that of 

pyrene.320 Partial rate factors for fluoranthene (calculated from the data in ref. 

322) are 330 (1), 1365 (3), 564 (7) and 846 (8). 

Nitration of naphthalene has been studied in depth, and the a:/? reactivity 

ratio was shown to vary widely with the conditions,323 probably owing to 

nitration via nitrosation since the presence of nitrous acid gives an enhanced 

ratio.324 Nitration of 1- and 2-methylnaphthalenes and the corresponding 

methoxy compounds under a variety of conditions gives inconsistent results323 

(probably owing to incursion of nitrosation), but the positional reactivity orders 

parallel either closely or exactly those in hydrogen exchange (Table 3.22), the 

explanations of these orders being given in Section 3.1.2.13. The positional 

reactivity orders in 2,5- and 2,6-dimethyl-, 2,6-, 2,7-, and 2,3-dimethoxy-, and 

6- methoxy-2-methylnaphthalene325 are each as predicted from the known effects 

of the individual substituents. Partial rate factors have been determined for 

nitration of 1,2-, 1,3-, 1,4-, 1,5-, 1,8-, 2,3-, 2,6-, and 2,7-dimethylnaphthalenes by 

HN03-Ac20 at 0°C.326 There are some inconsistencies within the data, 

attributable to steric hindrance and possibly encounter control, but the 

positional reactivity orders are for the most part as predicted by the data for 

hydrogen exchange (Table 3.22); the results confirm the fairly strong 2,6- 

conjugative interaction and the very poor 2,3-interaction (cf. Section 3.1.2.13). 

Each of 1- and 2-acetylaminonaphthalenes nitrate at the expected position, the 

ratio of 2-: 4-substitution in the former being relatively unaffected by 5- or 

7- nitro groups, though decreased by an 8-nitro group evidently owing to steric 

hindrance and by a 6-nitro group because of the strong conjugation between 

the 2- and 6-positions.327 Nitration of 1- and 2-nitronaphthalenes takes place 

at each of the a-positions of the unsubstituted rings.328 Dealkylation followed 

by realkylation occurs in nitration of 1,8-di-rm-butylnaphthalene so the main 

product is 4-nitro-l,3,6,8-tetra-tcrt-butylnaphthalene.329 With N02 + BF4~, 

heptafluoro-lH-naphthalene nitrates at the 1-position.330 

Nitration of 1,8-naphthylene disulphide (81) in the 2- and 4-positions331 and 

5-nitration of benzo[c]fluorene (82)332 are both expected results. Benz[a]- 

anthracene nitrates in the 5-position,333 as do benzo[c]phenanthrene,334 and 

hexahelicene,335each result paralleling that in hydrogen exchange (Table 3.17). 

For hexahelicene a second isomer was assumed to be the 8-nitro compound, 

but it is more probably the 7-isomer (cf. Table 3.17). Nitration of 3-nitro- 
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HO 

(84) 

fluoranthene gives 3,9-dinitrofluoranthene,336 consistent with the intrinsic 

reactivity of fluoranthene (Table 3.17) and conjugative deactivation of the 

8-position by nitro. The unidentified isomer from nitration of 2-nitro- 

fluoranthene should be the 2,9-dinitro derivative. A 2-acetylamino substituent 
directed nitration into the 3-position,336 and 3-methylfluoranthene gives mainly 

8- together with some 2- and 4-nitration.337 All these are expected, the lack of 

9- substitution of the 2-acetamido compound following from the poor inter-ring 

conjugation in fluoranthene due to strain [Section 3.1.2.13(iii)]. Anomalous, 

however, is the 70% of 7-nitration of 8-hydroxyfluoranthene (83) with HN03- 

HOAc (although 9-nitration occurred in the presence of acetone).338 The high 

intrinsic reactivity of the 9-position (Table 3.17) coupled with the high 8,9-bond 

order arising from bond fixation (to avoid placing double bonds in the 

five-membered ring) should produce exclusive 9-nitration. Partial rate factors 

for nitration of acenaphthene (/2 = 16000, /4 = 22200)326 are much greater 

than in naphthalene (as in hydrogen exchange), but this is an electronic effect 

rather than due to relief of steric hindrance (cf. ref. 326). 

(xvii) Miscellaneous aromatics 

Nitration of 2-hydroxyazulene (84) gives a mixture of l-nitroazulen-2-one and 

6-nitro-2-hydroxyazulene, both 1- and 6-positions being conjugated with 

hydroxy.339 Nitration of porphyrin goes first into the meso a-position and then, it 

is thought, into the ^-position rather than the y-position.340 Both of the latter are 

conjugated with the a-position but, as in benzene, conjugation between more 

remote sites is greater, so a-nitro deactivates the y-position more strongly. Metal 

derivatives of octaalkylporphyrins undergo nitration more readily than the 

parent compound.341 Nitration of octaethylporphyrin with Zn(N03)2-6H20 in 

Ac20 yields mono-, di-, tri-, and tetranitro derivatives, with here a preference for 

a, y-substitution.342 Nitration of triphenylphosphonium cyclopentadienylide 

(85) gives the 2-derivative,343 showing the relative unimportance of steric 

hindrance in five-membered rings. Nitration of diazocyclopentadiene (86) gives 

the 2- and 3-isomers in a 2:1 ratio.344 Nitration of azupyrene (structure 66, 
Chapter 5) is anomalous is giving a l-:4-substitution ratio of 0.03 whereas other 
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(85) (86) 

substitutions give ratios of ca 10;345 theory also predicts the 1-position to be the 

most reactive. Hexamethyl-trans-15,16-dihydropyrene (structure 65, Chapter 5) 

nitrates in both 2- and 4-positions, whereas acylation takes place only in the 2- 

position;346 this may reflect differences in steric requirements of the two 

reactions. 

7.5 NITRAMINE REARRANGEMENT 

Some ./V-nitramines rearrange in acidic media to give o- (mainly) and p- 

nitroanilines (eq. 7.35). The isomer distribution is entirely different from that 

obtained by separate nitration of the amines,347 and the presence of K15N03 

does not result in 15N enrichment in the nitro products.348 This, coupled with the 

exclusive formation of ortho and para products, led to the proposal of an 

intramolecular ‘cartwheel’ mechanism, involving migration of the nitro group in 

a six-centre process.348 However, this required improbable initial rearrangement 

of the bonding between the amino and nitro groups. 

In a more recent study of concurrent rearrangement of iV-methyl-N- 

nitroaniline and 4-fluoro-lV-methyl-iV-nitro[15N]aniline, iV-methyl-4-nitro- 

aniline containing excess 15N was obtained, but this could be prevented by the 

addition of hydroquinone.349 Thus the mechanism appears partially to involve 

an intermolecular radical process in this case; rate-determining fission to a 

radical-radical cation pair within a solvent cage was proposed. Intramolecular 

migration of the NOa radical within the cage (1,3-shifts) then gives the reaction 

products; if some radicals diffuse out of and back into the cage, then a small 

amount of crossing of the 15N label can occur. The intermediacy of radical 

cations has been confirmed by CIDNP studies,350 and is consistent with the p- 

factor of — 3.7 obtained in a Hammett correlation with er + values.351 If the ortho 

position in a molecule is blocked, then exclusive substitution at the para position 
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occurs, as in rearrangement AT-methyl-AT-nitro-9-aminoanthracene to 10- 
nitroanthrone.352 

‘Normal’ nitration of amines may in some cases proceed via iV-nitration 

followed by heterolysis of the N—N bond and ring nitration by the nitronium 

ion. The extent to which heterolysis rather than homolysis occurs appears to be 

dependent on the reactivity of the amine.353 

7.6 PHOSPHONATION 

At 600 °C methyl but-2-enylphosphonate decomposes to butadiene and 

monomeric metaphosphate, MeOP02. The latter will react at — 60 °C with 

N,N-diethylaniline to give 4-Ar,A-diethylaminobenzenephosphonate 
(eq. 7.36).354 

MeOP02 + (7.36) 
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CHAPTER 8 

Oxygen, sulphur, and selenium 
electrophiles 

8.1 HYDROXYLATION 

Although there is no clear evidence for the existence of OH+ as a discrete 

entity, a hydroxyl group can be transferred from certain peroxy compounds to 

the aromatic ring without its covalent pair, and thus meets the criterion of an 

electrophilic reagent. Since the hydroxy group is strongly activating towards 

electrophilic substitution, further reaction usually occurs so yields are generally 

low. Moreover, oxidation frequently occurs, giving rise to quinones, and it is 

significant that quinone formation takes place at sites normally the most reactive 

towards electrophilic substitution. 

8.1.1 Hydroxylation with Acidified Hydrogen Peroxide 

Support for the proposal that OH+ should be present in acidified solutions of 

hydrogen peroxide1 was first provided by the hydroxylation of mesitylenes with 

H202 in HOAc and H2S04.2 It is possible that the actual mechanism involves 

displacement on protonated hydrogen peroxide by the reactive aromatic 

compounds (eq. 8.1). The reactivities towards oxidation of a range of aromatic 

ethers under these conditions parallels the reactivities of the ethers to other 

electrophilic substitutions;3 this work showed a common feature in that methoxy 

groups, but not alkyl or halogen substituents, are often displaced from the 

aromatic ring. More recently, HF4 and superacids5 have been used, the 

advantage of the latter being that the phenolic products are protonated and so do 

not undergo further substitution; in this work toluene and other alkylbenzenes 

gave anomalously high ortho:para ratios, a common feature of hydroxylations 

(see below). 

O-0)H2 +-*Ar+3* +HaO->ArOH + H30+ (8.1) 
I OH 

H 
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A variation of the above method uses a Lewis acid in place of the protic acid.6,7 

Here the advantage is that the acid coordinates to the oxygen of the product, 

again retarding subsequent reaction. With A1C13 as catalyst the toluene:benzene 

rate ratio was 19.1.7 

8.1.2 Hydroxylation with Peracids 

Polycyclic aromatic compounds are oxidized by perbenzoic acid at the nuclear 

position most susceptible to electrophilic attack,8-10 which led to the sugges¬ 

tion10 that perbenzoic acid is an electrophilic reagent. This was confirmed by the 

finding that the ease of oxidation of methoxy-substituted benzenes by perbenzoic 

acid increased with the number of methoxy substituents.11 At least 2 mol of 

peracid are consumed for each mole of aromatic oxidized, and the kinetics are 

second order; the mechanism shown in eq. 8.2 was proposed.11 

Polarization of a peracid as in eq. 8.3 will be aided by electron withdrawal in R. 

Consequently, trifluoroperacetic acid (in CH2C12) is more effective than other 

peracids in aromatic oxidations.12 Monohydroxylation of anisole and diphenyl 

ether gave, in each case, a substantially larger yield of the ortho than the para 

product (PhOMe, 27 and 7%; PhOPh, 35 and 12%, respectively). These high 

ortho\para ratios were shown to be due to the subsequent preferential oxidation 

of the p-hydroxy compounds.13 TFPA is normally prepared in situ by treating 

TFA with H202, so acidified hydrogen peroxide could in principle be the 

electrophilic reagent, but this was shown not to be the case.14 

H0^02R->H0+ + -02CR (8.3) 

Partial rate factors (o,m,p) for hydroxylation of some aromatics PhR with 
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TFPA at 25 °C are R = OMe, 1170, —, 830; Me, 27.5, 0.8, 13.7; and F, 0.14, —, 

1.34.15 The reactivity sequence and the ortho, para-directing effects are typical of 

an electrophilic substitution. The anomalously high ortho:para ratios for toluene 

and anisole may arise as described above; the result for meta substitution in 

toluene is thought to be due to experimental error. Intermediates (see Sec¬ 

tion 2.1.2) are evidently formed under these conditions since hydroxylation of 2,6- 

dimethylphenol gave a Diels-Alder dimer of 6-hydroxy-2,6-dimethyl-2,4- 

cyclohexadienone (1) in addition to 2,6-dimethylbenzoquinone. 

During hydroxylation of polymethylbenzenes with TFPA, methyl groups 

migrate8 (also found using H202 and superacids)5 and this has been attributed to 

ipso hydroxylation followed by a 1,2-shift of methyl.8 A similar 1,2-shift of 

hydrogen also evidently occurs in the hydroxylation of acetanilide labelled with 

either deuterium or tritium at the para position, since the p-hydroxylated product 

contained ca 8% of the isotopic label.16 

Electron withdrawal in the trifluoroacetate ion can be greatly increased by 

Lewis acids (which also coordinate with the hydroxy product), consequently 

TFPA-BF3 is a very good hydroxylating species. For example, mesitol can be 

obtained from mesitylene in 88% yield.17 

Peroxymonophosphoric acid, H3POs, also provides a stable leaving group, 

and hydroxylation with this takes place ca 100 times more readily than with 

perbenzoic acid.18 Likewise, hydroxylation accompanies nitration with pernitric 

acid, HN04.19 

8.1.3 Miscellaneous Hydroxylating Reagents 

tm-Butyl hydroperoxide-AlCl3 hydroxylates alkylbenzenes with relative 

rates for m-xylene, p-xylene, o-xylene, toluene, and benzene of 137,63.5,62,14 and 

1, respectively, and the ortho, meta, and para yields for toluene were 56, 8, and 

36%, respectively.20 Reaction probably occurs by initial formation of the tert- 

butyl aryl ether, which would be instantaneously decomposed under the acidic 

conditions. 
Hydroxylation may be obtained through the use of dialkyl peroxydicarbo- 

nates [(R0C02)2] with Lewis acids, the reaction giving initially the aryl alkyl 

carbonate which is rapidly hydrolysed to the phenol if the conditions are 

sufficiently acidic (as is the case when A1C13 is used).21,22 The reaction gives good 
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yields and substantially lower ortho:para ratios than other methods. The extent 
to which the mechanism is either electrophilic or free-radical seems to depend on 
the catalyst; with A1C13 it is electrophilic, with CuCl2 it is free radical, and with 
FeCl3 both may be involved. With diisopropyl peroxydicarbonate and A1C13 the 
toluene:benzene rate ratio is 9, and the ortho, meta, and para isomer distribution 
is 34, 11, and 55%, respectively, but with AlBr3 the rate ratio is increased to 17, 
and the halogenation side reaction becomes more significant.22 

Hydroxylation has also been achieved with hypofluorous acid, HOF, which 
gives an anisole: benzene rate ratio of 120 (cf. 530 for hydroxylation with 
trifluoroperacetic acid, TFPA). Partial rate factors (ortho, para) were anisole 255, 
175 and toluene 27,14, showing again the typical high ortho, para reactivity. The 
reaction was shown not to take place via HF-catalysed reaction with H202.23 

8.2 AROXYLATION 

Electrophilic aroxylation to give ethers can be achieved by the thermal 
decomposition of arylpyridinium tetrafluoroborates at 180 °C. This produces the 
ion ArO+ (2) which may directly substitute the aromatic giving the ether, or 
delocalization of the charge to the ring ortho carbon may occur to give the aryl 
cation (3) and hence arylation (see also Section 6.2) (eq. 8.4).24 Aroxylation is 

(2) (3) 

favoured over arylation by greater electron withdrawal by X (due, it is thought, to 
greater destabilization of the ion 3 than of 2 because X is nearer to the charge in 3). 
The aroxylatiomarylation rate ratio is also increased by greater nucleophilicity in 
the aromatic; this is consistent with attack by the aromatic occurring here sooner 
and thus before much delocalization can take place. 

The ortho:para ratio for reaction with anisole (R = p-NOz) is 0.41, but much 
larger (3.0) for arylation. 

8.3 BENZOOXYLATION AND ACETOXYLATION 

These reactions, represented by eq. 8.5, give rise to esters; benzooxylation is 
described incorrectly in the literature as benzoyloxylation. 
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H + 

ArH + RCOOX--> ArOCOR + HX (8.5) 

The TFA-catalysed decomposition of benzoyl peroxide (eq. 8.6) gives rise to 

both electrophilic phenylation (giving biphenyls) and benzooxylation (giving 

benzoates).2 5 The ratio of the two reactions also depends on the nucleophilicity of 

the aromatic (cf. Section 8.2), the yield of ester relative to biphenyl varying from 

14 for reaction with anisole to 0.2 for reaction with nitrobenzene. The first-formed 

electrophile is probably PhC02 + , which may or may not have time to extrude 

C02 before reaction with the aromatic. The isomer distributions (ortho, meta, 

para) for benzoyloxylation are anisole 29, 0, 71; toluene 51,9, 40; chlorobenzene 

45, 5, 50; and nitrobenzene <1, 88, 12. It is notable that the distribution for 

anisole is identical to that obtained in aroxylation. 

O O OH O 

PhCOOCPh PhCOOCPh-> PhC02H + PhC02+( —► Ph+ + C02) 
+ 

(8.6) 

In contrast to benzooxylation, acetoxylation seems only to have been 

investigated in the context of a side-reaction accompanying nitration by HN03 

in acetic anhydride [Section 7.4.1(iv)],26,27 and halogenation in acetic acid 

[Section 9.2.2(i)].28 The reaction could in principle by expected to occur with 

acetyl peroxide and a suitable acid. 

The ratio of acetoxylation to nitration is constant for a given aromatic, over a 

wide (330-fold) reactivity range, but decreases with increasing reactivity of the 

aromatic. Consequently, acetoxylation has a larger p factor than nitration, and a 

value of —18 has been estimated.26 The reaction is strongly accelerated by 

H2S04, so that protonated acetyl nitrate is thought to be the electrophile. The 

intermediate cation is attacked by acetate to give a diene, many examples of 

which have been isolated (see structures 15-21 in Chapter 7),2 7 which then either 

loses acetic acid to give the nitro product or nitrous acid to give the acetate (see 

Scheme 7.1). An addition-elimination mechanism is thus involved. 

8.4 SULPHONOXYLATION 

Reaction of arylsulphonyl peroxides with aromatics gives aryl sulphonates 

(eq. 8.7).29 A radical mechanism may be involved unless electron-withdrawing 

groups are present in the aryl group of the peroxide. The reaction then shows no 

e.s.r. signal,30 and hydrogen is not abstracted from the alkyl groups of 

alkylbenzenes.31 The reaction is first order in peroxide, is not acid-catalysed, does 

not give a kinetic isotope effect, and in methylene chloride is first order in all 

aromatics studied (in ethyl acetate however, a reaction zeroth order in aromatic 



332 ELECTROPHILIC AROMATIC SUBSTITUTION 

Table 8.1 Partial rate factors for reaction of (RC6H4S020)2 with XAr 

X R = o- -no2 R - m-N02 R = m- •cf3 

0 m P 0 m P 0 m P 

OMe 2600 32000 
Me 14.1 1.1 49.5 18.5 2.0 75.5 
Et 10.5 1.5 44.8 17.3 2.5 76.2 14.8 2.6 52 
i-Pr 6.0 2.4 36.8 10.6 2.9 63.2 10.3 2.8 46.1 
t-Bu 1.0 3.4 25.6 2.8 7.0 57.1 
Br 0.29a 0.042a 2.1a 
C02Me 0.0059 0.017 0.0043 
no2 
ch2oh 

0.0017 0.0046 0.0015 
9.2 3.1 37.8 

COMe 0.15 0.22 0.15 

aFor R = p-NOz these values become 0.37, 0.068, and 2.1, respectively. 

was detected in the reaction with benzene).32 

ArH + Ar'S0200S02Ar' —> Ar0S02Ar' + Ar'S03H (8.7) 

The presence of the strongly electron-withdrawing groups in the aryl ring of the 

peroxide, combined with the greater electronegativity of the S02 moiety 

compared with the CO moiety, accounts for the reaction taking place without a 

catalyst, in contrast to benzooxylation. Reaction may be envisaged as occurring 

by nucleophilic displacement of one 0S02Ar' group by attack of the aromatic 

ring upon the other, this being aided by electron withdrawal in Ar'. 

Partial rate factors have been obtained for the reaction of the m- and p-nitro- 

and m-trifluoromethyl-substituted peroxides (Table 8.1).31 ~33 These show clear¬ 

ly the electrophilic nature of the reaction (confirmed by other workers),34 which is 

strongly sterically hindered as expected. Moreover, greater electron withdrawal 

in the aryl ring of the peroxide creates a more reactive electrophile which is 

correspondingly less selective. This was also confirmed by the reactivities relative 

to benzene of p-xylene and mesitylene, which were 200 and 1350, and 340 and 

2420 for reaction with the p- and m-nitro compounds, respectively.31,32 The p 

factor for the reaction with the m-nitro peroxide is - 4.4, so the electrophile is 
very reactive. 

8.5 SULPHENYLATION 

This is the sulphur equivalent of aroxylation and gives thioethers (and 

derivatives).35,36 The reaction, represented by eq. 8.8, has also been referred to as 

aryl- or alkylthiolation, sulphenation, and sulphuration. The reaction may 

carried out successfully with R = Ar' if iron is present as a catalyst, and 

substitution in the positions normally most reactive towards electrophilic 
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substitution suggests that the reaction is of this type.35 The arylsulphenyl 

chlorides also disproportionate to give diaryl disulphides, Ar'SSAr', and chlorine 

which chlorinates some of the aromatic ArH, so a mixture of products is 
obtained.35,37 

ArH + RSC1-> ArSR + HC1 (8.8) 

Symmetrical diaryl sulphides may be obtained by the reaction of aromatic ArH 

with sulphur halides (eq. 8.9).35 

Fe or FeCL 

2ArH + SXC12-> ArSAr + 2HC1 + (S) (8.9) 

(x = 1 or 2) 

The method given in eq. 8.8 is less satisfactory with MeSCl because it is 

unstable. However, the MeS group has been introduced successfully (50-85% 

yields) by the use of methyl methylthiosulphonate, MeSS02Me, and likewise 

PhS by the use of PhSS02Me. The activating effect of MeS and consequent 

polysubstitution prevents higher yields being obtained.38 This appears to 

account for the variety of polysubstituted products obtained in the sulphenyl- 

ation of benzene with polyphenylene sulphide-AlCl3; the products do not arise 

simply from fragmentation of the PPS because the yield is 1.6-1.8 times the 

amount of this reagent that is used.39 

Reaction of acetylsulphenyl chloride, MeCO SCI, with aromatics gives the 

product ArSS-COMe.40 The mechanism proposed for the reaction included a 

termolecular process, but this must be considered improbable. 

8.6 THIOCYANATION 

Thiocyanation with thiocyanogen (eq. 8.10, X = SCN) takes place with very 

reactive aromatics such as phenols and amines,41 azulene,42 and azupyrene.43 

Less reactive aromatics, e.g. anilides and ethers,44 can be thiocyanated by using 

the more polar thiocyanogen chloride (eq. 8.10, X = Cl).44 

ArH + XSCN->ArSCN + HX (8.10) 

8.7 SULPHINYLATION 

Sulphinylation (eq. 8.11) produces sulphoxides, and has been studied for R = p- 

MeC6H4.45 Relative reactivities have been determined as follows (benzene = 1): 

toluene, 420; o-xylene, 7600; m-xylene, 59000; p-xylene, 970; and mesitylene, 

250000. The reaction is severely sterically hindered, as shown by 99.2% of 

substitution in o-xylene taking place at the 4-position. Electron withdrawal in the 

aryl ring gave increased toluene:benzene rate ratios.45 showing that free cations 
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are not produced, and this is due to the lower electron withdrawal by the SO 

group compared with the S02 group (see sulphonylation). Reaction therefore 

takes place by nucleophilic displacement by the aromatic on the sulphinyl 

chloride [see also acylation, Section 6.7.1 .(iii)]. The mechanistic interpretation of 

these results in the original paper is incorrect (cf. ref. 46). 

aici3 
ArH + RSOC1-> ArSOR + HC1 (8.11) 

In attempted sulphinylation of anisole with p-toluenesulphinyl chloride using 

either ZnCl2 or BF3-Et20 as catalysts, the sulphoxide product was reduced to 

the diaryl sulphide, the reduction being apparently carried out by excess 

sulphinyl halide-catalyst complex.47 This sulphenylation does not occur if 

A1C13, SnCl4, or SbCl5 is used as the catalyst. 

Trimethylsulphonium tetrafluoroborate, Me3a+BF4- reacts with anisole to 

give p-MeOC6H4S + Me2; the electrophile here may be the cation radical 

Me2S + \48 

8.8 SULPHONYLATION 

Sulphonylation (eq. 8.12) produces sulphones, and the mechanism of the 

reaction differs according to the conditions under which it is carried out. It is also 

possible to sulphonylate using sulphones, but these are much less reactive than 

sulphonyl chlorides.49 

Lewis acid 

ArH + RS02C1-*• ArS02R + HC1 (8.12) 

The relative efficiencies of catalysts (in methanesulphonylation) are A1C13 > 

FeCl3 > SbCl5,50 so A1C13 is the catalyst normally employed. This coordinates 

with both the sulphonyl chloride starting material and especially the sulphone 

product, which is therefore isolated as a 1:1 addition complex51 [cf. acylation, 
Section 6.7.l(ii)]. 

8.8.1 Mechanism of Sulphonylation 

Studies have been carried using solutions of either excess sulphonyl chloride or 

some other solvent. The mechanism of the reaction resembles acylation, in that 

reactive aromatics substitute by attacking the undissociated electrophilic reagent 

whereas unreactive ones require prior dissociation. 

(i) Sulphonylation in excess sulphonyl halide51 ~53 

Benzenesulphonylation in excess benzenesulphonyl chloride as solvent gave 

second-order kinetics, rate = k2[AlCl3][PhMe], for reaction with toluene, and 
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an order, said to be three-halves, rate = [AlCl3]i[PhCl], for reaction with 

chlorobenzene,52 but the evidence for the latter is less convincing; the con¬ 

centration of A1C13 is equivalent to the concentration of the 1:1 addition complex 

PhS02Cl -AICI3. The reaction with toluene was retarded by the presence of a less 

polar solvent, cyclohexane, indicating that the addition complex must be ionized 

prior to reaction (eq. 8.13). The rate-determining step is then attack of the 
aromatic on the ionized entity, PhS02 + A1C14- (eq. 8.14). 

PhS02Cl-AICI3 — — PhS02 + AlCl4 (8.13) 

ArH + PhS02 + AlCl4~ — — ArS02Ph AICI3 + HCI (8.14) 

PhS02+AlCl4~;= —- PhS02+ + A1C14“ (8.15) 

The kinetics for substitution in the less reactive chlorobenzene were said to be 

consistent with the necessity for predissociation of the ionized complex (eq. 8.15). 

However, the kinetic argument given in support of this52 is incorrect, and also 

contradicts the view of the same workers that acylation by a similarly ionized 

complex would give second-order kinetics [see Section 6.7.l.(iii)]. While it is 

possible that predissociation occurs, the fractional order in A1C13 (and hence 

the complex) could, for example, be related to an anticipated lower tendency 

for complexing of the sulphone product bearing an electron-withdrawing group 
in the aromatic ring. 

The relative effects of substituents in the aryl ring of the sulphonyl halide 

are53 4-OMe 3.0, 4-1 0.7, 4-Br(Cl) 0.5, and 3-N02 0.06 (similar effects were 

observed in the reaction with naphthalene),543 and this is consistent with attack 

of the aromatic on the polarized complex [cf. acylation, Section 6.7.1(h)]. The 

kinetic isotope effect, kH:kD, of 0.8654b,c which indicated the last step of the 

reaction to be non-rate contributing may be in error; a more recent determination 

(for p-toluenesulphonylation) gave a value of 1.9-2.5.5 5 

Sulphonylation with alkylsulphonyl chlorides gives concurrent alkylation, 

and this is more significant the greater the stability of the alkyl cation.49,56 

Chlorosulphonylbenzoyl chloride, C102SC6H4C0C1, gives acylation rather 

than sulphonylation,57 although this does not necessarily show that the former 

is the faster reaction, since the electrophile is this acylation has a much 

stronger electron-withdrawing group present than does the electrophile in 

sulphonylation. 

(ii) Sulphonylation in the presence of solvents 

With the sulphonyl halide no longer in excess, this now appears directly in 

the rate equations. For benzenesulphonylation in nitromethane, the greater 

polarity of the medium could be expected to facilitate ionization of the 

halide-catalyst complex (eq. 8.15). With very reactive aromatics, e.g. mesitylene, 

the kinetics of benzenesulphonylation are zeroth order in aromatic and second 
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order overall, rate = k2[AlCl3][PhS02Cl], whereas for compounds of the 

reactivity of benzene or less, the kinetics are third order, rate = 

/c3[ArH][AlCl3][PhS02Cl].58 In the former case, ionization of the complex 

(eq. 8.13) is the rate-determining step, whereas for reaction of less reactive 

aromatics, the ionization is fast compared with subsequent reaction of the 

electrophile with the aromatic (eq. 8.14), which is then rate determining.58 The 

kinetic isotope effect, kH:kD, was reported as ca 1.0 for benzenesulphonylation 

in the solvents PhN02, MeN02, and CFC13.55,59,60 However, a more recent 

determination for p-toluenesulphonylation gave values of 1.5 (MeNOz) and 3.3 

(CH2C12).61 
For p-toluenesulphonylation in dichloromethane, the kinetics were also 

third order, but i.r. showed no evidence of free cations, and substantial kinetic 

isotope effects (2.0-2.8) were also obtained. Reaction appears here to involve 

rate-determining attack of the aromatic on the halide-catalyst complex, with 

proton loss from the intermediate being partially rate determining.62 

8.8.2 Substituent Effects 

These show a number of inconsistencies which suggest that the mechanism 

is particularly dependent on the conditions, and mixing control (Section 2.10) 

may also be involved. 

For benzenesulphonylation of toluene in nitrobenzene, the toluene:benzene 

rate ratio is 8.0, and partial rate factors (ortho, meta, para) are 6.8, 2.1, and 30.2, 

respectively; alkylbenzenes gave the Baker-Nathan activation order,58 as 

expected under the highly solvating conditions (Section 1.4.3). These data 

suggest, unexpectedly, that the electrophile is more reactive than the nitronium 

ion, and it is possible that mixing control is involved. For example p-methoxy- 

benzenesulphonylation gave a toluene:benzene rate ratio of 82, whereas 

p-nitrobenzenesulphonylation gave a ratio of only 2.8,63 and mixing control 

is clearly implicated in the latter reaction. (Similarly, sulphonation by 

Et2NS02Cl gave a ratio of 42, whereas with EtS02Cl a ratio of only 3.8 was 

obtained.63) 

p-Bromobenzenesulphonylation (no added solvent) gave a toluene:benzene 

rate ratio of 41.3,5 3 indicating that a less reactive electrophile is involved than 

in benzenesulphonylation. However, if the electrophile was the free cation, it 

should be more reactive, so nucleophilic displacement by the aromatic upon 

the electrophile complex may occur here. Methanesulphonylation gives a 

para:meta ratio of 2.450 (cf. 7.2 for benzenesulphonylation), showing the 

electrophile to be less selective and therefore more reactive, which is not 

consistent with both reagents substituting by the same mechanism, since the 

positive charge on sulphur should be greatest in benzenesulphonylation. The 

lack of ortho substitution of halobenzenes in methanesulphonylation50 is 



OXYGEN, SULPHUR, AND SELENIUM ELECTROPHILES 337 

presumably due to the lack of demand for resonance stabilization of the 
transition state under these conditions. 

Partial rate factors (/„, fp) for p-toluenesulphonylation of toluene in various 

solvents are —, 52.5 (CH2C12), 12.6, 31.4 (MeN02), and 16.0, 38.3 (PhN02), 

and under the former conditions, /pcl =0.224, /pBr = 0.164.61 

8.9 SULPHONATION 

Sulphonation is an important electrophilic substitution because it is easy to 

carry out, is very sterically hindered, and the sulphonic acid products are 

uniquely water soluble. The latter property is particularly valuable for dyestuffs, 

many of which are therefore sulphonic acids. The bulk of the sulphonic acid 

group makes it an excellent blocking group, forcing subsequent electrophilic 

substitutions to take place at remote sites, the sulphonic acid being subsequently 

removed by acid (protiodesulphonation, Section 4.12). This latter demonstrates 

another feature of the reaction, namely that it is reversible. 

The severe steric hindrance to sulphonation gives rise to two other aspects. 

First, the reaction products tend to rearrange to the thermodynamically most 

stable isomers,64~67 i.e. those in which steric hindrance is less. The best known 

example of this is the rearrangement, on heating, of naphthalene-1-sulphonic 

acid to the 2-sulphonic acid. This may occur alongside normal substitution so 

that whereas sulphonation of naphthalene with concentrated H2S04 at 80 °C 

gives 96% of the 1-sulphonic acid, at 165 °C 85% of the 2-sulphonic acid is 

obtained.68 The substitution pattern in sulphonation tends to be atypical for 

an electrophilic substitution, not only as a result of having this thermodynamic 

rather than kinetic control of substitution, but also because of both the severe 

steric hindrance, and the reversibility of the reaction; the strong acid conditions 

may also cause migration of alkyl groups during substitution. 

Sulphonation may be accomplished by using either concentrated aqueous 

sulphuric acid, fuming sulphuric acid, S03 in aprotic solvents, or halosulphonic 

acids. Disubstitution can occur and other byproducts, produced to varying 

extents when free S03 is present, are sulphonic anhydrides (from intermolecular 

dehydration of monosulphonic acids, or intramolecular dehydration of ortho- 

disulphonic acids) and diaryl sulphones [from electrophilic substitution by the 

sulphonic acid (or sulphonyl chloride that can be produced when chloro- 

sulphonic acid is used)]; the sulphones may also be further sulphonated. 

8.9.1 Mechanism of Sulphonation 

Elucidation of the mechanism of sulphonation is complicated by the large 

number of species that may be present under the reaction conditions, especially 
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in sulphuric acid; the topic has been reviewed.69,70 The bulk of the electrophile 

means that in the SE2 mechanism for substitution (eq. 2.4), /c_ x becomes large 

relative to k2, and a kinetic isotope effect results (see Section 2.1.3). Kinetic 

isotope effects have been measured both intermolecularly and intramolecularly, 

i.e., in the latter case the relative amount of substitution at two equivalent sites, 

one of which is deuteriated, in a symmetrical molecule gives the isotope effect. 

As in other electrophilic substitutions, the isotope effect increases with increasing 

hindrance to substitution, as a result of the increase in k_x. The ortho:para 

ratios for sulphonation vary markedly with conditions, indicating that the 

electrophile differs accordingly.67 

(i) Sulphonation by sulphur trioxide in aprotic solvents 

Sulphur trioxide forms complexes with MeN02, PhN02, and 

1,4-dioxane, but not with halogenated solvents. Sulphonation in each of these 

solvents produces the pyrosulphonic acid ArS020S020H due to complexing 

of S03 with the sulphonic acid, and the problem is that it is not possible to 

ascertain at what stage this occurs. 

For sulphonation in halogenated solvents, the reaction is first order in both 

aromatic and S03,71 consistent with the mechanism given by eq. 8.16. Since 

sulphonic acids and S03 react to give crystalline solids,72 it is feasible that 

complexing with the S03 occurs after formation of the sulphonic acid. However, 

Bosscher and Cerfontain have proposed that the second molecule of S03 is 

attached in a fast step prior to transfer of the proton from the aromatic ring 

to the sulphonate anion.71 The proton transfer step is not rate-limiting except 

when the reaction site is significantly hindered sterically. Thus values of kH:kD 

(at ca — 35 °C) are 1.23 (benzene), 1.1 (1,4-dichlorobenzene),60’71 2.0 

(naphthalene), and 3.1 (1,2,4,5-tetramethylbenzene);73 with S03 in dichloro- 

ethane, naphthalene gave a value of 1.23 at — 5°C (although this was thought 

to be due to a secondary effect since octadeuterionaphthalene was used).74 

_ -> ArS03H 
so3- 3 

(8.16) ArH + S03 

Hinshelwood and coworkers75 found sulphonation in PhN02 to be second 

order in S03, and this order has been found also when using MeN02 and 

1,4-dioxane as solvents.76 This is consistent with one molecule of S03 assisting 

polarization of the other,75 this behaviour being common for electrophilic 

substitutions involving formally neutral electrophiles; the second molecule of 

SO3 cannot assist removal of the proton in a rate-determining step (cf. ref. 75) 

since a large kinetic isotope effect would then be observed. 

By contrast, Cerfontain70 proposed the mechanism given by eqs 8.17-8.19, 
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in which 8.18 is rate limiting and 8.17 is fast.70 

ArH + S03 

Ar 
+/H 

\S03- 
+ S03 

fast 

Ar 

slow 

^ Ar 

+/H 

^so3- 
+/H 

’S2Og 

(8-17) 

(8.18) 

Ar ArS2OeH (8.19) 

The last step of the reaction is relatively fast but becomes rate-limiting when 

the reaction site is sterically hindered. Values of the kinetic isotope effect, kH:kD, 

that have been obtained in MeN02 at 0 °C are 1.1 (benzene),60 1.2 (mesitylene),77 

5.6 (1,2,4,5-tetramethylbenzene),73 and 1.8 (naphthalene);73 benzene also gave 

a value of 1.35 in PhN02 at 25 °C.60 In dioxane, values obtained were 3.8 

(l,6-methano[10]annulene, 12 °C) and 7 (anthracene, 40 °C).73 

(ii) Sulphonation by sulphuric acid 

The rate of sulphonation by sulphuric acid increases as the concentration 

increases, but there is a dramatic rate increase in the region of 100 wt-% acid.78,79 

This suggests that the mechanism in sulphuric acid containing free water is 

different from that containing free S03. Sulphonation in sulphuric acid is 

accompanied by protiodesulphonation, which has a higher activation energy 

at any given acid concentration. The difference in activation energies increases 

with increasing acidity, and consequently the rates of desulphonation increase 

less readily with increasing acid concentration than do rates of sulphonation.80 

In aqueous sulphuric acid no byproducts are produced. 

There have been a large number of studies of the mechanism of sulphonation 

in sulphuric acid media,79-85 and a variety of conclusions reached concerning 

the mechanism. Unravelling the mechanism is a formidable kinetic task because 

the reaction products are difficult to isolate, desulphonation may be occurring, 

the formation of water during the kinetic runs causes the rate coefficients to 

decrease with time, and there are a large number of species present. Any 

equilibrium which produces a water molecule then requires a further molecule 

of sulphuric acid to ionize the water via eq. 8.20. 

h2o + h,so4_ -^h3o+ + hso4 (8.20) 

Hence equilibria leading to possible sulphonating species are eqs 8.21- -8.24. 

2H2S04,— h3so4+ + hso4 (8.21) 

2H2S04,— SO3 + H3CU +hso4 (8.22) 

3H2S04,— --HS03+ + H30+ +2HS04- (8.23) 
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4H2S04^=^S206 + 2H30 + +2HS04" (8.24) 

S03 + H2S04^=^H2S207 (8.25) 

Many of the conclusions of earlier work were shown subsequently to be deficient 

to various extents.69 The following is the current view; the nature of the 

electrophile cannot be precisely defined under some conditions since it may be 

represented in different ways which are nevertheless kinetically equivalent: 

(a) The electrophile is predominantly H3S04+ in <80wt-% acid, changes to 

predominantly H2S207 in > 85 wt-% acid,83 85 and in oleum it is S03.82 Thus 

with increasing acidity the electrophile progresses from S03 solvated by H30+, 

then by H2S04, through to the poorly or unsolvated species. Consistent with 

this interpretation is the fact that the concentration of H2S04 becomes greater 

than that of H30+ in ca 91 wt-% acid,86 and the rate of hydrogen exchange 

(dependent on the proton concentration) increases less with increasing acidity 

than does the rate of sulphonation.87 Moreover, the very much higher reactivity 

of unsolvated S03 accounts for the dramatic increase in sulphonation rate at 

100 wt-% acid, noted above. 

These studies necessitated the use of a range of aromatics of decreasing 

reactivity with increasing acid strength; the acid strength at which reaction 

occurs predominantly by one electrophile changes to reaction via another 

depends on the reactivity of the aromatic. 

(b) Since the electrophile changes with acidity, changes in isomer ratios with 

acidity could be expected. This is found, and S03(H30+) appears to be bulkier 

than S03(H2S04) since the ortho'.para ratios for toluene88 and ethylbenzene,89 

and the 3:4 ratio for o-xylene,90 each decrease with decreasing acidity. The 

changes in the ratios do not give a direct measure of the relative sizes of the 

electrophiles, however, since S03(H30+) is the less reactive and hence more 

selective electrophile, as shown by the fact that the a:/? reactivity ratio for 

naphthalene increases with decreasing acidity.91 It is also possible, although this 

has not been considered previously, that the decreasing proportion of ortho 

substitution with decreasing acidity is not due to involvement of a larger 

electrophile, but rather to protiodesulphonation (which is sterically accelerated 

and therefore faster at ortho positions) being more important at lower acidities 
(Section 4.12). 

(c) Measurements of kinetic isotope effects in these media is complicated in 

principle by the occurrence of acid-catalysed hydrogen exchange. However, at 

high acidities this is less significant and values of kH:/cD of 1.6-2.1, independent 

of acidity, were obtained for sulphonation of aryltrimethylammonium ions and 

nitrobenzene at 25 °C;82 for sulphonation of chlorobenzene, values of 1.25 

(95 wt-% acid) to 2.5 (97.5 wt-% acid) have been reported, and this is consistent 

with the fact that the concentration of the base HS04~ becomes very low at 
around these acidities.83 

The mechanism is therefore believed to vary with conditions in a manner 

unique for an electrophilic substitution, as follows. 
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In < 85 wt-% acid the mechanism consists of eqs 8.26-8.28: 

slow U 

ArH + H3S04+^^Ar+^ +H30+ (8.26) 
so3 

_,J-J fast 

Ar\cn _ +HS04- ;=^ArS03“ +H2S04 (8.27) 

fast 

ArS03~ +H30+ ^=^ArS03H + H20 (8.28) 

In 90-97 wt-% acid the electrophile becomes H2S04-solvated S03, so the first 

step of the mechanism is replaced by eq. 8.29: 

slow 

ArH + H2S2Ovu=±Ar+;^ +H2S04 (8.29) 
oU3 

In 97-100 wt-% acid the observed isotope effect indicates that removal 

of the proton from the intermediate is rate limiting, hence reaction of the 

electrophile with the aromatic (eq. 8.29), is now fast, and eq. 8.27 is slow. 

In oleum, the electrophile is thought to be unsolvated S03 which, being more 

reactive than the solvated species, reacts with the aromatic in a relatively fast 

step (eq. 8.30), followed by eqs 8.27 and 8.28, one of which must be a slow step. 

fast 

ArH + S03^=^Ar+ _ (8.30) 
ijU 1 

(iii) Sulphonation by halosulphonic acids 

Fluorosulphonic acid, HS03F, readily dissociates into HF and S03,92 so is 

not a sulphonating reagent of choice. It is a more powerful sulphonating species 

than concentrated sulphuric acid93 and gives sulphonic acids, sulphones, and 

sulphonyl fluorides,94 but there have been no mechanistic studies. 

Chlorosulphonic acid similarly gives sulphonic acids, sulphones, and 

sulphonyl chlorides, the latter being formed only in the presence of an excess 

of chlorosulphonic acid.95 An earlier mechanism proposed for formation of the 

sulphonyl chloride (eqs 8.31 and 8.32)96 is incorrect since the reaction given 

by eq. 8.32 has been shown to be slower than the observed overall rate of 

formation of the sulphonyl chloride.97 Chlorosulphonation of benzene or toluene 

in 1,2-dichloroethane is first order in aromatic and third order in chlorosulphonic 

acid, the latter order probably being due to the formation of the ion pairs as 

the electrophile, as shown in eq. 8.33; in this work toluene was five times as 

reactive as benzene. 

ArH + HS03C1 — —-ArS03H + HC1 (8.31) 

ArS03H + HS03C1 —^ArS02Cl + H2S04 (8.32) 

3C1S03H —*so2cr + 2so3cr + h3o+ (8.33) 
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A study of the sulphonation of toluene, benzene, chlorobenzene, and o-xylene 

by CISO3H in CH2C12 indicated the electrophile to be C1S206H, whereas in 

MeN02 as solvent it appeared to be MeN02S03 + . Under the latter conditions 

the p factor for the reaction is ca — 10.98 Sulphonation of benzene with 

chlorosulphonic acid gave kinetic isotope effects, kH:kD, of 1.55-1.70.61 

Sulphonation also occurs with sulphuric acid in acetic acid or TFA." In 

mixtures of Ac20 with H2S04, oleum, or C1S03H, or of S03 or oleum in 

AcOH, the reagent apparently is acetylsulphuric acid, AcOSO2OH.10° 

8.9.2 Substituent Effects 

Partial rate factors for sulphonation vary widely according to the conditions, 

e.g. the relative reactivity of toluene to benzene decreases from ca 100 in 79.0 wt-% 

acid to 30 in 97.0 wt-% acid.101,102 This accords with the belief that the 

electrophile, and the mechanism for sulphonation vary with conditions. It is 

important, though, to be certain that both substrates are completely soluble in 

the reaction medium, which is a poor solvent, especially at low acidities. 

(i) Alkyl substituents 

Partial rate factors for sulphonation of alkylbenzenes are given in Table 8.2; 

values of fpMe have also been determined as 301, 150, and 140 in 81.9, 85.5, and 

86.3 wt-% H2S04, respectively.73 

The Baker-Nathan activation order is obtained due to steric hindrance to 

solvation in the highly solvating medium (see Section 1.4.3), and this presumably 

Table 8.2 Partial rate factors for sulphonation of alkylbenzenes, PhR 

R fo L fP Conditions T/° C Ref. 

Me 57 11 2100 CISO3H in MeN02 25 98 
68 12 2400 CISO3H in MeN02 0 98 

114 13 3100 CISO3H in MeN02 -25 98 
6.0 10.4 182 S03 in S02 -10 104 

69 6.7 490 77.8 wt-% H2S04 25 105 
63.4 5.7 258 82.3 wt-% H2S04 25 101 

51 4.1 174 84.3 wt-% H2S04 25 105 
37 3.0 84 89.1 wt-% H2S04 25 89,103 

Et 16 82 89.1 wt-% H2S04 25 89,103 
i-Pr 0.8 28 89.1 wt-% H2S04 25 89,103 
f-Bu 0 3.0 53 86.3 wt-% H2S04 25 103 

0 1.5 18 89.1 wt-% H2S04 25 89,103 
t-BuCH2 1.2 5.7 82 89.9 wt-% H2S04 25 106 
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also accounts for the lower activation by the neopentyl substituent relative to 

tert-butyl, since hydrogen exchange (Section 3.1.2.1) shows that the electron 

release by these substituents is in the reverse direction. The relative proportions 

of substitution ortho to these substituents also confirms the greater steric 
requirement of the tert-butyl substituent. 

The proportion of ortho substitution decreases with increasing acidity due 

to increasing steric requirements of the electrophiles as noted above. For 

tert-butylbenzene, the para'.meta substitution ratio, which decreases on going 

to stronger aqueous H2S04, increases above 100wt-% acid, reinforcing the 

proposal that there is a change in mechanism at this acidity.103 The large steric 

requirement for sulphonation is also confirmed by the percentages of ortho 

substitution for toluene, which are 6% (using C1S03H, FS03H, H2S2Ov, 

PhS2OeH, and MeS2OeH) and ca 13% (using S03 in MeNO2).10? The latter 

decreases with increasing temperature, as was also found using S03 or C1S03H 

in various solvents.108 

In sulphonation of PhNMe3+ in oleum, a 4-Me substituent increased the 

reactivity 406-fold and 240-fold in 100.9 and 102.6 wt-% H2S04, respectively.82 

Here methyl is ortho to the reaction site, so these are extremely large f0 values, 

especially in a reaction that is very sterically hindered, and wholly different 

from those obtained in the aqueous acid. In sulphonation of nitrobenzene, the 

activating effect of a 4-Me substituent was only 28-fold owing to protonation 

of the nitro group in the methyl derivative, but not in nitrobenzene itself.82 

Correction for this gives an activation of ca 210-fold, again very large for a f0 

value. For sulphonation of nitrobenzene by S03 in PhN02 at 40 °C, a 4-Me 

substituent also gave a large (121-fold) activation, whilst 4-OMe (i.e. ortho 

methoxy) activated 8.0 x 105-fold.82 

(ii) Polyalkyl and cyclialkyl substituents 

The relative rates of sulphonation of some polymethylbenzenes (Table 8.3) again 

show the decreasing rate spread with increasing acidity. This variation is also 

shown by the isomer yields given in Scheme 8.1; the high steric hindrance causes 

marked departures between calculated and observed partial rate factors for 

sulphonation in 90.1 wt-% acid, especially at the 2-position of m-xylene (40-fold), 

and at the highly buttressed 4-position of 1,2,3-trimethylbenzene (20-fold).109 

The 5-position of 1,2,4-trimethylbenzene was also 17.5-fold less reactive than 

predicted, attributed to an ‘earlier transition state’ than that for reaction of 

benzene and toluene upon which the calculations were based. However, 

hydrogen exchange results (Section 3.1.2.2) show that even for a reaction of 

much higher p factor this produces only a minor discrepancy, and it is significant 

that in sulphonation the reactivity of the buttressed 6-position was almost 

exactly that predicted, suggesting that an experimental artifact accounts for 

the anomalously low reactivity of the 5-position. Partial rate factors for 
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Table 8.3 Relative rates for sulphonation of polymethylbenzenes, ArR, by H2S04 
of different concentrations 

R 77.8 wt-%90’101 81.5 wt-%79’83 84.3 wt-%90’101 

H 1.0 1.0 1.0 
Me 106 47 25 
1,4-Me2 265 210 180 
1,2-Me2 387 236 — 

1,3-Me2 1660 840 620 
1,2,4-Me3 — 808 530 
1,2,3-Me3 — 1200 660 
1,3,5-Me3 — 2750 1020 

sulphonation of o-xylene by C1S03H in MeN02 are 230 and 11 800 at the 3- 

and 4-positions, respectively,98 indicating the electrophile to be much less 

reactive and more hindered under this condition. 

90.i wt—% h2so4: 

Scheme 8.1 Isomer yields in sulphonation of polyalkylbenzenes.109 

Sulphonation of polyethylbenzenes showed similar features to the above, and 

in addition the sulphonic acids derived from 1,2,3,5- and 1,2,4,5-tetraethyl- 

benzenes were unstable owing to the extreme steric hindrance. Conse¬ 

quently, in 98.4 wt-% H2SQ4 they underwent rearrangement to give, in each 

case, 2,3,4,5-tetraethylbenzenesulphonic acid.110 It is notable here that the 

steric hindrance to the formation of the sulphonic acids parallels that found 

for the methylbenzenes, as indicated by the observed calculated reactivity 

ratios noted above. Sulphonation of polyisopropylbenzenes under the same 
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conditions gives even more hindered products so that here those derived from 

the trialkylbenzenes are unstable and rearrange (accompanied by some dealkyl¬ 

ation), whereas those derived from the tetralkylbenzenes dealkylate.111 Thus, 

2.3.5.6- tetraisopropylbenzenesulphonic acid gave 2,4,5-triisopropyl- and 3,5- 

diisopropylbenzenesulphonic acids, each of these being formed also from 

2.4.6- triisopropylbenzenesulphonic acid. 

t-Bu S03H 

(8.34) 

Sulphonation of poly-tert-butylbenzenes shows additional features due to the 

extreme difficulty of substitution ortho to the tert-butyl group. Thus, sulphon¬ 

ation of 1,3- and 1,4-di-tert-butylbenzenes by 103wt-% acid (eq. 8.34) gives rise 

to dealkylation, alkyl group migration, and substitution meta to the alkyl 

groups.112 The use of oleum for this study produced substantial amounts of 

sulphonic anhydrides (both intermolecular and intramolecular) as byproducts. 

Sulphonation of benzcycloalkenes by sulphuric acid113 contrasts with other 

electrophilic substitutions in that indane does not exhibit abnormally low 

reactivity of the position a to the side-chain, compared with o-dialkylbenzenes 

and tetralin (cf. Section 3.1.2.3). Thus for o-xylene, indane, tetralin and 

benzsuberane the fa: fp values were 0.43, 0.67, 0.86, and 0.26, respectively. This 

is due here to the importance of the reduced steric requirement of the a-position in 

indane, a view reinforced by the results obtained using S03 in MeN02, 

conditions giving much greater steric hindrance, the corresponding ratios being 

0.07, 0.18, 0.13, and 0.03. Thus the bulkiest substituents give much lower ratios, 

whilst indane gives the highest ratio in the group. Sulphonation of benzcy- 

clobutene by S03-dioxane in CFC13 or by S03-MeN02 in MeN02 gives an 

ipso:3-:4-substitution ratio of 25:5:70, so that here the effect of strain outweighs 

any other consideration. The ipso substitution gives rise to the sultone of 2- 

phenylethylbenzene-o-sulphonic acid (4, R = H).114 

(4) (5) 
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(iii) Substituted alkyl groups 

Values of f0:fp115 show that steric hindrance to substituents increases 

along the series Me < CH2Me < (CH2)2R < CH2CHR2 « CH2Ph < CH2Bu-t 

and cyclobutyl < cyclopentyl < cyclohexyl« CHMe2« CHMePh < CHPh2, as 

expected. For compounds Ph(CH2)„Ph, the amount of ortho substitution 

increases, as expected, with increasing n.116 Sulphonation of 9,10-dihydro- 

anthracene, 10,ll-dihydro-5H-benzo[a,d]cycloheptene (5) and fluorene gave in 

each case the disulphonic acid, with one S03H group in each benzenoid ring. 

For fluorene the monosulphonation pattern paralleled that for hydrogen 

exchange (Section 3.1.2.10), except that the amount of 4-substitution was reduced 

through steric hindrance. Sulphonation of triptycene confirmed the low a:/? 

Table 8.4 Partial rate factors for sulphonation 
Ph(CH2)„X 

of compounds 

X n fo fm fp 

S03H 0 <0.04 x 10'8 4.0 x 10'8 0.2 x 10'8 
1 0.19 x 10'4 2.3 x 10'4 4.6 x 10'4 
2 0.07 0.03 1.9 
3 0.6 0.32 15 
4 6.0 49 
5 12.3 64 
6 14.1 86 

0S03H 2 <0.1 3.5 
3 1.5 21 
4 4.3 46 
5 12 75 
6 12 93 

10 24 130 

no2 0 ^4 x 10“13 9 x 10'11 3 x 10'12 
2 0.03 0.07 1.0 
3 0.7 0.8 20 

nh3+ 0 7 x 10"11 2 x 10'9 4 x 10'9 
1 1.2 x 10'5 1.3 x 10'4 1.8 x 10'4 
2 0.017 0.027 0.39 
3 0.6 0.5 13.4 
4 2.4 1.8 62 

NMe3 + 0 <4 x 10'12 16 x 10'11 6 x 10'11 
1 5 x 10'8 10x 10'7 4 x 10'7 
2 ~5 x 10'3 0.018 0.18 
3 ~0.2 0.7 8.9 
4 ~0.6 1.8 52 
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reactivity ratio found in nitration and hydrogen exchange (Section 3.1.2.4).116 

In 90-98 wt-% H2S04 (H2S207), sulphonic acids Ph(CH2)„S03H are present 

in the non-ionized form, and partial rate factors (Table 8.4)117 increase regularly 

with increasing n, as expected; the f0: fp values also increase in this direction. 

Under the same conditions the corresponding alkanols, (PhCH2)„OH, are 

present as the hydrogensulphates and these gave very similar partial rate factors 

to the sulphonic acids (Table 8.4).117 The partial rate factors were necessarily 

obtained under a range of acidities, and consequently the relative values of one 

compound to another may have a significant margin of error. For the alkanol 

Ph(CH2)3OH in 98.4 wt-% acid the ortho derivative (obtained in 12% relative 

yield) undergoes a further series of reactions, involving the intermediate 

formation of alkenes and carbocations, to give, ultimately, the sultone 
(4, R = Me).118 

Partial rate factors for nitro compounds, Ph(CH2)„N02, and amines, 

Ph(CH2)„NH3+, and their AT-methyl derivatives also show a regular increase 

with increasing n.119 As in nitration [Section 7.4.3.(xii)], the methylated poles 

are less reactive than the unmethylated poles and this may be attributed to 

steric hindrance to solvation in the highly solvating media; in addition, the 

point charge in the unmethylated poles may be more easily dispersed by 

solvation. For n = 0, the nitro compound was more deactivating than for either 

of the corresponding poles, whereas for compounds with n = 2 or 3 the converse 

is true. This fact, coupled with the abnormally low reactivity of nitrobenzene, 

and the fact that its reactivity was determined in 102-108 wt-% acid, shows 

that nitrobenzene reacts here as the hydrogen bonded, or possibly even the 

protonated species. 

(iv ) Halogen substituents 

Sulphonation of halogenobenzenes requires fairly severe conditions, and 

consequently anhydrides are among the products obtained. The para-sulphonic 

acids are the main products due to steric hindrance. The strongly acidic 

conditions cause iodo compounds to protiodeiodinate, and this is followed by 

iodination of the starting material. Thus, for example, with 96 wt-% H2S04 

at 120°C iodobenzene gives 54% p-iodobenzenesulphonic acid and 32% p- 

diiodobenzene.120 Similarly, sulphonation of iodonaphthalene gives tri- and 

tetraiodonaphthalenes amongst the products,121 and iodotoluenes also 

deiodinate.122 
Partial rate factors for sulphonation are given in Table 8.5. A comprehensive 

study of sulphonation of halogenotoluenes by either 98 wt-% H2S04 at 25 °C 

or S03 in MeN02 at 0°C gave results which were largely independent of the 

reagent and in agreement with the predicted electronic and steric effects of the 

substituents.122 Compounds as unreactive as pentafluorobenzene may be 

sulphonated.123 
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Table 8.5 Partial rate factors for sulphonation of halogenobenzenes, PhX 

X ortho meta para Conditions Ref. 

F 0.013 <0.003 2.8 88-96 wt-% H2S04, 25 °C 123 
Cl 0.0016 0.010 0.39 88-96 wt-% H2S04, 25 °C 123 

0.009a -0.30 S03 in PhN02, 40 °C 75c 
0.32a 0.30a -4.1 100 wt-% H2S04 in PhN02, 124 

40 °C 
0.14 ClSO,H in MeN02, 25 °C 98 

Br -0.20 91 wt-% H2S04, 12 °C 85 
-0.26 S03 in PhN02, 40 °C 75c 

3.7 100 wt-% H2S04 in PhN02, 
40 °C 

124 

“Calculated assuming that the additivity principle applies. 

(v) Sulphonic acids 

There have been a number of studies of the sulphonation of sulphonic acids, 

additional to those described in Section (iii) above. The results are generally in 

line with prediction. For example, the reactivity order for polymethyl- 

benzenesulphonic acids is 2,3,4-Me3- > 2,4-Me2- > 2,3-Me2- > 2,4,5-Me3- > 

2,4,6-Me3- > 2-Me- > 4-Me-benzenesulphonic acid, the results showing 

the product of electronic and steric (especially buttressing) effects.125 The 

isomer distributions are, as usual, dependent on the sulphuric acid con¬ 

centration but approach constant values below 104 wt-% and above 115wt-% 

acid; in this latter region the substrate is believed to be ArS03H2 + . By 

assuming additivity, partial rate factors may be calculated for the effect of the 

methyl substituent in < 104 wt-% H2S04 as follows:126 f0, 250, 160, and 67; fm, 

11, 15, 56, 200; fp, 620, 8200.125 Various factors cause the values to be too variable 

to permit any meaningful conclusions. For example, the ortho value of 67 arises 

through buttressing, whereas the high para value of 8200 (derived from 2- 

methylbenzenesulphonic acid) is due to the S03H group being twisted out of the 

plane of the aromatic ring compared with benzene sulphonic acid itself; the very 
high meta values are clearly anomalous. 

Sulphonation of either 2- or 4-substituted benzenesulphonic acids with 115 wt- 

% H2S04 gave only the corresponding 2,4-disulphonic acid,126 whereas the 3- 

substituted acids sulphonated at the 4-, 5-, and 6-positions in positional yields 

commensurate with the electronic effects of the substituents (F, Cl, Br, Me, t-Bu, 

OMe, and NH3+).12 7 The use of oleum in this work also resulted in the formation 

of 4-substituted benzene-1,2-disulphonic anhydrides. 
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(vi) Biphenyl and derivatives 

Sulphonation of biphenyl by H2S04 in the acid range 81.5-90.6 wt-% acid was 

said to involve H3S04 + as electrophile up to an acid concentration of 86 wt-% 

but to change thereafter.128 [The evidence for his latter is, however, weak, since 

within the quoted experimental error a plot of log (/c/s-1) vs loga(H3S04+) is 

linear throughout the whole acid range.] In 86 wt-% acid fpPh was calculated as 

600 + 300, giving p — — 10 + 1.2. 

With H2S04 in MeN02 at 25 °C, biphenyl is sulphonated 1600, 240, and 380 

times more readily than the 2-, 3-, and 4-biphenylsulphonic acids respectively.129 

The enhanced former value arises because biphenyl is twisted out of coplanarity 

by the bulky o-S03H group. A more detailed study of sulphonation of 

biphenylsulphonic acids and other biphenyl derivatives in 86.8-95.0 wt-% 

H2S04 (in which the electrophile was said to be H2S207, but see above) gave the 

partial rate factors in Scheme 8.2; the sulphonic acid group is thought to react as 

the anion under these conditions.130 The reactivity of the 4-sulphonic acid 

relative to the 4-nitro compound parallels that found in desilylation (Table 4.2), 

which suggests that the S03H group reacts as the same species (whatever that 

may be) in both reactions. However, in contrast to desilylation, the C02H 

substituent is more deactivating than N02 in sulphonation, suggesting that here 

it is protonated (cf. ref. 130). There have been a number of other studies of the 

effects of substituents in sulphonation of biphenyl, all of which lead to the 

expected results.131 

0.26 SO.025 <0.034 0.007 0.055 0.005 

Scheme 8.2. Partial rate factors for sulphonation. 

The reactivities of the 4-positions is commensurate with the electron- 

withdrawing effects of the substituents, coupled with the twisting of the ortho- 

substituted acid out of coplanarity. However, the results for the meta positions 

are anomalous and suggest experimental error; in particular, the high reactivity 

of the 3'-position of the 2-sulphonic acid may refer to substitution at the 4- 
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position (which would not be conjugatively deactivated by the S03H group, itself 

twisted out of coplanarity with the benzene ring). 
The order of stability of biphenyldisulphonic acids towards isomerization in 75 

wt-% H2S04 at 140 or 180 °C is 2,3' < 2,2' < 2,4'« 4,4' < 3,3'.132 The instability 

of the 2-isomers follows from steric hindrance, whilst the greater reactivity of the 

3'- compared with the 2'- and 4'-isomers reflects the ease of electrophilic 

substitution, the process taking place via initial protiodesulphonation. The 

products were either the 4,4'- or the 3,4'-disulphonic acids. 

(vii) Hydroxy, methoxy, and amino substituents 

Phenols sulphonate either in the ring, or at oxygen. The latter occurs readily if 

there are electron-withdrawing substituents in the ring, although it is less 

common in ort/io-substituted compounds owing to steric hindrance. Ring 

sulphonation with H2S04 gives ortho and para products, and the ortho:para 

ratio decreases with increasing acid concentration and temperature, owing to 

thermodynamic control of the reaction products.133 Long reaction times and 

elevated temperatures lead, for the same reason, to as much as 38% of m- 

hydroxybenzenesulphonic acid.134a Ortho and para partial rate factors for 

sulphonation by 77.8 wt-% H2S04 (H3S04+) at 25 °C are 3400 and 7300 for 

phenol and 2000 and 7100 for anisole, respectively.134b These are relatively low 

and indicate that the substituents are hydrogen bonded with the solvent. The 

values of log f0 Tog fp (0.85, 0.91) are close to the theoretically predicted value 

(Section 11.2.4), the lower value for anisole being consistent with the result of 

steric hindrance. 

The effects of substituents in sulphonation of anisoles and phenols are very 

small,134b’135 consistent with the effect of differential hydrogen bonding; greater 

electron supply increases the bonding, which attenuates the normal rate increase 

which would otherwise be expected. 

In sulphonation of 2,6-disubstituted phenols with S03 in MeN02, the first- 

formed phenyl hydrogensulphate is converted to the sulphonic aicd via O- 

desulphonation followed by C-sulphonation if the phenol is in excess, but the 

sequence is reversed if S03 is in excess. The ratio of 3- to 4-substitution (which 

varied as expected according to the electronic and steric effects of the 

substituents) also varied according to conditions, probably as a result of variable 

electron release by oxygen, this being conformationally dependent.136 

Sulphonation of 4-hydroxyazobenzene takes place on an N-protonated 

species, but electron release from OH is sufficiently powerful to produce 4'- 

substitution; steric hindrance cannot account for the lack of 3-substitution (cf. ref. 
137). 

Amines undergo both C- and N-sulphonation and the thermodynamic 

stability of the products is likely to be more important for sulphonation of 

phenols in view of the greater steric hindrance. Thus mainly meta, para products 
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are obtained, with a high meta:para ratio;138,139 more ortho and less meta 

product may be obtained in the sulphonation of aniline (as the anilinium 

sulphate) by using weaker acids, even though higher temperatures are then 

necessary.140 Studies are complicated by complex formation between S03 and 

amines, and these complexes are thought to be intermediates on the reaction 

pathway for ring sulphonation.138 With sulphuric acid, amines also give amine 

hydrogen-sulphates, which on heating give the p-aminobenzenesulphonic acid 

(or the ortho compound if the para position is blocked).141 A pathway for amine 

sulphonation could therefore be that shown in eq. 8.35 involving a sulphamic 
acid intermediate.142 

PhNH3 + HS04- —PhNHS03H-> p-NH3 + C6H4S(V (8.35) 

This is supported by the finding that IV-alkylsulphamic acids will sulphonate 

anisole, aniline, and A,lV-dimethylaniline.143 However, a study of the sulphon¬ 

ation of sulphamic acids showed the presence of o- and p-sulphophenylsulphamic 

acids as intermediates, and the rate of sulphonation and the isomer distribution 

of the products depended on the H2S04 concentration.144 It seems, therefore, 

that the reaction proceeds via initial C-sulphonation and subsequent N- 
desulphonation. 

(viii) Polycyclics 

Partial rate factors for sulphonation of the 1- and 2-positions of naphthalene 

decrease from 1020 and 180 in 79 wt-% H2S04 to 540 and 110, respectively, in 

83.4 wt-% acid145 (note that the values were miscalculated in the original paper). 

The ratio log /i:log/2 (ca 1.33) is smaller than that found for reactions in which 

steric hindrance is either small or non-existent146 (Section 11.2.4), confirming 

that there is steric hindrance to 1-substitution. In stronger sulphuric acid, in 

which steric hindrance is considered to be less significant, the proportion of 1- 

substitution actually decreases, which is surprising.145 

Sulphonation of 1-methylnaphthalene by 90.1 wt-% H2S04 at 25 °C gives the 

positional reactivity order 4 > 2 > 5, which is in agreement with the predictions of 

hydrogen exchange [Section 3.1.2.13. (i)];109b 1-alkylnaphthalenes generally give 

mainly 4-sulphonation.147 Further substitution using stronger acids goes mainly 

in sites conjugated with the methyl group, but avoids sterically hindered 

positions, so the final products are the 2,4,7-, 2,4,6-, and 2,5,7-trisulphonic acids in 

76, 16, and 8% yields, respectively.1096. Sulphonation with S03 in MeN02 at 

12 °C gives > 95% of 4-substitution,1096 indicating much greater steric hindrance 

with this reagent. 
The reported sulphonation of 2-methylnaphthalene with 93 wt-% H2S04148 is 

anomalous. The positional order was said tobe7>8>6>3 = 4>l>5at0 °C, 

but this cannot be correct insofar as sulphonation of the ^-positions is concerned, 

since the 6-position should be much more strongly activated by the 2-methyl 
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group than should the 7-position (cf. hydrogen exchange, Table 3.22). Indeed, 

earlier reports of the sulphonation of 2-methylnaphthalene with 93-96 wt-% acid 

showed that 70-84% of substitution occurs in the 6-position.149 The low 

reactivity of the 1-position relative to the 8- and 4-positions is also unexpected and 

indicates severe steric hindrance here. 
The principal position of sulphonation of dimethylnaphthalenes150 is that 

which is predicted on the basis of the electronic effects of the methyl groups 

determined in hydrogen exchange [Section 3.1.2.13. (vi)], except where steric 

hindrance becomes of overriding importance. Thus the 2,6-Me2, 2,3-Me2, and 

1,8-Me2 compounds substitute in the 3-, 5-, and 4-positions, respectively, rather 

than the corresponding 1-, 1-, and 2-positions predicted. 

The greater conjugative activation by OH relative to Me, coupled with the 

lower steric hindrance, means that compared with the corresponding methyl- 

naphthalenes, 1 -naphthol gives proportionally more 2-sulphonation,151 whereas 

2-naphthol gives mainly 1- rather than 6-sulphonation;152 concentrated H2S04 

was used in each study. The effects of the amino substituent are only explicable in 

terms of substantial reaction occurring on the protonated amine. Thus sulphon¬ 

ation of 1-naphthylamine takes place mainly in the 5-position together with some 

in the 4-position,153 whereas sulphonation of 2-naphthylamine goes mainly in 

the 5- and 8-positions.154 

Sulphonation of naphthalenesulphonic acids (believed to react as the sulpho- 

nate anions) gives the partial rate factors shown in Scheme 8.3.155 For the 1- 

sulphonic acid, electronic and steric effects prevent substitution at the 2-, 3-, 4-, 

and 8-positions. Substitution occurs at the 5-position because the 1,5-conjugative 

interaction is very weak (cf. Table 3.23), and conjugative deactivation of the 7(/?)- 

position makes this less reactive than the 6(/?)-position. For the 2-sulphonic acid, 

conjugative and steric effects account for the absence of 1-, 3-, and 6-substitution, 

and conjugative deactivation of the 8(a)-position causes it to be less reactive than 

the 5(a)-position. The same order of positional reactivities is observed for 

sulphonation of the nitro156 and carboxyl157 derivatives, each of which has the 
same electronic effect as S03“. 

Sulphonation of acenaphthene is anomalous. With concentrated H2S04 at 

100 °C 5-substitution is obtained,158 although a more recent report (in which the 

yields were calculated from the disubstitution pattern because of solubility 

difficulties) gave the 3-position as the most reactive,159 and this is also true for 

Scheme 8.3 Partial rate factors for 

0.0133 0.007 

sulphonation of naphthalenesulphonic acids. 
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sulphonation with C1S03H in PhN02 at 0°C.158 Since the 5-position is 

intrinsically more reactive than the 3-position (Table 3.22), the results imply that 

there is appreciable steric hindrance to 5-substitution under some conditions. It is 

also significant that sulphonation of the 3-sulphonic acid gave the yields in (6),159 

for here the 6-position ( = 5-position) is more reactive than the 8-position (= 3- 

position), yet neither is conjugated with the S03H group; sulphonation of the 5- 

sulphonic acid (7) took place in the 3- and 8-positions,159 as expected. 

Sulphonation of anthracene with C1S03H-H0Ac gives equal amounts of 1- 

and 2-anthracenesulphonic acid, the 1:2-product ratio decreasing with increasing 

temperature;160 the 2-sulphonic acid has been isolated in sulphonation by 67% 

H2S04 at 130 °C.161 The absence of any substitution at the 9-position is due to 

steric hindrance which causes the reverse reaction, protiodesulphonation, to be 

very rapid in these protic media162 (an alternative explanation, that 9- 

sulphonation does not take place because this position is protonated, the cation 

produced then directing into the 1- and 2-positions,163 is untenable).164 

Under aprotic conditions, i.e. using S03-dioxane, the 1-, 2-, and 9-sulphonic 

acids are obtained in 26, 8, and 66% yields, respectively,164 which reinforces the 

above conclusion; use of S03-pyridine/isoparaffin gives substantially less of the 

9-isomer165’ 

The behaviour of 9-alkylanthracenes towards sulphonation is unpredict¬ 

able.166 Steric hindrance appears to make side-chain sulphonation and 

subsequent reactions more attractive in most cases, although 9-neopentylanth- 

racene did sulphonate in the 4- and 10-positions, presumably because here there 

is also steric hindrance to side-chain sulphonation. In some cases a sultone (8) 

is formed between the 10-position and the alkyl group in the 9-position.167 

Each of 1- and 2-methyl-, 1,2-, 1,3-, and 2,3-dimethyl-, and 2,3,6,7-tetra- 

methylanthracenes sulphonate in the expected positions after allowance is made 

(8) (9) (10) 
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for steric hindrance; 1,3-dimethylanthracene also gave some of the sultone 

9,166 understandable, like the formation of 8, in terms of substantial retention 

of aromaticity in the product. 
Early studies of sulphonation of phenanthrene showed that the positional 

reactivity order was168 3 > 2 > 9 > 1, which differs from the theoretical order 

(Table 3.20) because of steric hindrance (which also accounts for the complete 

absence of the 4-isomer). A more recent study showed that the order changes 

to 9> 1 >3 >2 as the concentration of H2S04 is increased,169 and this is 

consistent with the view that the electrophile changes to the less hindered 

H2S207 in these media. Sulphonation of a range of methyl-, dimethyl-, and 

tetramethylphenanthrenes170 gives positional reactivity orders entirely con¬ 

sistent with those predicted from data for hydrogen exchange (Tables 3.23-3.25), 

and the bond orders in phenanthrene, after allowance is made for steric hindrance 

(especially at the 4-position). The tetramethyl compounds disulphonated, as did 

4,5-ethanophenanthrene (10), the products here being the 1,6- and 1,8-disul- 

phonic acids in 30 and 70% yields, respectively.170 

Sulphonations of pyrene,171 perylene,172 chrysene,173 and fluoranthene174 

follow the predictions of hydrogen exchange (Table 3.17). Further substitution 

in perylene goes in the 9- and then the 10-position (both are conjugatively 

deactivated by the 3-S03H substituent, but the interaction is greater at the 

10-position). Conjugative activation of the 6- and 8-positions accounts for the 

observed sulphonation of 1-methylpyrene;175 some 3-sulphonation probably 
also occurs. 

Sulphonations of biphenylene (in which both sites are free of steric hindrance) 

goes exclusively in the 2-position, predicted by the hydrogen exchange data 

(Table 3.17).176 Interestingly, disulphonation gives the 2,6- and 2,7-disulphonic 

acids in the proportions 65:35476 It might be supposed (see ref. 176) that the 7- 

position ought to be very strongly conjugatively deactivated by the 2-S03H group 

relative to the 6-position, but structure 11 shows why this is not the case. 

Conjugative deactivation places a double bond in the four-membered ring, 

thereby increasing strain considerably, and this is unfavourable. 

'SOjH 
^^s°3h+ 

(11) 

Triphenylene sulphonates in the predicted (and unhindered) 2-position176,177 

(cf. hydrogen exchange, Table 3.17). Further substitution gives the 2,6-, 2,7-, and 

2,11-disulphonic acids in yields of 59, 1, and 40%, respectively. The low yield of 

the 2,7-isomer follows from the 7-position being conjugatively deactivated by the 

2-S03H group (12). The 11-position is in principle also conjugated with the 2- 
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position, but to achieve this involves complete loss of aromaticity giving structure 
13, which is therefore unimportant. 

(12) 

(ix) Annulenes and ferrocene 

Sulphonation of l,6-methano[10]annulene and its 11-fluoro- and 11,11- 
difluoro derivatives17 8 and of azulene179 takes place in the positions predicted by 
hydrogen exchange (cf. Section 3.1.2.16). Ferrocene has also been sulphonated, 
and disulphonation gives the l,l'-disulphonic acid,180 i.e. the electron- 
withdrawing SOaH group directs into the unsubstituted ring. 

8.10 SELENOCYANATION 

This reaction is the selenium equivalent of thiocyanation, but since seleno- 
cyanogen is less stable than thiocyanogen, the electrophilic reagent has to be 
generated in situ. The first study used triselenodicyanide prepared from lead 
selenocyanate and bromine, and this reacted with aniline and N, N- 
dimethylaniline in the para position (eq. 8.36).181 

C6H5NH2 + Se3(CN)2-> 4-CNSeC6H4NH2 + 2Se + HCN (8.36) 

Selenocyanogen may be prepared in situ from potassium selenocyanate and 
bromine, and this method was used to selenocyanate 2,6-di-tert-butylphenol in 
the 4-position.182 

8.11 SELENYLATION 

Reaction of arylselenium chlorides with either phenols183 or anilines184 
produces diarylselenides (eq. 8.37). 

ArSeCl + C6H5OH —> 4-ArSeC6H4OH + HC1 (8.37) 
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With electron-rich aromatics, phenylselenodimethylsulphonium tetrafluoro- 

borate, PhSeS + Me2 BF4~ at 0°C gives ca 50% yields of the para-substituted 

diarylselenide (eq. 8.38).185 In keeping with the electrophilic nature of the 

reaction, substitution goes ortho, para to NMe2 which activates more than Me or 

OMe. 

+ PhSeS+Me2 BF4 Me2N SePh + Me2S 
+ BF4 

(8.38) 

8.12 SELENONATION 

Selenonation is more difficult than sulphonation because selenium compounds 

are more strongly oxidizing than the corresponding sulphur compounds. 

Treatment of aromatic with selenium trioxide in S02 produces the para- 

substituted arylselenonic acids (eq. 8.39), together with diarylselenones and 

selenic acids.186 Selenonation may also be brought about by using selenic acid in 

acetic anhydride, and the reaction under these conditions (probably involving 

acetylselenic acid as electrophile) has similar selectivity to sulphonation with 

H2S04 in Ac20.187 

Se03 + PhX-» 4-XC6H4Se03H (8.39) 

(X = H, Me, Cl, Br) 
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CHAPTER 9 

Electrophilic Halogenation 

Halogenation is customarily brought about in one of three ways: (1) with 

molecular halogen, e.g. Br2; (2) with molecular halogen in the presence of a Lewis 

acid catalyst such as a metallic halide or iodine; or (3) with halogen that is more 

positively charged than in (2), such as Cl+, the solvated species Cl—OH2+, or 

CF+—OClaL 

The reactivity of the reagent increases from (1) to (3), and from I to F. A 

molecular halogen has a non-polar bond and is only weakly electrophilic; it 

requires a fairly strong donation of electrons from the aromatic nucleus in order 

that the reactants may surmount the activation energy barrier. In (2), a Lewis acid 

catalyst polarizes the inter-halogen bond as in structure (1), thereby rendering 

one of the two halogen atoms more electrophilic. In (3), this polarization is 

considerably more powerful: in the extreme case a free halogen cation may be 

present through complete polarization of the bond. 

Br-^Br^AlBr3 -♦ Br5+ •• Br••• AlBr3a" 

(1) 

The electrophilicity of a halogen atom X should therefore be increased as the 

electron-withdrawing ability of the atom to which it is bonded is increased, i.e. the 

order of reactivities should be XOH < XOX < XOAc < XX < XX (catalysed) 

< XOR2+ < X+; this order corresponds closely to that observed, but there are 

some exceptions that are noted later. 

Because there is a gradation in electrophilicity, it is not satisfactory to 

categorize halogenation as either ‘positive’ or ‘molecular’ in the traditional 

manner. The subsequent presentation emphasizes conditions of halogenation, 

and describes the nature of the electrophile under each condition insofar as this is 

known. 

9.1 FLUORINATION 

The fluorine—fluorine bond is particularly weak, so that reaction of elemen¬ 

tary fluorine with aromatics tends to involve very rapid free-radical chain 
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Table 9.1 Partial rate factors for fluorination of PhX by F2-N2 in CFC13 at — 78 °C 

X ortho meta para X ortho meta para 

Me 8.5 1.55 8.2 OMe 123 8.1 76.1 
CN 0.018 0.041 0.017 F 0.26 0.16 1.56 
no2 0.005 0.041 0.011 Cl 0.19 0.77 0.44 

CF3 0.014 0.058 0.036 Br 0.08 0.61 0.43 

processes, with consequent explosions. Three techniques have therefore been 

devised to overcome this difficulty. The first used CF3OF (which would be 

polarized as F5 + — OCF^-) and with 2-acetylaminonaphthalene a 50% yield of 

the 1-fluoro derivative was obtained.1 The 1-position in this compound is the 

most activated towards electrophilic substitution. 

The second method uses solutions of fluorine in an inert medium. With MeCN 

at low temperature an electrophilic substitution pattern was obtained for nitro- 

and fluorobenzenes, although toluene gave a very high ortho:para ratio,2 

indicating that radical processes were involved. Use of fluorine in nitrogen, TFA, 

or TFA-BF3 at low temperature gave typical electrophilic substitution patterns 

for nitrobenzene, trifluoromethylbenzene, benzoic acid, and toluene, although 

again the latter gave a high ortho:para ratio indicative of the involvement of 

radicals.3 Re-examination of this method using very dilute ( > 1 mol-%) solutions 

of fluorine in nitrogen or argon at low temperature in various fluorocarbons as 

solvents, and allowing the reaction to proceed to less than 0.01%, gave the partial 

rate factors shown in Table 9.1. These gave a good correlation with o+ values 

with p = — 2.45;4 this is equivalent to a value of — 1.60 at 25 °C, so the reagent is 

very unselective, indeed the least selective of all electrophiles. Since there should 

then be little demand for conjugative electron release from the substituents, the 

reactivity at the ortho positions of the halogenobenzenes indicates a significant 

steric effect (cf. the discussion of hydrogen exchange of these compounds, 

Section 3.1.2.5). The high reactivity of the ortho position of anisole parallels its 

behaviour in nitration under some conditions, where coordination of the 

electrophile with the substituent is believed to be responsible. 

The third method uses xenon difluoride in CC14 or CH2C12 as the fluorinating 

reagent and gives reasonable yields with typical electrophilic substitution 

patterns. The reaction is catalysed by HF (which presumably polarizes the 

xenon—fluorine bond) and may involve a radical cation as the electrophile since 

biphenyls and polyphenyls are among the reaction products.5 

9.2 CHLORINATION 

A wide variety of chlorination methods are available. Because many 

chloroaromatics are important fine chemicals and pharmaceuticals, recent 



ELECTROPHILIC HALOGENATION 365 

developments have concentrated on ways of chlorinating specific sites in 

aromatics (especially phenols and their ethers) in order to minimize isomer 

separation procedures and to avoid producing byproducts with difficult disposal 
problems. 

9.2.1 Chlorination by Hypochlorous Acid, its Esters 
and Acetyl Derivative 

(i) Hypochlorous acid 

Chlorination by hypochlorous acid, HOC1, is catalysed by mineral acids,6 by 

Cl-, and by CIO-, the last two due to the formation of Cl2 (eq. 9.1)7 and C120,8 

respectively. In the absence of these nucleophiles the kinetics for reactive 

aromatics such as anisole, phenol, and p-dimethoxybenzene followed eq. 9.2 at 

low aromatic concentrations (< 0.1 m) and eq. 9.3 at higher concentrations.5 

HOC1 + H++C1-—>C12 + H20 (9.1) 

Rate = /c1[HOCl]+ /c2[HOC1][H+] (9.2) 

Rate = kt [HOC1] + k2 [HOC1] [H+] + k3 [HOC1] [H +] [ArH] (9.3) 

The three terms in eq. 9.3 represent fission of HOC1 to give Cl+, of H2OCl+ to 

give Cl+, and attack of the aromatic on H2OCl+, hence the last term becomes 

significant at higher aromatic concentrations. It also follows that as the 

concentration of the aromatic is decreased, the point at which the rate becomes 

independent of this concentration should be lower the more reactive is the 

aromatic, i.e. the most reactive aromatics remain effective in competing with 

OH- and H20 for Cl+ down to a lower concentration. This was observed, the 

concentrations at which a significant decrease in rate occurred being 0.05 M for 

methyl p-tolyl ether, 0.005 m for anisole, and 0.0015 m for phenol; for the most 

reactive compounds, e.g. methyl ra-tolyl ether, eq. 9.3 applied at all 

concentrations.9 

The alternative interpretation of the second term in eq. 9.3, i.e. that it 

represents a slow proton transfer to HOC1, has been ruled out on two grounds: 

first, the rate of this proton transfer is much higher than the first-order 

chlorination rate,10 and second, the third term should disappear when the 

reactivity of the aromatic is very high since then the reaction responsible for the 

second term would be dominant.9 

Support for Cl+ being an electrophile comes from measurements of solvent 

isotope effects, the rate of chlorination in H20 being only half that in D20, 

consistent with the higher acid dissociation constants of protium- than 

deuterium-containing substrates, appropriate to formation of Cl+ being rate¬ 

determining; if the formation of H2OCl+ was rate-determining the rate would 
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have been slower in D20.u This kinetic evidence, however, is difficult to 

reconcile with thermodynamic calculations of the equilibrium constants for the 

formation of either Cl+ or H2OCl + .10 These lead to concentrations for the two 

species which are so low that neither could conceivably be the attacking entity. 

The calculations for H2OCl+ could be in error,12 but Cl+ appears to be ruled out 

as an electrophile; ClAgCl+ has been suggested as an alternative positive 

chlorinating species in acidified HOC112 (silver perchlorate is added to minimize 

the concentrations of Cl- and CIO-). 

Reinvestigation of the mechanism using anisole as substrate has indicated a 

different kinetic form (eq. 9.4).13 Here there are terms bimolecular in HOC1 and 

these have been interpreted in terms of rate-determining formation of chlorine 

monoxide, the anhydride of hypochlorous acid (eq. 9.5); the third term represents 

rate-determining attack of aromatic upon preformed H2OCl+, as before. The 

acceptance of this alternative mechanism stands or falls on its ability to explain 

why chlorination under these conditions is much less sterically hindered than 

chlorination with Cl2 (see Section 9.2.2). 

Rate = /c2[HOC1]2 + /c3[HOC1]2[H+] + k'3[HOCl][H+][ArH] (9.4) 

2H0C1^±C120 + H20 (9.5) 

(ii) Esters of hypochlorous acid 

tert-Butyl hypochlorite is the most stable ester of HOC1 and can be distilled. It 

may be prepared by reacting chlorine with tert-butyl alcohol in the presence of 

calcium carbonate to remove HC1. The selectivity of an acidified solution of tert- 

butyl hypochlorite is similar to that of an acidified solution of hypochlorous acid, 

indicating that the electrophile is the same under both conditions.14 By contrast, 

when the reagent is used under non-acidic conditions the selectivity resembles 

that of molecular chlorine.14 

A study of the chlorination of anisole and phenol with tert-butyl hypochlorite 

showed that the ortho:para ratio for the former (0.65) was independent of acidity, 

whereas for phenol it varied from 0.43 at pH 4.0 to 4.3 at pH 10. Phenoxide ion 

also gives a high ratio, and the increase in ratio with lower acidity was attributed 

to an increased amount of reaction via this ion.15 

Recent developments in chlorination with t-BuOCl include the use in the 

presence of zeolite X, which gives very high para selectivity with toluene (97%) 

and halogenobenzenes (e.g. 92% with PhCl).16 It has also been used (as also 

have dichloramine-T and A,Af-dichlorourethane) in the presence of silica, the 

advantage here being that no HC1 byproduct is produced.17 

(iii) The acetyl derivative of hypochlorous acid 

The acetyl derivative of HOC1 is more commonly known as chlorine acetate, 

ClOAc. This may be prepared from reaction of mercury(II) acetate with chlorine 
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in acetic acid, but is also present in solutions of HOC1 in acetic acid (eq. 9.6). Since 

it is readily hydrolysed by water, its concentration decreases the more aqueous 

the acetic acid medium becomes. The rate of chlorination of toluene under non- 

catalytic conditions (governed by eq. 9.7) falls rapidly on adding water to acetic 

acid, and then passes through a maximum in 50% aqueous HOAc. The fall-off in 

rate is attributable to reduction in the concentration of chlorine acetate as the 

medium becomes more aqueous, and the subsequent rise in rate to improved 

solvation (cf. hydrogen exchange, Section 3.1). 

HOC1 + HOAc ^ ClOAc + H20 (9.6) 

Rate - fc2[ArH] [HOC1] (9.7) 

Rate = /c2[ArH] [HOC1] + /c3[ArH][HOCl]/[H+] (9.8) 

A similar rate vs medium composition profile is observed under catalysed 

conditions (although there are complications arising from experimental discrep¬ 

ancies).18-20 Here the rate is governed by eq. 9.7 at low acid concentrations and 

by eq. 9.8 at high concentrations,18 and it is probable that under these conditions 

both ClOAc and C10AcH+ are electrophiles. 

Separate experiments showed that ClOAc is more reactive than Cl2,18 which 

contrasts with prediction based on the electron affinity of X in C1X. This led to the 

proposal that the transition state for chlorination by chlorine acetate involves a 

six-centre cyclic transition state (2) in which Cl—O bond-breaking is aided by 

intramolecular hydrogen bonding.18 

ArH + MeC02CI -► +Ar 
/ \ 

V-/ 
-Me -► +Ar 

/ 
\ 

Cl 

—Me 

(2) 

A notable feature of chlorination by ClOAc, as in the case of ClOH, is the 

apparent absence of steric hindrance, and indeed both reagents give very similar 

log/0:log/p ratios. 

9.2.2 Chlorination by Molecular Chlorine 

Chlorination may be achieved with molecular chlorine either in the form of the 

gas, or by reagents which produce it. 

(i) Chlorine 

Chlorination may be readily achieved using chlorine in chlorinated hydrocar¬ 

bons, nitro compounds, acetonitrile, and carboxylic acids. Of these, studies using 

acetic acid as solvent have been the most common. 
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Chlorination of aromatic ethers and anilides using Cl2 in HOAc follows 

second-order kinetics (eq. 9.9), and the reaction rate is only slightly increased 

by the addition of HC1.21 Since the reaction is neither strongly catalysed by acids 

nor strongly retarded by chloride ion or acetate ion,22 chlorination by either 

Cl+, AcOHCl+, or AcOCl cannot occur, and molecular chlorine must be the 

reactive species.23 The kinetic form has been amply confirmed by other workers, 

and applies also to chlorination in other solvents.24-43 Rates of chlorination 

increase with increasing polarity of the solvent in the order 1,2-C2H4C12 « 

Ac20 « HOAc ss MeCN < PhN02 < MeN02 «TFA.31,32 In the least polar 

solvents, chlorination is catalysed by HC1, IC12, ZnCl2, and TFA, leading to 

kinetics first order in catalyst. This indicates either that the catalyst interacts 

with chlorine in a preliminary fast step to give a polarized complex which is 

the electrophile, or that the Cl—Cl bond is broken by the catalyst M, as 

in eqs 9.9-9.11, this mechanism having previously been proposed for 

bromination.44 

ArH + Cl2 T_ ArHCl2 (9.9) 

ArHCl2 + M s'ow + ArHCl+ + MCI- (9.10) 

ArHCl+ -> ArCl -t- H + (9.11) 

Determinations of the kinetic isotope effects, kH:ku, in molecular chlorination 

in polar solvents gave values of 0.92 for 3-bromo-l,2,4,5-tetramethylbenzene45 

and 0.85 for naphthalene.46 These show that breaking of the C—H bond is non- 

rate-determining so that the normal mechanism of electrophilic substitution 

(eq. 2.4), in which the second step is fast, applies. The small inverse effect obtained 

is attributed to changes in hybridization from sp2 to sp3 at the carbon 

undergoing substitution, on passing through the rate-determining transition 

state for the reaction. 

An addition-elimination mechanism can also apply,47 however, particularly 

with those molecules for which loss of resonance energy on going to the addition 

transition state is less severe. This is most readily shown in chlorination of 

phenanthrene in HOAc which yields 9-chlorophenanthrene (34%), cis- and trans- 

9,10-dichloro-9,10-dihydrophenanthrene (48%), and cis- and trnns-9-acetoxy-lO- 

chloro-9,10-dihydrophenanthrenes. The latter adducts can eliminate either 

HOAc or HC1, yielding the chloro and acetoxy derivatives respectively 

(Scheme 9.1), in a ratio of ca 3:1.47 Adducts are also obtained in chlorination of 

biphenyl (which gives 1-phenyl-3,4,5,6-tetrachlorocyclohexene) and fluorene,47 

naphthalene (which gives 21% of tetrachlorotetralins and 13% of acetoxy 

chlorides),46,48 1- and 2-methylnaphthalene,49 and 3,4-dimethylphenol, its 

methyl ether and acetate (Scheme 9.2).50 Scheme 9.2 shows that 1,3-migration of 

chlorine occurs [cf. nitration, Section 7.4.2. (iii)]. Addition products have also 

been proposed as intermediates in the chlorination of diphenyl ether in the 
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absence of a solvent,51 and have been isolated in chlorination of anisole, 

4-chloroanisole (but not the 2- or 3-chloro isomers),52 and of 1-substituted 
2-naphthols.53 

Cl H 

OAc 

Scheme 9.1. Addition-elimination in reaction of phenanthrene with Cl2-HOAc. 

Scheme 9.2. Addition-elimination in chlorination of 3,4-dimethylphenol and derivatives. 

The formation of cis adducts in phenanthrene is little affected by changes in the 

nature of the solvent, whereas the reaction rate is altered considerably. This latter 

rules out the possibility that a non-polar concerted transition state such as 3 is 

involved, and points to the involvement of a charged intermediate such as 4.47 

The effects of solvents on the ortho:para ratio in the chlorination of anisole by 

chlorine have been examined. Solvents of high dielectric show a decrease in the 

ratio with decreasing dielectric, whereas solvents of low dielectric show the 
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(3) (4) 

opposite effect. This behaviour was ascribed to differential solvation effects, and 

solvent-modified substituent-electrophile interactions.54 

Chlorination of anisole in the presence of cyclodextrin (cyclohexylamylose) 

causes a dramatic increase in the para:ortho ratio from 1.48 to as much as 21.6. 

Anisole is assumed here to be almost entirely enclosed by the cyclodextrin, only 

the para position then being available for attack.55 
Chlorine in concentrated sulphuric acid in the presence of silver sulphate is a 

powerful chlorinating reagent;56 the nature of the electrophile has not been 

investigated but it is probably chlorine bisulphate, C10S020H. 

(ii) Iodobenzene dichloride 

Iodobenzene dichloride dissociates to molecular chlorine according to 

eq. 9.12.31a,c The dissociation is promoted by catalysts such as trifluoroacetic 

acid. With very reactive aromatics the rate of chlorination is faster than the rate of 

dissociation, so that eq. 9.12 is rate-determining. In non-polar media there is 

PhICl2 —Phl + Cl2 (9.12) 

evidence that reaction with particularly reactive aromatics occurs without 

dissociation of the reagent, indicated also by the stereochemistry of the adducts 

formed with unsaturated cyclic compounds being different from that produced 

by molecular chlorine.57 

(Hi) N-Chloroamines and N-chloroamides: the Orton rearrangement 

In non-polar solvents and particularly in the presence of initiators, N- 

chloroamides can chlorinate by a free-radical mechanism. However, in polar 

solvents and in the presence of HC1, chlorine is produced, eq. 9.13.21,24 Since HC1 

is a byproduct of the chlorination, the reaction is continuous once initiated, and 

the stationary concentration of chlorine can be maintained at any desired level 

according to the amount of HC1 added initially. If other acids are used with acetic 

acid as solvent, then ClOAc becomes the chlorinating reagent. 

R2NC1 + HC1^R2NH + C12 (9.13) 

The amine R2NH must be unreactive so that it is not preferentially chlorinated. 

This does happen in the Orton rearrangement of A-chloroanilides (eq. 9.14), 
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which is thought to be intermolecular because the ortho:para ratio is the same as 

in chlorination of acetanilide under the same conditions. However, in non-polar 

solvents an intramolecular process may be involved since treatment of aromatic 

amines with A/-chlorosuccinimide in benzene gives relatively large amounts of 

ortho substituents; similar results are obtained with A-chloro-N-methylaniline in 

CC14.58 A nucleophilic substitution may also be involved, as in the rearrangement 

of the Al-chloroamines, 4-RC6H4N(Cl)CMe3, in ethanol buffered with HOAc- 

NaOAc. Here the reaction is strongly accelerated by the para substituents (p = 

— 6.35), indicating rate-determining formation of a nitrenium cation (eq. 9.15), the 

liberated Cl- then substituting at the position ortho to the cation.59 

C6H5N(Ac)C1 -^Uo- and p-ClC6H4NHAc (9.14) 

4-RC6H4N(Cl)CMe3 RC6H4N+CMe3 (9.15) 

Use of bulky N-chloroamines (such as N-chloropiperidine) in the presence of 

TFA gives with anisole almost exclusive para substitution and high overall yields 

(> 90%).6° Similar results are obtained using aqueous H2S04 as acid, although 

the para:ortho ratio increases as the medium is made more aqueous. The acid 

catalysis and the absence of any effect of chloride ion indicated that the 

electrophile is R2HN+C1 (eq. 9.16),60-61 and this was confirmed by identical 

results being obtained with N-chloroammonium ions, e.g. N-chloro- 

triethylammonium chloride, Et3N+Cl. 

R2NC1 + H + ^±R2HN+C1 (9.16) 

The preference for para substitution does not seem to be a steric effect since 3- 

methylanisole also substitutes 100% in the 4-position; radical-cations may be 

involved.60 

(iv) Chlorine in the presence of a catalyst 

Heterolysis of the Cl—Cl bond may be aided through the use of a Lewis acid 

catalyst, which therefore produces a substantial increase in chlorination rate and 

a substantial decrease in selectivity. For example, the rates of chlorination of 

some alkylaromatics, relative to that of benzene (= 1), viz. 2445 (toluene), 14200 

{p-xylene), 247 000 (m-xylene), and ca 5 x 106 (mesitylene), are at least an order of 

magnitude smaller in the presence of a catalyst.62,63 
The SnCl4-catalysed chlorination of aromatics in the absence of a solvent 

follows eq. 9.17,62 so the formation of the electrophile appears here to be rate¬ 

determining. 

Rate = /c2[Cl2] [SnCl4] 

Rate = fc2[Cl2] [ArH] + [Cl2] [ArH] [ZnCl2] 

(9.17) 

(9.18) 
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Zinc chloride-catalysed chlorination of alkylbenzenes in HOAc is governed by 

eq. 9.18,31a and a similar rate expression (although with greater emphasis on the 

third-order term) applies in the AlCl3-catalysed chlorination in nitro solvents.64 

In the latter work, rates were measured by a direct method, and gave 

k(toluene: benzene) rate ratios at 0°C of 247 (in PhN02) and 215 (in MeN02). 

These are much larger than the values obtained (along with those for other 

alkylbenzenes) by Olah et al.,63 who used the competition method. It was 

concluded that the competition method is unsuitable for determining large 

reactivity differences, and that the previously proposed 7i-complex mechanism for 

chlorination (and bromination) under these conditions63 is invalid. 

The increased bulk of the electrophile, probably C1 + MX„CP produces a 

reduction in the ortho:para ratio.65 Solvation of the electrophile produces 

reduced reactivity (and hence increased selectivity) and a lower ortho:para 

ratio,66 as expected. 

Silica enhances chlorination in CC14, evidently producing a more polar 

environment, fairly high para:ortho ratios being obtained.67 

9.2.3 Chlorination with Sulphuryl Chloride 

The kinetics of chlorination of anisoles by sulphuryl chloride, S02C12, in 

chlorobenzene follow eq. 9.19. The lack of rate retardation by chloride ion shows 

that pre-equilibria to form Cl+ or S02C1+ may be ruled out. Similarly, the 

invariance of rate with added S02 shows that a pre-equilibrium to form Cl2 does 

not occur. The electrophile is believed to be Cla+ •••S02Cla~, and a cyclic 

transition state (5) was considered probable.68 The polar nature of the reaction is 

shown by chlorination taking place 1000 times faster in PhN02 than in PhCl 

(although here some dissociation to give Cl2 does occur); the kinetic isotope 

effect, kH:kD, is 1.0 so loss of the proton occurs in a fast step.68 

The reaction (in PhN02 as solvent) gave a Hammett correlation with p = -7.2 

at 25°C,69 whilst substituents in 1,3-dimethoxybenzene (6) gave a p value of 

— 4.0 for the reaction carried out in PhCl.69 The effects of substituents at the 
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9-position of anthracene on rates of chlorination at the 10-position (in PhCl) 

have been measured.70 Analysis of these data shows them to correlate with o + 

values with p = — 2.1, the lower value here being commensurate with the high 

reactivity of the substrate. Interestingly, the methoxy and nitro substituents 

activate less and deactivate less, respectively, than the correlation predicts, which 

probably reflects the inability of them to become coplanar with the aromatic 

ring as for example in 7, the mesomeric interactions thus being impeded. (This 

contrasts with protiodesilylation of substituted thiophenes, where the nitro 

substituent is exceptionally deactivating because it is able to become more 

coplanar with the five-membered ring than in benzene.71) 

Chlorination with S02C12 in the presence of Ph2S and A1C13 gives increased 

para selectivity in the reaction with phenols and ethers, attributed to a bulk 
effect.72 

9.2.4 Chlorination with Metal Halides 

Various metal chlorides appear to act as electrophilic chlorinating species. The 

kinetics of antimony pentachloride chlorination follow eq. 9.20, interpreted in 

terms of slow decomposition of the intermediate ArH-SbCl5 complex, assisted in 

part by a second molecule of SbCl5.73 

Rate = /c2[ArH] [SbCl5] + [ArH][SbCl5]2 (9.20) 

Chlorination by TiCl4 in peroxyacids gives a very high ortho:para ratio, 

believed to be due to formation of HOC1 (eq. 9.21).74 

HOOH + TiCl4-> HOTiCl3 + HOC1 (9.21) 

An industrially useful reagent is CuCl2, which gives > 90% yields in the 

chlorination of phenol and its 2-methyl and 3,5-dimethyl derivatives.75 By 

carrying out the reaction in the presence of HC1 and H202 it is possible to 

regenerate the CuCl2 continuously, and no inorganic byproducts are 

produced.763 Supported on alumina, CuCl2 becomes a much more effective 

chlorinating reagent and gives very high para selectivity with anisole (para:ortho 

ratio = 32.3).76b In chlorination with CuCl2 in the presence of peroxodisulphate, 

the aromatic may react as a radical cation.77 

Chlorination by thallium(III) chloride tetrahydrate in CC14 gave a 

toluene:benzene reactivity ratio of 26 with an ortho:para ratio of 1.1. These 

values became 43 and 1.8 in the presence of Cl2, and to up to 133 and 2.3 with Cl2 

and other thallium salts. The lower values under the former condition indicated 

that free chlorine was not involved and that the electrophile was bulky, T1C12 + 

being proposed.78 
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9.2.5 Miscellaneous Chlorination Methods 

The reaction of activated aromatics with S-halodimethylsulphonium halides, 

e.g. Me2SCl+Cl~ (prepared from Me2S and Cl2) in dichloromethane, gives 

> 97% para selectivity and high yields (74-94%).79 

Anisole is chlorinated almost exclusively in the para position, by 2,3,4,5,6,6- 

hexachloro-2,4-dienone (8) or by 2,3,4,4,5,6-hexachloro-2,5-dienone (9), which 

may reasonably be attributed to steric hindrance. With phenol, however, 8 gives 

high ortho selectivity, especially in non-polar solvents, the probable cause being 

hydrogen bonding between the carbonyl group and the phenolic hydrogen, so 

facilitating chlorine transfer from the CC12 group (10).8° Chlorination accom¬ 

panies sulphonation of anthracene by chlorosulphuric acid, C1S03H.81 

9.3 BROMINATION 

9.3.1 Bromination by Hypobromous Acid and its Acetyl 

Derivative 

(i) Hypobromous acid 

Bromination by HOBr shows kinetic features similar to those for chlorination 

with HOC1 (Section 9.2.1). Thus, addition of mineral acid produces a large 

increase in the bromination rate in water or aqueous dioxan,6’82 (the rate is 

slower in 50% aqubous dioxan than in water)83 and the kinetics following 

eq. 9.22. These were interpreted as involving bromination by either Br+ or, more 

probably, by H2OBr+, the former reagent being deemed improbable on grounds 

similar to those advanced against Cl+ as the electrophile in chlorination by 

H+-HOCl. In bromination of sodium 4-anisate by HOBr in phosphate buffers 

(pH 7-8) at 25°Ci hypobromous acid was shown to be a 2000 times less 

effective brominating reagent than molecular bromine.84 Another report gave the 

relative reactivities of the electrophiles H2OBr + :Br2:HOBr as ca 106:6700:1.85 

Rate - /c3[ArH] [HOC1] (/[H + ]) (9.22) 
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Scheme 9.3. Pathway for bromination by hypobromous acid in aqueous perchloric acid. 

More recent work on bromination (with HOBr-aqueous HC104) with 

compounds ranging in reactivity from mesitylene to 2,6-dimethylpyridinium ion 

showed the rates to parallel those for nitration, whilst the kinetic form of eq. 9.22 

holds over the whole range. This indicated that there must be a common 

brominating species, yet the concentration of Br + at the lowest acidities would be 

too low to give the observed rates, even if reaction occurred at every encounter. It 

was proposed that the effective electrophile is H2OBr+, but that this is formed by 

protonation of a complex of the aromatic compound and HOBr in a pre¬ 

equilibrium step (Scheme 9.3),86 the existence of a protropic pre-equilibrium 

being indicated by a solvent isotope effect, k(H20)//c(D20), of 2.2. For highly 

reactive aromatics in feebly acidic media the lower pathway is followed, whereas 

for less reactive aromatics in more acidic media the upper pathway becomes more 

important. 

Bromination with potassium bromate-H2S04 is a particularly useful method 

for brominating unreactive aromatics in high yield, and 65wt-% H2S04 is the 

optimum acid strength; above 70% acid the reaction becomes uncontrollably 

rapid.87 Hypobromous acid is believed to be formed via protonation and loss of 

oxygen, giving H2OBr+ as electrophile (or AcOHBr+ if the reaction is carried 

out in aqueous HOAc).88 

Measurement of kinetic isotope effects, kH:kD, for positive bromination show 

very clearly that as steric strain in the intermediate becomes greater, then the 

intermediate becomes partitioned between product formation and reversion to 

the starting materials, leading to an isotope effect (Section 2.1.3). Thus, whereas 

bromination of benzene by H0Br-HC104 gives no isotope effect,89 compounds 

11 give small effects of 1.05 (X = H)and 1.16 (X = Me),90 compounds 12 give large 

effects of 1.27, 1.37, and 1.49 for X = Cl, Br, and I, respectively,91 whilst the very 

hindered 13 gives a very large value of 10.92 

Et 

Me 

(12) 

X = CI, Br, I 

Et 

(11) 

X = H,Me 

/-Bu 

(13) 
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(ii) The acetyl derivative of hypobromous acid 

Bromination of biphenyl by HOBr in 75% aqueous HOAc indicated that part 

of the reaction was governed by eq. 9.23, so that bromine acetate is an electrophile 

under these conditions. The relative rate of bromination of biphenyl to that of 

benzene was 1270 (at 0 °C) compared with 26.9 if mineral acid was added, whence 

the electrophile becomes H2OBr+ or HOAcBr+. The log /0:log/p value also 

changed from 0.75 in the absence of mineral acid to 0.88 in the presence, 

confirming a change in the nature of the electrophile with conditions.93 

Rate = k2 [ArH] [BrOAc] (9.23) 

Bromination by bromine acetate is faster than that by bromine, and a cyclic 

hydrogen-bonded transition state within which the O—Br bond is broken may 

be responsible [cf. chlorine acetate, Section 9.2.l.(iii)]. 

Bromine acetate is believed to be the electrophile in bromination with Br2 and 

peroxyacetic acid in HOAc.94 

Bromination of 1,3,5-tri-tert-butylbenzene with preformed bromine acetate (or 

with Br2-Ag+-HOAc) gives acetoxylation in addition to bromination (14-17), 
and this becomes the major reaction if sodium acetate is present; acetoxylation is 

also observed with other reactive polyalkylbenzenes.95 Compounds 14 and 16 

are formed via bromination and bromodebutylation, respectively, whilst 15 and 

17 are formed from bromoacetoxy adducts via loss of t-BuBr and HBr, 
respectively. 

9.3.2 Bromination by Molecular Bromine 

The ease of handling bromine is the probable reason for the majority of studies 

of bromination with molecular bromine having been carried out with bromine 

itself rather than a precursor (cf. molecular chlorination). 
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(i) Bromine 

Bromination with bromine has been carried out using a wide range of solvents, 

e.g. acetic acid,22,29,44,96-106 trifluoroacetic acid,107 superacids,108-110 nitro- 

methane,111 chloroform,112, carbon tetrachloride,113 dimethylformamide,114 

sulphur dioxide,115, water,116-118 and perchloric and sulphuric acids.119 The 

reaction is always first order in aromatic, and at least first order in Br2, but higher 

orders in Br2 are commonly observed. For example, the full expression for 

bromination in HO Ac is given by eq. 9.24.44,120 

Rate = /c2[ArH] [Br2] + fc3[ArH] [Br2]2 + /c4[ArH] [Br2]3 (9.24) 

The second-order term represents unassisted heterolysis of 18 to 19 (eq. 9.25), 

while the higher order terms may represent the assistance by one or more 

molecules of bromine, in breaking the Br—Br bond in the intermediate, as shown 

in eq. 9.26. Alternatively, they may represent polarization of one molecule of Br2 

by another to give, e.g., Br3+ •Br3d- prior to attack on the aromatic. It is 

noteworthy that the existence of the intermediates in bromination has been 

provided by the isolation of 20 and related compounds,112 the stability of which 

derives from the enormous conjugative electron release by the o- and p-NMe2 

groups. 

+ ArCp ^ Br —Br -— 
, +ArC + Br- 

^Br 
(9.25) 

(18) (19) 

ArHBr2 + Br2 — —> +ArHBr + Br3- (9-26) 

The reaction order is reduced, and the rate usually increased, by the addition of 

water, salts, or acids.32,100-103 The higher polarity of the medium produced in 

this way is evidently sufficient to permit heterolysis (eq. 9.25) to occur unassisted. 

Data obtained in HOAc media show that higher order terms are less significant in 

bromination of more reactive aromatics, since for these substitution is more 

readily achieved by the weaker electrophiles. The lower electrophilicity of Br2 

compared with Cl2 accounts for the lack of high-order processes in chlorination, 

and an additional factor is that the ion Cl3- is less stable than Br3- and so is less 

readily formed.121 
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Since the ion IBr2“ is more stable than Br3”, it follows that bromination rates 

are increased by the addition of iodine; iodine bromide is formed according to 

eq. 9.27, in which the equilibrium lies well to the right,122 and this replaces, and is 

more efficient than, a molecule of Br2 in eq. 9.26.103,123-126 

I2 + Br2 2IBr (9.27) 

Hydrogen bromide is a byproduct of bromination with bromine and interferes 

with the kinetics by reversing eq. 9.24, by removing Br2 as Br3 ", a very unreactive 

electrophile (Section 9.3.3), and it may also protonate the aromatic, thereby 

reducing its reactivity. One method of overcoming this is to brominate in the 

presence of an amine, chosen so as to give an insoluble amine hydrobromide. This 

combination (at — 70 °C) has been found to be very useful for the specific ortho- 

bromination of phenols; the process here is thought to involve formation of 

phenyl hypobromite, PhOBr, which then rearranges.127 

Pyridine catalyses bromination, this being assumed originally to be due 

to the polarization of bromine through formation of pyridinium bromide, 

pyBr'54’ ... Br15-. However, it has been found that pyridinium salts also accelerate 

bromination in HOAc and CHC13 to a comparable extent, and no more 

effectively than other ammonium salts. It was concluded that the acceleration is 

due to a salt, i.e. polarity, effect.128 

Bromination in superacids produces some unique features. Phenols give meta- 

bromo derivatives, initially attributed to reaction occurring on PhOH2 +.108 This 

was criticized109 on the basis that Ph30+ is ortho, para directing in nitration129 

and it was proposed that a phenol, e.g. 4-methylphenol, is initially brominated 

in the 2-position giving 21 as intermediate. Since under the highly acidic 

conditions this cannot lose a proton from oxygen as readily as bromine can 

migrate, rearrangement as in 21 to give 22 was postulated. More recently it has 

been noted that phenol itself cannot be meta-brominated and therefore a 

substituent is required to facilitate ipso substitution, which, in the case of 

4-bromophenol, must involve 23 as intermediate; rearrangement as before then 

gives 22;110a rearrangements of this kind can also take place in sulphuric 
acid.110b 

(21) (22) (23) 

Bromination by Br2 in liquid S02 is extremely selective,1303 more so even than 

Br2 in TFA, for which p has been determined as — 16.7.107b It is noteworthy that 
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whereas the latter poorly solvating medium gives the ‘inductive’ order of 

activation by p-alkyl groups, the ‘Baker-Nathan’ order is obtained in S02. Here 

solvation is better, so that steric hindrance to solvation becomes very important 

and masks the electron-releasing order of the alkyl groups (see Section 1.4.3). 

Bromination under very selective conditions is an excellent method of obtaining 
maximum yields of a given isomer.130b 

(ii) Bromine in the presence of a catalyst 

Iodine is a more effective catalyst than either A1C13, SbCl3, PC13, PC15, or 

SnCl4 in catalysing bromination by Br2.131 The rate maximum occurs at different 

I2:Br2 ratios for different aromatics, which reflects the variable degree of 

catalysis;126,132,133 dimers of IBr are evidently needed for the less reactive 
compounds.134-136 

The relative effectiveness of metal halide catalysts is MgBr2 < ZnBr2 % HgBr2 < 

CdBr2 < BeBr2, whilst the halides of Group II metals have very little effect.137 

More detailed studies of the effect of ZnCl2 indicated that it catalyses only that 

part of the reaction that is first order in Br2, excess bromine being apparently 

a more effective catalyst than ZnCl2 for the higher order components.100 

Relative rates of FeCl3-catalysed bromination of a range of aromatics in MeN02 

are very dependent on the method of mixing the reagents. The widest rate 

spread, with minimal dibromination, was obtained by dilution of the bromine 

with the solvent prior to adding to the other reagents (Table 9.2). Dibromination 

was also absent if FeCl3 was added to the bromine solution prior to addition 

to the aromatic-halide-solvent mixture, but in this case the selectivity was 

greatly reduced. This was attributed to the presence of a much more reactive 

electrophile that reacted with the aromatic via rate-determining formation of a 

7r-complex.138 However, mixing control (Section 2.10) is the probable cause since 

reduction in the concentrations of Br2 and FeCl3 caused a 10-fold increase in 

selectivity. Moreover, the selectivity in the AlCl3-catalysed bromination of 

toluene and benzene showed great variation with substrate concentration 

(measured by the competition method) and at the maximum was only half that 

determined by direct rate measurements.62 
Dioxan accelerates bromination through the formation of dioxan dibromide, 

in which the Br—Br bond is polarized; the kinetics follow eq. 9.28.130 

Rate = k2 [ArH] [dioxan dibromide]2 (9.28) 

Table 9.2 Relative rate of ZnCl2-catalysed reaction of Br2 with ArX at 25 °C 

X H Me 1,2-Me2 1,3-Me2 1,4-Me2 1,3,5-Me3 F Cl Br 
krel 1 7.4 34.3 534 31.5 > 1000 0.27 0.12 0.10 



380 ELECTROPHILIC AROMATIC SUBSTITUTION 

Bromination of 4-nitrobiphenyl on a silica surface occurs rapidly and gives a 

para:ortho ratio of 4. The reaction must occur between the aromatic and bromine 

adsorbed on the silica, since the rate decreases the more of the surface that has the 

aromatic adsorbed on it.140 
Bromination of some phenolic compounds in the presence of TiCl4 gives 

substitution mainly ortho to the OH group (cf. chlorination, Section 9.2.4), 

whereas for the corresponding methyl ethers substitution occurs mainly para}41 

It has been suggested that a complex is formed between TiCl4 and the OH group, 

but this does not explain the orientation satisfactorily.142 

Bromination by Br2 in the presence of thallium triacetate goes mainly in the 

para position,143 and this is an electronic rather than a steric effect;144 the 

selectivity, however, is less than that of Br2 in TFA, which is both easier and safer 

to use. In general, Tl1 salts give rise to a much more reactive electrophile than do 

Tlm salts.145 

9.3.3 Bromination by Tribromide Ion 

Surprisingly, the tribromide ion, Br3~, present in media containing Br2, is an 

electrophile. Its expected lower reactivity than the latter species is confirmed by 

the decrease in rate produced by the addition of Br ~.101 ’115 The tribromide ion is 

a significant brominating agent only for the most reactive aromatics, and even in 

the bromination of PhO~ and naphthalene by Br2, only 1-3% and 0.3%, 

respectively, of reaction occurred via Br^.1023,115 

9.3.4 Bromination by Bromine Phosphate 

The rate of bromination of sodium 4-anisate in phosphate buffers increased 

along with the concentration of phosphate buffer, whereas varying the con¬ 

centration of the acid component of the buffer produced no rate change. The rate 

change was therefore attributed to eq. 9.29 giving bromine phosphate as a more 

reactive electrophile. This would be consistent with the second dissociation 

constant of phosphoric acid being much greater than the dissociation constant of 

water.84 

HOBr + H2S04~ BrHP04“ + H20 (9.29) 

9.3.5 Bromination by Bromine Sulphate 

Bromine sulphate may be a brominating species since the bromination of 

benzoic acid by HOBr was catalysed much more effectively by H2S04 than by 
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HC104 of the same acidity. It is considerably less reactive than H2OBr+, so that 

its participation becomes noticeable only with the more reactive aromatics.88 

9.3.6 Bromination by a-Bromoketones and Aluminium 

Halides 

Both a,a-dibromo- and a,a,a-tribromoketones, ArCOCHBr2 and ArCOCBr3, 

in the presence of aluminium halides will brominate aromatics, and the reaction 

rate is increased, as expected, by electron withdrawal in the aryl group.146 

Electron withdrawal by X in ArCOCXBr2 also increases the rate as expected. The 

aluminium chloride evidently coordinates to the carbonyl oxygen and aids 
polarization of the C—Br bond. 

9.3.7 Bromination by iV-Bromoamides 

Because the N—Br bond is less polar than the N—Cl bond, iV-bromoamides 

are more inclined to react by a free-radical mechanism than the corresponding N- 

chloroamides. In the presence of carboxylic acids (and thus also a polar 

environment), iV-bromoanilides rearrange to the corresponding o- and p- 

bromoacetanilides. However, if the reaction is carried out in the presence of 

anisole (which becomes brominated in the ortho and para positions), the 

ortho:para ratio is dependent on both the catalysing acid and the nature of R 

(eq. 9.30). This shows that free acyl hypobromite is not produced, and the 

mechanism is believed to involve three steps: (1) protonation of the substrate, (2) 

heterolytic fission of the N—Br bond, and (3) rearrangement of the resulting ion 

pair.147 
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9.3.8 Bromination with Interhalogens 

Both bromine chloride, BrCl, and bromine fluoride, BrF, are more polar than 

molecular bromine and so are more effective brominating species. Thus BrF 

(produced quantitatively by passing a 10% solution of F2 in N2 into Br2 in CHC13 

at — 75 °C), electrophilically brominates in proton-donating solvents at low 

temperature without a catalyst. Anisole brominated quantitatively, giving a 

para\ortho ratio of 4, toluene gave a 90% yield of equal amounts of both 

isomers, and tert-butylbenzene gave a 90% yield of the para isomer only. Even 

1,3-dinitrobenzene and ethyl benzoate could be brominated in the meta positions 

in ca 95% yields.148 

Bromination with BrCl is also rapid,84 and this reagent may be formed in 

bromination by Br2 and SbCl5 in CC14, which gives very high para selectivities 

(up to 99% for halogenobenzenes), and a high substrate selectivity of 257 for 

toluene; lower selectivities are obtained using 1,2-dichloroethane as solvent, and 

this is useful for brominating unreactive aromatics.149 

9.3.9 Bromination with Bromocyclohexadienones 

Just as nitration may be carried out with cyclohexadienone derivatives, so too 

may these be used for bromination.150 In this case 2,4,4,6-tetrabromocyclohexa- 

2,5-dienone (24) was used, and the brominating ability derives from the fact that 

aromaticity is gained by loss of bromine. However, the lower electron withdrawal 

compared with the dienone used for nitration (structure 10, Chapter 7) means that 

homolytic C—Br cleavage is more likely here. Some indication that non-polar 

reactions interfere are provided by the decrease in the ortho:para ratio as the 

medium is made more polar; iV-bromosuccinimide behaved similarly151 (free- 

radical reactions give high ortho:para ratios). 

o 

Br Br 

(24) 

9.3.10 Isotope Effects in Bromination by Bromine 

Since bromination by bromine has a ‘late’ transition state, it could be 

anticipated that kinetic isotope effects might be observed in suitable cases. Thus, 
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whereas there is no effect in the ZnCl2-catalysed bromination of pentamethyl- 

benzene,152 positive effects have been found under many other conditions. As in 

the case of bromination by H2OBr+, the isotope effect increases with increasing 

steric hindrance and decreasing reactivity in the aromatic. Those shown in 

Scheme 9.4 are for bromination by Br2-HOAc [use of MeNOz as solvent gave a 

larger value (2.7) for 28]; a larger value (3.6) was also obtained for the very 

hindered 1,3,5-tri-tert-butylbenzene for bromination by Br2-Ag+-HOAc- 

dioxan.153 Scheme 9.4 also shows values for bromination by Br2 in DMF.154 

(a) Br2~HOAc. 

Me 

(25) 

1.2 

(26) 

Me 

(27) 

(28) (29) 

(b) Br2~ DM F: 

Scheme 9.4. Kinetic isotope effects for bromination with bromine. 

Increasing the concentration of Br_ should, by reversing eq. 9.25 or making 

the reaction occur via the less reactive Br3“, cause the isotope effect to 

increase.155’156 This was found in the bromination of 4-methoxybenzenesulph- 

onic acid,157 and the disodium salt of 2-naphthol-6,8-disulphonic acid (a 
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compound which gives an isotope effect through the high stability of the 

intermediate 30).155 Moreover, the value of kH:kD diminished as the concentration 

of Br2 was increased; this can be explained in terms of the additional Br2 

molecules catalysing Br—Br bond breaking, thereby lowering the isotope effect. 

Fast formation of the intermediate 30 was also indicated by the bromination rate 

being almost identical with that for bromination by HOBr (which gave an isotope 

effect of 2.1).102 

By contrast, bromination of iV,iV-dimethylaniline by Br2 (not in excess) in 

H2S04 gave an isotope effect (1.8 at 25 °C) which decreased as the bromide 

concentration was increased, attributed here to the lower kinetic order in Br2.158 

Secondary isotope effects may also contribute to variation with bromide ion 

concentration of the overall values observed.159 

For bromination of phenol and its O-deuteriated isomer, a kinetic isotope 

effect of ca 1.9 was obtained, showing that by the time the transition state is 

reached, appreciable breaking of the O—H bond has occurred.160 

9.3.11 Gas-phase Bromination 

Isomeric transition decay processes have been used to create bromo- 

nium ions in the gas phase. These are very unselective, giving a 

toluene:benzeneihalogenobenzene rate ratios of ca 2:1:1, but a more normal 

positional selectivity. It is thought that a 7t-complex is initially formed, followed 

by competition by the individual reaction centres for the electrophile.161,162 

9.3.12 Base-catalysed Bromination 

Like a number of other electrophilic substitutions, bromination is able to 

undergo the base-catalysed mechanism under certain conditions. Thus, whereas 

1.3.5- trimethoxybenzene reacts normally with tert-butyl hypobromite in hexa- 

methylphosphoramide (and the reaction is retarded by potassium tert-butoxide), 

1.3.5- tribromobenzene does not react with fert-butyl hypobromite unless 

KOBu-t is present. The reason is that the latter aromatic is reacting via the 

base-catalysed mechanism (eqs 9.31a and 9.31b).163 
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(9.31a) 

(9.31b) 

9.4 IODINATION 

9.4.1 Iodination with Iodine 

Iodination with iodine has led to some contradictory kinetics and conclusions. 

The following account gives the currently accepted position. 

Iodination of [2,4,6-2H3]phenol gives a kinetic isotope effect, kH:kD, of 4.0,164 

and for 2-iodination of 4-nitrophenol the isotope effect increased from 2.3 to 5.5 

with increasing [I-];165 similar results have been obtained for 4-iodination of 

2,6-dibromophenol (which gives a larger isotope effect than for bromin- 

ation).166 This shows that there is a rapid formation of the intermediate followed 

by rate-determining loss of the proton (eqs 9.32 and 9.33); increasing the 

concentration of I" increases the rate of reversal of eq. 9.32, k2:k_1 decreases and 

the isotope effect is increased (Section 2.1.3). This effect of [I-] on the isotope 

effect, coupled with the dependence of rate on [I-]-1 rules out the alternative 

pre-equilibrium step (eq. 9.34) involving a positive iodinating species, proposed 

earlier to account for the apparent dependence of rate on [I-1]-2 in the 

iodination of phenol and amines.167 The latter work gave the relative reactivities 

of PhO:PhNH2:PhOH as 9.2 x 109:3.7 x 105:1. Phenols are 5-fold more 

reactive than their methyl ethers,168 and in this work it was shown that the order 

in I2 may be either first or second, depending on whether the concentrations of 

H+ and I- are high or low, respectively; this may account for discrepancies in 

some of the earlier work noted above. 

fast 

I2 + ArH_ArHI + I (9.32) 

slow 

ArHI+ ——*■ Arl + H + (9.33) 

fast 

=^ArHI+ + H20 H2OI+ + ArH ^ (9.34) 
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Since phenol is a very reactive aromatic, it might not be expected to show an 

isotope effect, this being the case in many other reactions. However, iodination 

takes place on the phenoxide ion and so gives rise to a particularly stable 

intermediate, e.g. 31. In many other cases where isotope effects are observed, the 

intermediate is probably a moderately stable species. 

(31) 

Isotope effects have also been observed in iodination with I2-aqueous KI of 

aromatic amines, aminocarboxylic acids, and aminosulphonic acids, but not 

with aminesulphonates.169 The kinetic form of these reactions is given by 

eq. 9.35, where B is a basic component of the buffer solution. The first term is 

observed both in reactions which give a positive isotope effect and in those 

which do not, showing that the second molecule of aromatic base cannot be 

assisting removal of a proton from the intermediate (otherwise the magnitude 

of the isotope effect would be a function of base concentration, Section 2.1.3). 

The second molecule of amine may therefore be involved in the iodinating 

entity, e.g. ArNR2I+, and the same may be true of the base B in the second 

term.169 A similar interpretation has been given to account for the invariance 

in the isotope effect with base concentration in iodination of glyoxaline,170 and 

for the correlation of the accelerating effect of bases with their nucleophilicities 

rather than their basicities.171 

Rate = /c[ArNR2]2[‘iodine’] + /c3[ArNR2] [‘iodine’] [B] (9.35) 

Just as kinetic isotope effects become increased, the greater the steric 

hindrance in the aromatic [see Sections 9.3. l(i) and 9.3.10], so too they may be 

increased by greater hindrance in the base. Thus, in iodination of azulene, the 

kH:kD values increased from 2.0 to 6.5 as the base was changed from pyridine to 

2,4,6-trimethylpyridine.17 2 

9.4.2 Iodination with Iodine and an Oxidizing Agent 

Iodine in the presence of silver sulphate-sulphuric acid is a useful reagent for 

unreactive aromatics; the effective electrophile may be I+ or a solvated 

derivative.173 A mixture of iodine-NaC104-HOAc-dioxane has also been used, 

and with 1,3,5-trineopentylbenzene this gave a kinetic isotope effect kH:kD, of 

2.63, whereas bromination and chlorination in DMF gave values of 1.1 and 1.01, 
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respectively, which demonstrates nicely the result of an increase in steric 
hindrance with increasing size of halogen.174 

The rate dependence on concentration of N204 and acid in iodination by 

iodine in a mixture of nitric and acetic acids indicated that the electrophile is 

[IN02H] + .175 A positive iodinating species, I3+, was suggested as the electro¬ 

phile in iodination by I2-KI03-H2S04; this gave a p factor of - 6.4, similar to 

that for positive bromination, and kinetic isotope effects of 2.1 and 3.4 for benzoic 

acid and nitrobenzene, respectively.176 A positive iodinating species is probably 

also involved in iodination with I2-HI03 in H0Ac-H2S04,177 with I2- 

peracetic acid (protonated acetyl hypoiodite was considered to be formed as in 

eqs 9.36 and 9.37178), and with iodine in HN03-H2S04, partial rate factors of 

28.5 (4-Me), 12.2 (2-Me), 2.05 (3-Me), 0.33 (4-C1), and 0.039 (3-C02H), and a p 
factor of —4.5 being obtained.1792 

slow 

I2 + MeC03H + H20^=±2H0I + MeC02H (9.36) 

fast 

HOI + MeC02H + H + ^-- H20 + (MeC02HI) + 

- ArH fast > Arl + MeC02H + H+ (9.37) 

A highly reactive positive iodinating species is produced by the anodic 

oxidation of I2 in TFA, and this will even iodinate nitrobenzene in the meta 

position in high yield, the extent of which depends on the solvent. The mechanism 

does not involve anodic oxidation of the aromatic to a cation radical and 

subsequent reaction with iodine, because this would give other isomers.1796 

9.4.3 Iodination with Iodine Acetate and Iodine 
Trifluoroacetate 

These reagents, CH3C02I and CF3C02I, are the acetyl and trifluoroacetyl 

derivatives, respectively, of hypoiodous acid. The former may be responsible for 

the large increase in rate with increase in the concentration of the buffer acid in 

the iodination of phenol at constant pH.1676 Iodine acetate may also be present in 

the iodination of pentamethylbenzene by I2-Hg(OAc)2, since Hg(OAc)2 speeds 

up the reaction, consistent with it disturbing eq. 9.38;180 rate data indicated 

iodine acetate to be less reactive than bromine acetate. This is confirmed by a 

study of iodination by iodine trifluoroacetate, which showed the reactivity order 

to be Br2*ICl^CH3C02H<<CF3C02H<CH3C02Br<<CF3C02Br, the 

relative values being ca 1:104:106:1010.181 

I2 + Hg(OAc)2 ^ ± IOAc + HglOAc (9.38) 
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9.4.4 Iodination by Iodine Monochloride 

Iodination by IC1 in HOAc gives third-order kinetics, i.e. first order in aromatic 

and second order in I Cl, and these tend towards second order as the temperature 

is raised.182 This resembles molecular bromination, suggesting that IC1 is the 

reagent; the third-order kinetics then result from the second molecule of IC1 

assisting breakage of the I—Cl bond (eq. 9.39), whilst at higher temperature this 

heterolysis can occur unassisted. 

Ar 

•i r— 

-► Ar + ICI2 (9.39) 

Cl 

The kinetics for iodination by IC1 in the presence of ZnCl2 are first order in 

aromatic, IC1, and ZnCl2, so here the Lewis acid must assist heterolysis of the 

I—Cl bond.182 In TFA the order is two overall because the higher polarity of 

the solvent permits unassisted heterolysis of the I—Cl bond, whereas in CC14 the 

order in IC1 is three, evidently because two molecules of IC1 are required to 

promote the heterolysis.182 

Iodination by IC1 in aqueous HC1 is believed to involve a positive iodinating 

species.183 

Iodination by IC1 (or I2) catalysed by SbCl5 in CC14 gives substantial (ca 105) 

toluene:benzene selectivity, together with an ortho:para ratio of 1.4.149 

9.5 ASTATINATION 

Oxidation of astatine with acidified dichromate gives an electrophile believed 

to be the univalent astatine cation, which reacted with benzene to give up to 49% 

ofastatobenzene. Halogenobenzenes gave the isomeric yields shown in Table 9.3, 

which confirmed the electrophilic nature of the reaction.184 

9.6 SUBSTITUENT EFFECTS IN HALOGENATION 

9.6.1 Alkyl, Cyclic Alkyl, and Substituted Alkyl Groups 

The electrophiles in halogenation are of widely differing types, and these 

differences show up in their reactivities and selectivities, exemplified by the data 

for halogenation of alkylbenzenes at 25 °C under a variety of conditions 

(Table 9.4). Notable features of these data are: 

(1) Halogenation by entities believed to be positively charged gives a relatively 

small spread of rates (selectivity) consistent with their greater predicted reactivity 
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Table 9.3 Yields in astatination of halogeno- 
benzenes, PhX 

X ortho meta para 

F 7 93 
Cl 15.5 1.6 83 
Br 30 2 78 

Table 9.4 Partial rate factors for halogenation of alkylbenzenes, PhR 

R fo fm f. Log/0:log/p Conditions No.a Ref. 

Me 134 4 82 1.11 HOC1, H + 1 6 
198 4 132 1.08 HOC1, 75% HOAc, H + 2 185 
306 237 1.05 ClOAc, aq. HOAc 3 18 
534 552 0.995 Cl2, aq. HOAc 4 32 
520 4.2 560 0.99 ci2> hco2h 5 186a 
780 5.5 750 1.01 Cl2, TFA 6 186a 
617 5 820 0.96 Cl2, HOAc 7 34 

1830 9.1 6250 0.86 Cl2, MeCN 8 32 
2430 8.3 9500 0.89 Cl2, MeN02 9 32 

61 2.0 48 1.06 HOBr, H+, aq. dioxane 10 186b 
600 5.5 2420 0.82 Br2, aq. HOAc 11 187 

1360 10 12700 - 0.76 Br2, TFA 12 107 
4340 42400 0.785 Br2, 93.3% aq. TFA 13 188 
3700 12 57000 0.75 Br2, liq. S02 14 189 

144 6.6 230 0.91 ICl-ZnCl2, HOAc 15 182 
Et 450 840 0.91 Cl2, HOAc 16 37 

465 1800 0.82 Br2, aq. HOAc 17 37 
1460 19500 0.74 Br2, TFA 18 107 
2600 53500 0.72 Br2, liq. S02 19 189 

i-Pr 218 650 0.83 Cl2, HOAc 20 37 
180 1200 0.73 Br2, aq. HOAc 21 37 

1090 25000 0.69 Br2, TFA 22 107 
475 35500 0.59 Br2, liq. S02 23 189 

f-Bu 13.6 2.6 38.5 0.715 HOBr, H+, aq. dioxane 24 190 
158 ClOAc, aq. HOAc 18 

108 341 0.80 Cl2, aq. HOAc 25 32 
56.6 6.0 401 0.67 Cl2, HOAc 26 32 

114 9.4 500 0.76 ci2, hco2h 27 186a 
5.2 7.3 805 0.25 Br2, aq. HOAc 28 191 

330 33 1100 0.83 Cl2, TFA 29 186a 

345 3140 0.725 Cl2, MeCN 30 32 
34 19300 Br2, TFA 107 

10 22500 0.23 Br2, liq. S02 31 189 
119 59100 Br2, 93.3% aq. TFA 191 

'These refer to the points in Fig. 9.1. 
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compared with that of molecular reagents. Molecular bromination gives a 

greater spread of rates than molecular chlorination as expected, since the kinetic 

evidence shows it to involve a less reactive electrophile (Section 9.3.2). 

(2) In each condition under which the reactivity of all four alkylbenzenes has 

been measured, there is a regular decrease in the log f0:log fp ratio as the alkyl 

group is made larger, confirming the existence of steric hindrance. The decrease in 

the ratio with increasing size is also greater for bromination than for chlorination, 

as expected. 

(3) The partial rate factors for molecular chlorination of toluene are strongly 

dependent on the nature of the medium. The log f0:log fp ratio decreases as the 

partial rate factors increase, and in the graphical representation in Fig. 9.1 the 

points for these and other chlorinations, and also brominations, lie on a smooth 

curve. These results indicate that the decrease in the ortho: par a ratio which 

accompanies the increase in the selectivity of the reagent as measured by fpMe is 

largely an electronic rather than a steric effect; similar behaviour is observed in 

hydrogen exchange (Table 3.2). The points which lie below the curve of Fig. 9.1 

refer mainly to halogenations of the other alkylbenzenes, especially of 

tert-butylbenzene, indicating here the superimposition of steric hindrance to 

ortho substitution on the electronic effects which are otherwise responsible for 

determining the ortho:para ratio. 

13« 

Figure 9.1. Plot of log f0 against log/p. • Toluene, ■, ethylbenzene; □, isopro¬ 
pylbenzene; O, tert-butylbenzene. 
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(4) Activation by the para-alkyl groups follows the Baker-Nathan order in all 

good solvating media, owing to steric hindrance to solvation (Section 1.4.3). As in 

hydrogen exchange, the inductive order is followed in the poorly' solvating 

trifluoroacetic acid. As water is added to TFA, solvation is improved and so the 

log fp'~Bu: log fpMe ratio for bromination decreases, being 1.044 (TFA), 1.031 

(93.3% aqueous TFA), and 1.004 (78.3% aqueous TFA).191 Similar results are 

obtained for chlorination in TFA,186a whereas for chlorination in the better 

solvating HOAc, addition of water produces only a very small increase in the 

ratio (1.077 to 1.081).186a The partial rate factors for bromination also pass 

through a maximum in 93.3% aqueous acid,188,191 which probably reflects better 

differential solvation of the ground and transition states for the alkylbenzenes 

relative to benzene itself. It is noteworthy that hydrogen exchange rates also pass 

through a maximum in aqueous TFA of similar concentration (Section 3.1) 

owing to a balance between increased solvation and decreased reactivity of the 

electrophile. 

The relative rates of bromination by Br2 in HOAc of some alkylbenzenes, PhR, 

have also been determined as follows: R = MeCH2, 100; MeCH2CH2, 80; 

Me2CHCH2,53; Me3CCH2,30.192 The decrease in reactivity with increasing size 

of the alkyl group is now known to be due to steric hindrance to solvation.193 

Bromination of cyclopropylbenzene by Br2-CCl4 at — 20 °C gives mainly para 

substitution, but ring opening occurs at higher temperatures;194 the dichloro- 

cyclopropyl group also directs bromination in the para position.195 

Indane brominates mainly in the ^-position, whereas tetralin brominates 

mainly in the a-position,196 the explanation being that given for hydrogen 

exchange of these compounds (Section 3.1.2.3); similar results are obtained for 

chlorination under various conditions.185 Compounds 32 brominate in the 

a-position for n = 4 and in the ^-position for n = 2, 3, 5, and 7; this general 

pattern is also true for compounds 33 (X = 0, NAc)197 and is attributable to 

increase in strain in the bond common to both rings on going to the transition 

state for a-substitution (see Section 3.1.2.3). 

Partial rate factors for the chlorination of diphenylmethane in 75% aqueous 

HOAc at 25 °C are/0 = 30.7, fp = 37.6, i.e. less than in toluene as expected, with 

the reactivity of the ortho position being attenuated most. In 98% HOAc the 

values are slightly smaller, and smaller also in the presence of perchloric acid.198 
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Bromination of substituted [2,2]paracyclophanes (34, X = C02Me, COMe, 

C02H, N02) gave unexpected behaviour, with bromine entering only the pseudo 

gem position. This was attributed to the oxygen of the substituent acting as an 

internal base for removal of the proton from the adjacent ring in the transition 

state. For X = CN and Br this is less feasible on either steric or electronic grounds, 

and consequently neither compound gave any gem substitution. The substitution 

patterns were also anomalous, however, e.g. the bromo compound gave 5% p-, 

and 16%, 26%, and 6% pseudo o-, m-, and p-dibromo derivatives, respectively. 

Here again, proton removal from the intermediate is thought to take place via 

transfer to the adjacent ring (e.g. Scheme 9.5).199 

Scheme 9.5. Mechanism for anomalous bromination pattern in bromo-[2,2]- 
paracyclophane. 

9.6.2 Amines, Anilides, Ethers, and Esters 

Partial rate factors for halogenation of these compounds are shown in 

Table 9.5. 

The para activation orders NHAc > NMeAc and OH > OMe may be due to 

(1) a greater importance of X-H than X-Me hyperconjugation [this seems 

unlikely since it is now well established that C-Me is greater than C-H 

hyperconjugation (Section 1.4.3)]; (2) steric hindrance to solvation; (3) steric 

inhibition of attainment of coplanarity between the substituent p-orbitals and 

those of the aromatic ring in the transition state (35). Although the last effect is 

clearly significant, as shown by the data for the O-n-Pr and O-n-Bu substituents, 

and more especially by data below, the general results for the OR substituents 

suggest that it is not of overriding importance. 

H Br H Br 

(35) 
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Table 9.5 Partial rate factors for halogenation of compounds PhX at 25 °C 

X o m P Conditions Ref. 

NMe2 3 x 1019 Br2, aq. HOAc 29,200 
8 x 1013 Br2, H20 201 

NMeAc 1.4 x 106 Br2, H20 29,200 
NHAc 1.3 x 109 ®r2> H2O 29,200 

6.2 x 105 0.37 2.5 x 106a Cl2, HOAc 202 
OAc 6.5 0.071 87 Cl2, HOAc 202 
OCOPh 5.5 0.059 52 Cl2, HOAc 203 
OH 3.7 x 1012 Br2, aq. HOAc 29,200 
OMe 7.9 x 104 5.6 x 105 HOBr/H + 186b 

6.1 x 106 4.6 x 107 Cl2, HOAc 21,35 
8.7 x 107 2.0-3.75 1.1 x 1010 Br2, aq. HOAc 29,200,204 
6.6 x 107 3.5 x 109 Br2, H20 201 

OEt 1.3 x 108 4.7 2.8 x 1010 Br2, H20 204 
O-n-Pr 3.74 x 1010 Br2, HzO 204 
O-i-Pr 5.85 x 1010 ®r2> H2O 204 
O-n-Bu 2.76 x 1010 Br2, H20 204 
OPh 3.33 x 107 Br2, H20 204 
SPh 3.42 x 105 Cl2, MeNOz 205 

aFor the 2-Me and 2,6-Me2 derivatives the corresponding values are 6.2 x 105 and 1.2 x 103. 

Table 9.6 Relative rates of bromination of phenols and anisoles 

Compound k{ rel.) Compound fc(rel.) 

Anisole 1 Phenol 90 
2-Methylanisole 6.3 2-Methylphenol 450 
2,6-Dimethylanisole 0.4 2,6-Dimethylphenol 550 

The effect of inhibition of conjugation has been confirmed by results for the 

bromination of phenols and anisoles (Table 9.6).206 Introduction of a second 

methyl group into an ortho position in phenol produces a far smaller increase in 

bromination rate than does the introduction of the first methyl group; for anisole 

the second methyl group actually decreases the reaction rate. The results are 

consistent with the view that two ortho substituents, by preventing the O—H or 

O—Me bond from being coplanar with the aromatic ring, also prevent 

coplanarity between the substituent and aryl p-orbitals. 

The same situation is found in the chlorination of acetanilide and its ortho- 

substituted derivatives (Table 9.5). Thus, whereas one o-methyl group causes a 

fourfold decrease in the rate, the second methyl group causes a further 500-fold 

decrease (see also ref. 207). Likewise, the rates of bromination of N,A/-dimethyl- 

and jV,AT-diethylaniline in strong aqueous acid were decreased by o-methyl 



394 ELECTROPHILIC AROMATIC SUBSTITUTION 

substituents whereas m- or p-methyl substituents produced a marked rate 

increase.116 
Two factors are evidently involved overall as shown by the following. Whereas 

o-methylation of acetanilide reduces the rate of p-chlorination by a factor of 

20 (after allowance for the effect of the methyl substituent meta to the reaction 

site), iV-methylation reduces it 1000-fold. Since the effects of hindrance to 

conjugation should be comparable in the two molecules, the marked rate 

reduction by the N-methyl substituent must be due to some other cause.208 

The most probable explanation is steric hindrance to solvation, for although 

hindrance on the aromatic rings will be similar in each molecule, a key difference 

is that most of the charge in the transition state resides on nitrogen, and it is 

in the N-methylated compound that this is most hindered. 

A further possibility is that a portion of the reaction takes place on phenoxide 

ion in the case of phenol and amide ion in the case of anilines and anilides. 

The importance of the former has been demonstrated in chlorination of phenol 

and anisole by tert-butyl hypochlorite.15 Anisole gave an ortho:para ratio that 

was independent of acidity, whereas that for phenol was 0.43 at pH 4.0 and 4.3 

at pH 10.0; the increase in ratio with decreasing acidity for phenol is due to 

reaction taking place on the phenoxide ion. 

Bromination of thioanisole by Br2 in HOAc is ca 80 times slower than 

bromination of anisole. However, thioanisole is reported to be six times more 

reactive if 95% aqueous HOAc is used;209 the reason for this is unclear, but 

hydrogen bonding of the ethers could be responsible. 

Catalysed chlorination of PhOCF3 gives 23% ortho, 6% meta and 71% para 

substitution.210 The greater extent of meta substitution compared with that 

found with anisole is attributable to the greater — I effect of OCF3 compared 

with OMe; bromination gave less ortho substitution as a result of increased 

steric hindrance. By contrast, neither chlorination nor bromination gave any 

ortho substitution with 2,2-dichlorocyclopropoxybenzene.211 

9.6.3 Deactivating Substituents 

The chlorination of a number of compounds containing deactivating substitu¬ 

ents with HOCl-H+ (Table 9.7) has thrown light on the reason for the high 

ortho:para ratios produced by these substituents in various reactions, and 

nitration in particular;212 also included in Table 9.7 are some more recent results 

(in parentheses) for FeCl3-catalysed chlorination. 

The trend in ortho:para ratios is very similar to that in nitration (Table 7.15); 

the ratio increases as the electron-attracting power of the substituent is increased. 

Since the attacking species in the two reactions are stereochemically different, the 

high ratios in nitration cannot be ascribed to a steric interaction between 

substituent and reagent. Further, the trend in meta:para ratios in chlorination is 
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Table 9.7 Isomer distribution (%) for chlorination of compounds PhX containing 
deactivating substituents 

X 0 m P i o:p W-p Ref. 

(SiF 3) 27.7 71.7 0.6 27 70 214 
no2 17.6 80.9 1.5 5.9 27.0 212 
CN 23.2 73.9 2.9 4.0 12.7 212 
(Sici3) 28 69 3 4.7 11.5 215 
CHO 30.7 63.5 5.8 2.6 5.5 212 
cf3 15.7 80.2 4.1 1.9 7.9 212 
(SiCl2Ph) 31 57 12 2.4 1.3 216 
(CH2SiF3) 49.5 5.0 45.5 0.54 0.06 217 
Br 39.7 3.4 56.9 0.35 0.03 212 
Cl 36.4 1.3 62.3 0.29 0.01 212 

similar to that in the ortho:para ratios, suggesting that the latter has mainly an 

electronic rather than a steric basis; a similar conclusion has been reached from 

the nitration data.213 The electronic factors which underlie these high ortho:para 
ratios are discussed fully in Section 11.2.4. 

Partial rate factors/m, fp for chlorination ofhalogenobenzenes by Cl2 in HO Ac 

are F, 5.6 x 1(T3, 3.93; Cl, 2.3 x 1(T3, 0.046; and Br, 3.2 x 1(T3, 0.31.37 The 

relative reactivities of the meta position show that resonance effects are 

transmitted to these positions. Partial rate factors for SOPh substituent in 

chlorination by Cl2 in MeN02 are 6.94,11.1 and 241 for the ortho, meta and para 

positions, respectively.205 This surprising result contrasts with protiodesilyl- 

ation, where the SOMe substituent is strongly deactivating (Table 4.2). It 

appears, then, that the SOR substituent is either unexpectedly polarizable or 

is protonated under the conditions used in desilylation. 

Partial rate factors for bromination by H0Br-H2S04 of positive poles PhX 

are shown in Table 9.8.186b’218 

The arsenic pole is more reactive than the nitrogen pole and is a better meta 

director, whereas the nitrogen pole is relatively reactive at the para position; the 

sulphur poles are less electron withdrawing than the nitrogen poles. These results 

Table 9.8 Partial rate factors for bromination of positive poles PhX 

X 0 m P 

NMe3 + <16 x 10'8 515 x10“8 515 x 10“8 
CH2NMe3 + 126 x 10“5 210 x 10“5 168 x 10-5 
(CH2)2NMe3 + 0.68 0.087 1.53 
CH2SMe2 + 437 x 10-5 374 x 10“5 659 x 10“5 
(CH2)2SMe2 + 1.25 0.11 1.61 
AsMe3 + 123 x IQ'7 111 x 10“6 <74 x IQ"7 
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parallel those in nitration [Section 7.4.3.(xii)], and the same interpretations given 

there apply here. 
Bromination of cyclophanes incorporating positive poles gives results similar 

to those obtained in nitration, and again the same explanation applies. Thus 

compounds 70 in Table 7.14, viz. n— 1, X = NMe3 + , /= 6.25 x 10 7; n = 1, 

X = SMe2+,/ =7.52 x 10“6; n = 2, X = SMe2+,/ = 0.41, are each more reactive 

than the corresponding compounds 71 in Table 7.14, viz. n = 1, m = 8, 

X = NMe2+, /= 1.31 x 10~7; n= 1, m = 6, X = SMe+, / = 3.86 x 10“7; n = 2, 

m = 6, X = SMe+, / = 0.015.219 

9.6.4 Substituents Containing Boron and Silicon 

Halogenation of the icosohedral boranes B10H10C2H2 [Section 7.4.3.(xi)] 

takes place only at boron with an ease that shows the relative reactivities to be 

(pseudo) ortho- > meta- > para-carborane; the last isomer monohalogenates 

only, whereas the other isomers undergo polyhalogenation. In the chlorination of 

1-phenyl-o-carborane, chlorine enters the phenyl ring first, whereas in bromin¬ 

ation only the second bromine atom enters the phenyl ring. This suggests that the 

o-carborane has rather similar reactivity to that of benzene, differences in 

polarizability accounting for the preferred site for initial substitution. In 3- 

phenyl-o-carborane and 1-phenyl-m-carborane, the phenyl rings are preferenti¬ 

ally brominated.220 

Partial rate factors have been determined for the I2- or FeCl3-catalysed 

chlorination ofa range of Si-containing substituents.214,217,221 Results obtained 

under the latter condition, which exhibits lower selectivity, are given in Table 9.9. 

Chlorination of the more reactive compounds was accompanied by substantial 

chlorodesilylation, which arises because the corresponding SiR3 substituents are 

better leaving groups. The results show the expected decreasing reactivity with 

Table 9.9 Partial rate factors for chlorination of Si-containing compounds, PhX 

X o m V X 0 m V 

SiMe3 8.38 5.33 8.70 
SiMe2F 0.79 0.89 0.42 SiMe2Cl 0.97 1.15 0.50 
SiMeF2 0.105 0.17 0.03 SiMeCl2 0.157 0.215 0.06 
SiF3 0.0054 0.014 0.0002 SiCl3a 0.0142 0.0216 0.004 
CH2SiMe3 1840 0 7130 
CH2SiMe2F 204 0 1470 
CH2SiMeF2 17.3 0 46.4 
CH2SiF3 1.48 0.15 2.72 

'Values of 0.0106, 0.0261, and 0.00226 have also been obtained.214 
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increasing halogen substitution, and F deactivates more than Cl. The large loss of 

reactivity with increasing halogen substitution of the groups CH2SiR3 is far 

greater than could arise from the inductive effect of the halogen, and is due to 

decreased C-Si hyperconjugation, which is the primary cause of the high 
reactivity of these groups (Section 3.1.2.4). 

9.6.5 Polysubstituted Benzenes 

There have been many investigations into the additivity of methyl substituent 

effects in halogenation.22a,31a’33~35’182a’187’201 Some results, given in Table 9.10, 

show that the Additivity Principle holds remarkably well, deviations for 

chlorination and bromination being no greater than for the hydrogen-exchange 

reaction (Table 3.4), in which there is no steric hindrance. The deviations are 

ascribable to decreasing selectivity with decreasing reactivity of the aromatic 

substrate, i.e. for the more reactive compounds the transition state is shifted 

towards the ground state. An alternative view is that the transition state position 

is not significantly altered, but rather that the substituents are able to respond 

variably to demands for resonance stabilization of the transition state; this is 

amplified by other data below. The larger deviations in iodination are due to 

steric hindrance. 

For bromination by bromine in water, the spread of rates is greater than under 

the conditions given in Table 9.10, but again additivity holds very well, the p 

factor for the methyl substituent effects in the polymethylbenzenes being — 10.7 

compared with — 11.6 for the reaction of monosubstituted benzenes under these 

Table 9.10 Observed and calculated rates of halogenation of polymethyl- 
benzenes34-1823,187 

Positions of 
methyl groups 

Chlorination Bromination Iodination 

Obs. Calc. Obs. Calc. Obs. Calc. 

None 1 1 1 1 0.007 — 

1- 344 344 605 605 1 1 
1,4- 2.1 x 103 2.0 x 103 2.5 x 103 2.2 x 103 7.15 7.15 
1,2- 2.1 x 103 2.4 x 103 5.3 x 103 5.5 x 103 9.3 9.3 
1,3- 1.85 x 105 2.3 x 105 5.1 x 105 5.4 x 105 164 164 
1,2,4- — — 1.5 x 106 1.7 x 106 540 640 
1,2,3- — — 1.7 x 106 2.7 x 106 — — 

1,3,5- — — 1.9 x 108 4.4 x 108 1.3 x 104 2.7 x 104 
1,2,4,5- — — 2.8 x 106 3.6 x 106 164 339 
1,2,3,4- — — 1.1 x 107 1.5 x 107 — — 

1,2,3,5- — — 4.2 x 108 1.6 x 109 1.1 x 104 1.2 x 105 
1,2,3,4,5- — — 8.1 x 108 4.4 x 109 5.3 x 103 3.9 x 105 
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conditions.201 Substituted anisoles and A^A-dimethylanilines showed much 

greater departure from additivity, the corresponding p factors being — 6.5 for 

ort/io-substituted anisoles, — 5.6 for para-substituted anisoles, and — 2.2 for 

para-substituted AT,A/-dimethylanilines.201 Although these departures are in the 

direction expected for operation of the Reactivity-Selectivity Principle, i.e. the 

substituent effects becomes smaller the more reactive the compound, it could be 

that for the IV,IV-dimethylamino compounds at least, encounter control of 

bromination is occurring.222 This view is supported by the anomalously low para 

partial rate factor for A,N-dimethylaniline (Table 9.5). Similar large departures 

from additivity have been observed in chlorination ortho to the NHAc group of 

compounds (36, R = NHAc) by Cl2-HOAc; the p factor is thus only — 4.7 instead 

of — 10, which applies to chlorination of monosubstituted benzenes. 

Many substituent effects have been determined by application of the Additivity 

Principle. The effects of ortho substituents OR in bromination of compounds 37 

by HOBr-HOAc were R = Me, 1; Et, 2; i-Pr, 3-4; n-Bu, 2.7; i-Bu, 2.7; n-Am, 2.3; 

i-Am, 2.6; n-Oct, 2.2, CH2C02H, 0.08; (CH2)2C02H, 0.5; CHMeC02H, 0.1; 

(CH2)2Br, 0.16; (CH2)3Br, 0.56.223 These were virtually independent of the nature 

of either X (H, Cl, Br, C02Me) or Y (Cl, Br, C02Me, C02Et, N02),223 and show 

the usual decreasing inductive effect with distance from the aromatic ring. 

(39) (40) 

Partial rate factors for meta substituents have been determined in bromination 

by Br2-MeN02 of compounds 38 and 39,111’224 and relative rates for 

bromination of compounds 36 (R = OMe) by HOBr-HOAc223 (Table 9.11). 

They confirm in each case that m-F is less deactivating than the other halogen 

substituents (cf. Section 9.6.3), owing to secondary relay of conjugative effects to 

the meta position. This secondary relay is also apparent in the data for the OH, 
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Table 9.11 Partial rate factors and relative rates for bromination of PhX 

X 
Mesitylenes (38) 
(meta position) 

Isodurenes (39) 
(meta position) 

Anisoles (36)a 
(meta position) 

Durenes (40) 
(para position) 

H 1 1 _ 1 
F 8.6 x 10“4 1.2 x 10"3 1 4.62 
Cl 4.9 x 10“4 6.4 x 10“4 0.63 0.145 
Br 4.3 x 10“4 6.3 x 10“4 0.47 0.062 
I 1.1 x 10“3 3.3 x 10“3 — 0.080 
CN 8.7 x 10"7 — — 3.1 x 10“6 
C02Me — — 0.10 — 

C02Et — — 0.11 — 

no2 — — 0.0015 — 

OH 14.2 — — — 

OMe 0.19 — — 1.64 x 105 
SMe 0.025 — — 9.7 x 102 

“Relative rates, R = OMe. 

OMe, and SMe substituents, since in the absence of a relayed resonance effect the 

relative reactivities would be governed by the inductive effect and therefore lie in 

the order SMe > OMe > OH. The spread of rates is also less in the more reactive 

compounds 39, consistent with the transition state for the more reactive 

compounds being displaced towards the reactants. 

Compounds 40111-224 show that halogens activate the para position in the 

order F>H>Cl>I>Br and, with the exception of the iodo substituent, for 

which the para reactivity cannot be measured because of the formation of 

iodobenzene dichloride [Section 9.2.2.(ii)], this order is also followed in mole¬ 

cular chlorination (Section 9.6.3) (the bromination of 1-halonaphthalenes gives 

the slightly different order, F>H>I>C1> Br225). 

The stronger activating effect of OMe than of SMe parallels that in hydrogen 

exchange (Section 3.1.2.7), but the activating effect of p-OMe is far less in durene 

(1.64 x 105) than in anisole (1.1 x 1010), owing to steric inhibition of re¬ 

sonance.224 Steric inhibition of resonance also causes p-N02 to deactivate less in 

halogenation of durene than predicted, although in mesitylene and isodurene 

m-N02 deactivated more than predicted (especially in bromination),226 showing 

that in these polysubstituted compounds steric hindrance is also a contributory 

factor in producing the overall reactivity. Deviations from additivity of substituent 

effects in bromination of methoxyaromatic ketones227 are also attributable to 

steric inhibition of coplanarity between the acyl group and the aromatic ring. 

Interestingly, this feature causes a high ratio of di- to monosubstitution in the 

bromination of 3-acetylanisole; bromine enters the 4-position and causes the 

acetyl group to become less coplanar with the aromatic ring, which is thus 

deactivated less and further bromination is facilitated.228 
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The data in Table 9.11 show that the cyano group deactivates the meta position 

more than the para position, whereas the converse is normally true. This anomaly 

can be attributed to the fact that in the mesitylenes (38), the cyano group is able to 

withdraw electrons conjugatively from the methyl groups more effectively than it 

can in compounds 40. Moreover, the methyl groups in 40 that suffer this 

conjugative electron withdrawal are themselves not conjugated with the reaction 

site and therefore have a relatively small effect on the overall reactivity of the 

molecule. 

The effect of steric hindrance to coplanarity is also manifest in rate data for the 

chlorination of compounds 41-44.206 For 41 and 42, the agreement between the 

calculated and observed rates is reasonable considering the fact that chlorination 

of them is accompanied by some ipso substitution involving addition- 

elimination pathways. The 178-fold attenuation of the reactivity of compound 44 
is evidently due to steric inhibition of conjugation between the acetoxy group and 

the aromatic ring, which actually causes the acetoxy group to deactivate here. 

The 19-fold attenuation of the reactivity of compound 43, where reaction occurs 

meta to the acetoxy group, shows that there must be substantial relay of the 

conjugative effects to the meta positions (cf. Section 1.4.2). 
In the bromination of meta- and para-disubstituted benzenes containing 

substituents Me, OMe, and (CH2)„X, where n — 0-2 and X = NMe3+ and 

SMe2+, the aromatic was less reactive than predicted if both groups were 

strongly electron withdrawing.229 If one substituent was strongly deactivating 

whilst the other was activating (e.g. Me or OMe), or if both substituents were 

moderately deactivating [i.e. (CH2)2X], then the observed reactivity was greater 

than predicted. The reasons for these deviations are described in Section 11.1.5. 

Estimates of meta partial rate factors for deactivating substituents have been 

determined using the Additivity Principle (Table 9.12).25b’29’83’230,231 There are 

wide variations in values for a given substituent for the same reaction but using 
different substrates, and this serves to emphasize the deficiency in the method. 

X 
Me 

J-r'Me 

T Me"' 

OAc OAc OAc 

(41) (42) (43) 

102/c2/lmol *s ^obs.) 0.0055 0.67 0.078 
102fc2/l mol-1 s-1 (calc.) 0.0038 1.1 1.5 

Me Me 

62 

11000 

Scheme 9.6. Observed and calculated rates of chlorination of aryl acetates. 
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Table 9.12 Estimates of meta partial rate factors based on the Additivity Principle 

co2h C02Et COPh N02 Cl CN NMe3+ Reaction 

7.8 x 10~4 1.5 x 10~3 2.3 x 1(T3 3.6 x 10“4 0.0026 ) 
7.4 x 10“5 0.03 la > C12-HOAc 
5.4 x i<r6 J 
9.5 x 10“8 8.7x10-7 Br2-MeN02 

2.25 x 10“2 4.8 x 1(T5 4.8 x 10“5 HOBr-H + 

“Under these conditions/,, = 0.21 and/p = 0.44. 

Comparison of values for m-Cl under a variety of conditions2310 shows that the 

deactivation is consistently smaller the more reactive the system, as noted in 

many instances above. 

9.6.6 Biphenyl and its Derivatives 

Representative data for the halogenation of biphenyl are given in 

Table 9.13.38,83’93,102b’232 The ortho:para ratio decreases with increasing select¬ 

ivity of the reagent (and this is true also in chlorination under various 

conditions).233 This is partly due to increasing steric hindrance as the bond 

between the ring and the electrophile becomes shorter in reactions with later 

transition states,233 but is largely a mathematical consequence of the selectivity 

effect, as the log/0:log/p values demonstrate.234 As in chlorination of toluene 

(Table 9.4), reaction of biphenyl with ClOAc gives anomalously high ortho 

reactivity, with f0 = 20.3, fp = 21.3.235 Steric hindrance is obviously severe in 

iodination of biphenyl by acetyl hypoiodite, the corresponding values being 0 and 

100; this reagent also gives low ortho reactivities for toluene, diphenylmethane, 

and 1,2-diphenylethane.236 

Table 9.13 Partial rate factors for halogenation of biphenyl 

HOBr-H+- HOBr-H+- Cl2-HOAc 
aq. dioxane HOAc 

ortho:para ratio 0.685 0.573 0.319 
Log /„:log fp 0.86 0.85 0.83 

BrOAc 

0.133 
0.75 

Br2-50% 
aq. HOAc 

0.033 
0.59 
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Table 9.14 Partial rate factors for chlorination of alkylbiphenyls by Cl2 in HOAc 

(45) (46) (47) (48) 

An extensive study of the molecular chlorination of alkyl-substituted biphenyls 

has yielded the results given in Table 9.14.237 The following deductions can be 

made. 

(1) Comparison of the values between either of the pairs toluene and 45,55 
and 56, or between toluene and 51 (3- or 5-position), yields remarkably consistent 

values for/^h of 0.49, 0.55, 0.57, and 0.49 (cf. 0.7 obtained from chlorination of 

acetanilide and its 4-phenyl derivative35). 

(2) Comparison of the values for the 2'-position in 45 and the 2-position in 46 
shows m-Me to activate by a factor of 3, which may be compared with a value of 5 

obtained by the direct method (Table 9.4). Similar treatment of the data for 

compounds 47 and 48 shows m-t-Bu to activate 4-fold. 

(3) Comparison of the values for compound 45 and biphenyl shows that the 

4-Me substituent increases the reactivity of the 2'- and 4'-positions by a factor of 

ca 7.5, as compared with the factor of 820 in toluene. The ratios of the logarithms 
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of these activating effects (3.3-fold) gives, in linear free enegy terms, a measure of 

the reduced transmission of substituent effects between the phenyl rings. The 

value is in good agreement with those obtained in a number of other reactions 
[Section 3.1.2.10(5)]. 

(4) Whereas the ratios of the reactivities of the 4-positions in toluene and tert- 

butylbenzene is 2.04 (Table 9.4), the ratios of the reactivities at the 4'-positions in 

45 and 47 is only 1.46. This demonstrates further the importance of steric 

hindrance to solvation in governing the relative reactivities of compounds 

containing these alkyl groups (Section 1.4.3). In the biphenyls, a smaller fraction 

of the transition state charge is delocalized on to the carbon bearing the alkyl 

groups than is the case in benzene. Consequently, steric hindrance to solvation is 

less important in the biphenyls and attenuation of the reactivity of the tert-butyl 

compound becomes less. 

(5) Compounds 51-53 are much less reactive than predicted by the Additivity 

Principle, and they are much less reactive than biphenyl itself, despite the presence 

of the activating alkyl groups. The substituents prevent the two nuclei from 

approaching the coplanar arrangement necessary for maximum resonance 

interaction between them; the positive charge which resides in the system in the 

transition state is less able to be delocalized over both rings. Calculations based 

on results for biphenyl, 51,53, and toluene (Table 9.4) show that the activating 

effect of the phenyl substituent is reduced 15-fold by one o-Me group and 100-fold 

by two o-Me groups. 

The connection between the stereochemistry and the reactivity of biphenyl is 

further illustrated by the data in Table 9.15.238 As the bridging side-chain brings 

the aromatic rings closer to the coplanar configuration, so the conjugation 

between the rings, and hence the reactivity, are increased. These results parallel 

those in hydrogen exchange (Table 3.14), as do the changes in relative positional 

reactivities between open and closed structures, owing to strain in the central ring 

[Sections 3.1.2.10(11) and 11.2]. 

Table 9.15 Partial rate factors for chlorination by Cl2 in HOAc 

39 OOO 3900 1150 3 40 220 

(CHMe)2 Ac Ac 

235 24 200 8600 122 000 

For bromination by Br2-aq. HOAc, /2 = 1.03 x 107.239 
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Pentafluorobiphenyl was reported to give 2'- and 4'-bromo derivatives in a 

1:10 ratio in bromination by Br2-AlBr3.240 However, results for hydrogen 

exchange predicted that significant meta substitution should be obtained, and the 

ortho:para ratio should be higher.241 Use of high-resolution g.l.c. showed that the 

4'-bromo derivative was in fact a 3'- and 4'-bromo mixture. Moreover, 

bromination under less sterically demanding conditions (Br2-HOAc-I2) gave 

ortho, meta, and para derivatives in 12, 23, and 65% yields, respectively, these 

proportions being close to those predicted from hydrogen exchange.241 

The relative reactivities of terphenyls reported for bromination (and also 

alkylation), viz. ortho > meta > para,242 is anomalous, cannot be explained by 

any known substituents effects, and arises from the reaction mixtures being 

heterogeneous;243 the observed reactivity order is that of decreasing solubility. 

9.6.7 Naphthalene and Polycyclic Compounds 

Partial rate factors for halogenation of polycyclics (Table 9.16) follow the 

generally observed reactivity pattern (cf. hydrogen exchange, Table 3.17), and the 

data correlate reasonably well with reactivity parameters.239 

Bromination of 2-methylnaphthalene gives the positional reactivity order 

1>8>4>5>6>3> 7.244 This order is that observed in hydrogen exchange 

and nitration, except that the relative reactivities of the 5- and 6-positions are 

reversed. This is not unexpected, because although the 2-methyl group strongly 

activates the 6-position, in a reaction of high p factor the higher intrinsic 

reactivity of the 5(a)-position will become relatively more significant. Bromin¬ 

ation of dimethylnaphthalenes generally follows prediction, except for the 1,8- 

dimethyl isomer, where steric crowding becomes very significant.244 

Table 9.16 Partial rate factors for halogenation of polycyclics 

Reagent 

Compound Position Br2-aq. HOAc C12-HOAc ClAgCl 

Naphthalene 1 1.84 x 10s 4.9 x 104 33 000 
2 1860 — 170 

Phenanthrene 9 2.23 x 106 9.7 x 105 — 

Fluoranthene 3 6.90 x 106 — — 

Triphenylene 1 — 4600 660 
2 — 1700 120 

Chrysene 6 3.75 x 107 — — 

Pyrene 1 4.26 x 1010 — — 

1,2-Benzanthracene 7 1.46 x 1011 — _ 

Anthracene 9 2.36 x 1012 — _ 

Acenaphthene 5 1.65 x 1011 — — 
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Differences between the correlations of rate vs l/[Br-] in bromination of 
1,5-dimethylnaphthalene (at the 4-position) and 2,3-dimethylnaphthalene (at the 
1-position) indicated that the mechanism differs for each, with C—H bond 
breaking being partially rate-determining for the former compound, substitution 
in which must be more hindered than in the latter.245 Buttressing by the adjacent 
methyl groups in the latter compound must therefore be unusually small, and this 
may be attributed to the exceptionally long 2,3-bond in naphthalene. 

Bromination of 1,8-bridged naphthalenes (57) follows the reactivity order 
n = 2 > 3 > 4 > (1,8-dimethylnaphthalene),246 as found in hydrogen exchange 
(Table 3.22) and for the reasons given in Section 3.1.2.13.(vi). Bromination of 
acenaphthene gives much higher 5:3 product ratios in chlorination (2.2-3.3) 
compared with bromination (29-48),247 indicating that substitution at the 3- 
position is very sterically hindered. Bromination of 1/7-cyclobuta- 
[de]naphthalene (57, n — 1) parallels results for acetylation248 (see Section 6.7.3 
for interpretation of these results). 

Bromination of hexahelicene gives mainly the 5-bromo derivative, together 
with what was assumed to be the 8-isomer.249 However, hydrogen exchange 
results (Table 3.14)250 indicate that the 7-position is the next most reactive after 
the 5-position. As in nitration, bromination of benzo[c]fluorene occurs at the 
5-position.251 As in nitration and hydrogen exchange (Table 3.15), halogenation 
of biphenylene goes mainly in the 2-position252 (see Section 3.1.2.10 for an 

explanation of this result). 
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CHAPTER 10 

The Replacement of a 
Substituent X by 
a Substituent Y 

Reactions in which a substituent X is replaced by an electrophilic reagent Y 

comprise the largest class of aromatic substitutions. Thus Y may be any one of the 

electrophiles described in Chapters 5-9 and X may be any one of the groups 

whose replacement by a proton was described in Chapter 4. This gives a 

theoretical total of around 700 different reactions, but only a small proportion of 

the possible combinations are as yet known. Some reactions feature amongst the 

earliest recorded electrophilic substitutions; they have recently been given the 

description ‘ipso’ substitutions (for a defintion of ipso partial rate factors, see 

Chapter 4). 

Mechanistic investigations and quantitative results for substituent effects in 

these reactions are relatively few, but for some of the processes accurate partial 

rate factors are available because measurements can be made on individual 

compounds which can be obtained highly pure (cf. Chapter 4). Care is necessary 

to ensure that deprotonation reactions are not occurring concurrently and giving 

erroneous rate data. In some reactions it has been shown that overall replacement 

of X by Y is either accompanied by, or occurs wholly by, protolytic cleavage of X, 

followed by substitution of Y into the parent aromatic. 

Since the proton-replacement reactions in Chapters 5-9 are subject to steric 

hindrance, and the protonolyses in Chapter 4 are subject to steric acceleration, 

the present reactions are subject to a combination of these effects, some of which 

are discussed in detail later. A unique effect is encountered in cleavages by 

nitronium ion (which is linear). This electrophile differs from most in that 

bonding takes place at its centre, rather than at one ‘end’, and it also changes 

shape during substitution. In nitrodeprotonation this does not cause substantial 

steric hindrance, consistent with the expectation that in the transition state the 

oxygens will already be bending away from the substituent (and interactions can 

be minimized further by rotation about the C—N bond). However, in ipso 
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substitutions the oxygens will be interacting substantially with the substituent if 

this is bulky (1), e.g. CMe3, SiMe3,1, and these interactions cannot be minimized 

by rotation. This is not the case for the corresponding nitroso cleavages (2), 

and this explanation1 accounts for nitroso cleavages of bulky groups occurring 

much faster than the corresponding nitro cleavages (see Sections 10.23,10.28, 

10.36,10.60). 

Some of the reactions are useful for introducing groups into the aromatic ring 

to give derivatives which are otherwise very difficult to obtain. This is because the 

C—X bond tends to be weaker than the C—H bond, so reaction conditions 

milder than those needed for the direct substitutions may be employed, thereby 

minimizing side-reactions. Moreover, it is possible to ‘activate’ positions, e.g. 

ortho to bulky groups, which would be difficult to substitute by the direct 

methods. 

The sequencing of the reactions is as follows: both X and Y are taken in order 

across the Periodic Table (considering the element that is attached to the 

aromatic ring), but the leaving group takes sequence priority. Thus deboron- 

ations precede desilylations, and acyldesilylation precedes halodesilylation. 

10.1 SILYLDELITHIATION 

The reactions of aryllithium compounds with a variety of electrophiles such as 

water and halogens are widely known, but consideration of these processes is 

beyond the scope of this book, especially as they have not been investigated in the 

context of electrophilic substitutions. However, replacement of lithium by a 

trialkylsilyl group (eq. 10.1), using ethyldimethylsilyl compounds with X = Cl, 

OEt, and H, has been so examined.2 For X = Cl, the groups m-Me, p-Me, and m- 

CF3 in the aromatic ring have a negligible effect on the rate of reaction, but for X 

= OEt or H a small spread of rates occurs: p-Me > m-Me « H > m-CF3. This is 

the order expected for an electrophilic substitution, and the small range of rates 

indicates that there is little change in electron density in the aromatic ring in 

passage from the reactants to the transition state; this is consistent with the high 
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polarity of the Ar—Li bond compared with Ar—H. 

ArLi + R3SiX->ArSiR3 + LiX (10.1) 

If the reacting silicon compound contains more than one group X, further 

substitution can occur, its extent depending largely on the steric influences in the 
groups Ar and R.3 

The reaction (and also stannyldelithiation) has been used to prepare the 3- 

derivatives of benzocyclobutene. Electrophilic substitution at the 3-position is 
extremely difficult [Sections 2.6 and 4.7.1(h)], but lithiation (Section 5.1) occurs 

there readily, and the Ar—Li bond can then be cleaved by Me3SiCl or Me3SnCl 
compounds.4 

10.2 HALODEAURATION 

The group AuP(Ph)3 is cleaved from ferrocene by halogens to give the 

haloferrocene (eq. 10.2); bis-ferrocenyl is a byproduct of the reaction.5 

FerrAuP(Ph)3 + Hal —-*■ FerrHal + HalAuP(Ph)3 (10.2) 

10.3 NITROSODEMAGNESIATION 

Many of the reactions of aryl Grignard reagents with electrophiles are 

electrophilic aromatic substitutions but, like those of the aryllithium reagents, are 

outside the scope of this book. A typical example is the reaction with NOC1, 

giving the nitrosoaromatic (eq. 10.3)6 compounds which are otherwise difficult 

to obtain; other similar nitroso cleavages are described below. 

ArMgCl + NOG —* ArNO + MgCl2 (10.3) 

10.4 MERCURIDEMERCURIATION 

Just as hydrogen on an aromatic ring can undergo exchange, so too can other 

groups. The best documented of these reactions is mercuridemercuriation in 

which diaryl- and alkylarylmercury compounds react with mercury(II) halides in 

various solvents, including non-polar ones (eqs. 10.4 and 10.5). The reactions are 

second order, unaffected by the addition of water, are inhibited by iodide ion (in 

the reaction with Hgl2), and, in the similar reactions that take place with 

alkylmercurials, occur with retention of configuration in the alkyl group so that 

the reaction probably involves front-side attack.7 ”11 Activation entropies for the 

reaction are consistent with a fairly cyclic and therefore symmetrical transition 

state structure which has been formulated, for example, as 3; this may 
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Table 10.1 Partial rate factors for mercuridemercuriation 

Substituent 

Reaction 4-OMe 4-Me 4-Ph H 4-F 4-C1 4-Br 4-N02 

Ar2Hg + HgI2, 25 °C 36.3 6.65 1.14 1 0.21 0.047 
ArHgBr + HgBr2, 20 °C 411 9.5 1 0.214 0.009 

alternatively be represented by 4, in which the full arrow indicates greater 

electron transfer than the broken arrow. 

Ar2Hg + HgX2 2ArHgX (10.4) 

ArHgR + HgX2 ^=± ArHgX + RHgX (10.5) 

Investigations into the extent of symmetry show this to vary according to the 

nature of the various groups involved. Thus, whereas reaction of dialkylmer- 

curials with 203HgCl2 gives almost equal distribution of label in the products,9 in 

the corresponding reaction with PhHgEt most of the label ended up in the 

phenylmercury(II) chloride, showing that most of the cleavage of the organomer- 

curial compound occurs between Ar and Hg.11 Similar exchange reactions 

between Ph2Hg and PhHgR12 and between ArHgBr and HgBr213 have 

confirmed the above general mechanistic picture. 

Ar 

R 
1 

R 
1 

/■k 
; vx~ 

1 

/H«n 
Ar) r 

x y 
Hg 

\ / 
'Hg* 

| 

X 
1 
X 

(3) (4) 

Partial rate factors for mercuridemercuriation (Table 10.1) demonstrate the 

electrophilic nature of the reaction.7'13 Surprisingly, the data for reactions of the 

diarylmercurials7 correlated with a values rather than g+ values, giving in 

consequence an anomalously high p of — 5.9. For reaction of the arylmercury(II) 

bromides a satisfactory correlation with a+ values was obtained, with p = — 3.4. 

10.5 PLUMBYLDEMERCURIATION 

The reaction of lead tetrakistrifluoroacetate in TFA with 4- 

fluorophenylmercury(II) trifluoroacetate gives 4-fluorophenyllead(IV) tristri- 

fluoroacetate (eq. 10.6). The alternative mechanism, involving protolytic 
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cleavage followed by plumbylation, was shown not to occur.14 
TFA 

Pb(OCOCF3)4 + ArHgOCOCF3-» ArPb(OCOCF3)3 + Hg(OCOCF3)2 

(10.6) 

10.6 NITROSODEMERCURIATION 

Nitrosoaromatics are produced by the reaction of NOC1 with either diarylmer- 

curials or arylmercury(II) chloride (eq. 10.7).15 The mercury(II) salt-catalysed 

nitration of toluene is thought to proceed via mercuriation followed by 

nitrosodemercuriation (yields were greatly reduced in the presence of urea) and 

then oxidation.16 Nitrosodemercuriation may also be brought about by reaction 

with sodium nitrite-TFA or with N203.17,18 

ArHgCl + NOC1 —+ ArNO + HgCl2 (10.7) 

10.7 HALODEMERCURIATION 

Both bromo- and iododemercuriation have been reported. The former 

reaction has been used as a valuable method for preparing polyhalogenoaroma- 

tics, particularly those containing deactivating substituents.19 Thus, for example, 

treatment of nitrobenzene with fused mercury(II) trifluoroacetate results in 

substitution of five HgOCOCF3 groups in the ring. Subsequent treatment with 

Br3“ gives pentabromonitrobenzene. 

Cleavage of arylmercury(II) bromides with iodine (eq. 10.8) produces the 

iodoaromatics; the rate data correlated with a+ values with p = — 2.87.20 The 

electrophilic nature of the reaction was also shown by the reaction of Ph2Hg with 

iodine being 860 times faster than that of (C6F5)2Hg (in dioxane at 19.8 °C); in 

aprotic dipolar HMPA, however, the rate differences become much smaller, 

possibly owing to incursion of the SE1 mechanism for compounds containing 

strongly electron-withdrawing groups (which react much more readily by this 

mechanism).21 

ArHgBr + I2 —-► Arl + HgBrI (10.8) 

10.8 SULPHODEMERCURIATION 

Arylsulphonic acids are obtained by the reaction of arylmercury(II) chlorides 

with > 100% sulphuric (eq. 10.9). If, however, weaker acid is used, the product 

distribution becomes the same as that obtained with the unmercuriated 

aromatic,22 showing that here protiodemercuriation occurs, followed by 
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sulphonation. 
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ArHgCl + S03(H20)-> ArS03H + HgClOH (10.9) 

10.9 PLUMBYLDETHALLIATION 

This reaction closely resembles reaction 10.5 and has been shown to occur 
between 4-halogenophenylthallium(III) bistrifluoroacetate and lead tetrakistri- 

fluoroacetate (eq. 10.10).14 

TFA 
Pb(OCOCF3)4 + ArTl(OCOCF3)2-> ArPb(OCOCF3)3 + Tl(OCOCF3)3 

(10.10) 

10.10 NITROSODETHALLIATION 

This provides another route to nitroso compounds. Treatment of arylthallium 

bistrifluoroacetates in HC1 (this gives the intermediate arylthallium dichlorides) 
with NOC1 gives the nitroso compound in good yield; the four-centre transition 

state 5 may be involved.23 Sodium nitrite in TFA may also be used as the 

electrophilic reagent [with ArTl(OAc)C104 compounds] and here the inter¬ 

mediate nitroso compounds are oxidized to the nitroaromatics; N203 has also 

been used as the electrophile.17'18 

'I'T'1 
i'Vi 
Ar—TICI, 

(5) 

10.11 NITRODETHALLIATION 

Reaction of N204 with 4-methylphenylthallium bistrifluoroacetate gives a 

95% yield of 4-nitrotoluene, and the method has been recommended for selective 

para nitration.24 It is possible that this reaction takes place via nitrosodethalli- 

ation followed by oxidation, although no nitroso intermediates could be isolated 
under these conditions.18 

Although the Tl(OCOCF3)2 substituent appears to be electron withdrawing, 

so withdrawing electrons from the ipso position, it is this very position to which 

the electrophile becomes preferentially attached. This high reactivity of the ipso 
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position implies, therefore, that C-Tl hyperconjugation, like C-Hg hyperconjug¬ 

ation,25 is very strong (see Chapter 4, Introduction, for the reasoning behind 
this assumption). 

10.12 HYDROXYDETHALLIATION 

The formation of 1,4-quinones by treatment of arylthallium bistrifluoroace- 

tates with 90% hydrogen peroxide in TFA is believed to proceed via hydroxyde- 

thalliation, and the method may be a simple one for synthesizing a range of 
quinones.26 

10.13 IODODETHALLIATION 

It has long been known that treatment of arylthallium dichlorides (or 

bromides) with KI leads to rapid formation of the aryl iodide, via intermediate 

formation of the corresponding arylthallium diiodide.27'28 However, this does 

not seem to involve electrophilic substitution. By contrast, such a substitution 

does appear to be involved in the formation (in some cases quantitatively) of aryl 

iodides from arylthallium bistrifluoroacetates (eq. 10.11).29 

TFA 
ArTl(OCOCF3)2 +12-► Arl + TlI(OCOCF3)2 (10.11) 

10.14 MERCURIDEBORONATION 

In 1882 Michaelis and Becker30 showed that arylboronic acids react readily 

with mercury(II) chloride in aqueous solution give arylmercury(II) chlorides and 

boric acid (eq. 10.12). 

ArB(OH)2 + HgCl2 ArHgCl + B(OH)3 + HC1 (10.12) 

The related reaction between benzeneboronic acid and phenylmercury(II) 

perchlorate in aqueous ethanol is first order in each reagent.31 Possible 

electrophiles are PhHgC104, PhHg+, PhHgOH2+, and PhHgOH, while the 

substrate may be PhB(OH)2 or PhB(OH)3“. From the variation in reaction rate 

with pH and with the addition of phosphoric acid, acetic acid, and dihydrogen- 

phosphate ion in buffered solutions, it has been concluded that the relative species 

are PhHg+ and PhB(OH)3~ or kinetically equivalent pairs [e.g. PhHgOH2+ and 

PhB(OH)3-]. Possible transitions states are 6-8, but the effects of substituents 

(which might permit a distinction to be made) have not been determined. 
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.OH 

PhHg^OH B(OH)2 

10.15 THALLIODEBORONATION 

The parallel between the reactions of mercury and thallium is further 

emphasized by thalliodeboronation, which occurs between thallium(III) bromide 

or chloride and phenylboronic acid.27 

10.16 NITRODEBORONATION 

Nitration of phenylboronic acid takes place mainly meta to the B(OH)2 

substituent, but some nitrobenzene is also produced, showing that nitrodeboron- 

ation also occurs (eq. 10.13).32,33 

PhB(OH)2 + HN03-* PhN02 + B(OH)3 (10.13) 

10.17 HYDROXYDEBORONATION 

Treatment of an arylboronic acid with hydrogen peroxide results in replace¬ 

ment of the boronic acid group by hydroxyl (eq. 10.14).32 

ArB(OH)3 + H202-* ArOH + B(OH)3 (10.14) 

The mechanism is usually complex and four different reaction paths may be 

involved, depending on the conditions.34 Each requires stoichiometric con¬ 

centrations of peroxide and boronic acid, and three are characterized by (1) a pH 

independence (in the pH range 1-3), (2) a pH dependence, and (3) a pH 

dependence coupled with a second-order dependence on boronic acid con¬ 

centration (one molecule of this acid acting as a catalyst since the reaction 

stoichiometry does not alter). Each of these reactions is thought to involve the 

formation of the entity 9, which rearranges to 10, the latter then being hydrolysed 

in a fast step. Substituent effects are small and random for these three paths. 

OH 

h2o 
Ph—B —OH—► Ph—O—B(OH)2-►PhOH + B(OH)3 (10.15) 

o+ 
(9) 

(10) 

fast 
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The fourth reaction occurs in strong acids, but the mechanism is uncertain. 

Since acidified solutions of hydrogen peroxide provide an electrophilic hydroxy- 

lating entity (Section 8.1.1), nuclear hydroxylation may occur to give the 

intermediate 11, from which B(OH)2 is eliminated. Consistent with this 

suggestion are the typical electrophilic substituent effects, although here log /cre, 

values are correlated more satisfactorily with a than with cr+ values, giving a 

very small p factor for the reaction of ca — 1.2.35 

10.18 HALODEBORONATION 

The replacement of the boronic acid groups in arylboronic acids by bromine or 

iodine (eq. 10.16) is first order in both halogen and acid. The rate of the reaction 

with bromine in acetic acid is increased by the addition of water, and the rate is 

linearly related to the molecular halogen concentration, indicating that mole¬ 

cular halogen is the attacking species. Further, a plot of log (rate) against pH is 

linear and of unit gradient, and since the logarithm of the concentration of the 

boronate anion is related to pH in this way, 12 appears to be the reactive 

substrate and eq. 10.17 the mechanism.36 

ArB(OH)2 + Hal2 + H20-> ArHal + B(OH)3 + HHal 

fast . slow 

ArB(OH)2 + H20-► (H+) + ArB(OH)3~ + Br2-► ArBr + B(OH)3 

(12) 

(10.16) 

+ Br“ 

(10.17) 

The effects of substituents in the reaction (Table 10.2) confirm that the reaction 

is a typical electrophilic substitution. The data of Kuivila and coworkers36 were 

found to correlate with the Yukawa-Tsuno equation (Section 11.1.3), with p = 

— 3.84 and r = 2.29.37 This contradicted the assumption that the resonance 

interaction in the transition state of an electrophilic substitution should parallel 

the amount of charge developed (as measured by the p factor).38 However, re¬ 

examination of the reaction39 revealed that the data for the 4-MeO compound, 

upon which the correlations were largely based, could not have been measured 

since the half-life is only 0.01 s! Moreover, the 4-Ph compound was ten times less 

soluble than the concentration stated to have been used for the kinetic studies in 

the original work, and for the 3-Me compound concurrent bromodeprotonation 
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Table 10.2 Partial rate factors for bromodeboronation in 80% aqueous HOAc at 25 °C 

Substituent /ere, (ref. 37)a Kei. (ref. 39) Substituent ^rel. 

4-OMe 1.45 x 106 1.1 x 104 4-Br 0.413 
4-Me 78.7 51.5 3-1 0.072 
4-Ph 21.7 13.0 3-Br 0.044 
3-Me 3.33 3.00b 3-C02Et 0.044 
4-F 2.81 2.56 3-F 0.039 
H 1.0 1.0 3-C1 0.035 
4-C1 0.54 4-C02Et 0.010 
4-1 0.497 3-NOz 0.003 

aData for activating substituents are in error; see text. 
bCorrected for concurrent bromodeprotonation. 

was appreciable. Revised kinetic data given in Table 10.2 show that an almost 

linear correlation with <t+ values is obtained, i.e. 1.0.39 

10.19 ALKYLDEALKYLATION 

The ZnCl2-catalysed reaction of 4-nitrobenzyl chloride with either hexamethyl- 

benzene or 2,3,4,5,6-pentamethyldiphenylmethane results in replacement of Me 
or CH2Ph, respectively, by the 4-nitrobenzyl group.40 

The BF3-catalysed cyclization of4-(l-naphthyl)butanol (13) to 1,2,3,4-tetrahy- 

drophenanthrene (14) takes place by two routes.41 Normal substitution occurs at 

the 2-position, but because the 1-position is much more reactive towards 

electrophilic substitution, 16% of ipso substitution occurs, and this is then 

followed by rearrangement; the extent of ipso substitution increases to 71% if a 

methoxy group is in the para position in the naphthalene ring. 

(13) (14) 

10.20 ACYLDEALKYLATION 

There have been many reports of this reaction (eq. 10.18), which takes place 

ArR + R'COCl 
aici3 

♦ ArCOR' + RC1 (10.18) 
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in high yield. It shows common ipso substitution features42 in that secondary 

alkyl groups are the most readily displaced, and this reflects the high steric 

requirement of the acylating species (Section 6.7.3). Displacement of tert-butyl 

groups occurs only when acyldeprotonation is sterically unfavourable, e.g. in the 

formation of 4-acetyl-tert-butylbenzene (71%) from 1,4-di-tert-butylbenzene.43 

The ethyl group has been successfully displaced from hexaethylbenzene by a wide 
variety of acylating reagents.44 

Alkyl group migration can accompany the reaction, as expected 
[Section 6.l.l.(ii)]. 

10.21 DIAZODEALKYLATION 

a-Hydroxyalkyl groups para to N,A-dialkylamino groups can be replaced by 

diazo groups (eq. 10.19), a method useful for preparing aldehydes and ketones.45 

This dealkylation is facilitated by the high stability of the a-hydroxyalkyl 

carbocation. The 4-Me2NC6H4CH2 substituent also provides a highly stable 

leaving group and is thus readily cleaved in this reaction 46 

4-Me2NC6H4CHROH + ArN2+->4-Me2NC6H4NNAr + RCHO 

(10.19) 

10.22 NITROSODEALKYLATION 

This closely parallels the above reaction in that the nitroso group can replace 

either PhCH(OH)- or 4-Me2NC6H4CH2- if these are para to NMe2 in the 

benzene ring.47 

10.23 NITRODEALKYLATION 

This is well known reaction which has been reviewed 48 Its electrophilic nature is 

indicated by the ready occurrence at sites most activated towards electrophilic 

substitution. The more highly branched alkyl groups are most readily replaced, 

reflecting the stability of the leaving carbocation, but replacement of methyl 

groups is known,49,50 and takes place 2-3 times faster than nitration meta to a 

methyl group, the ipso partial rate factor being 4.7.50 Replacement of tert-butyl 

groups takes place less readily than replacement of isopropyl groups, and this has 

been attributed to steric hindrance to approach of the electrophile to the ipso 

position in the tert-butyl compounds.51 

A typical example is the nitration of 1,4-diisopropylbenzene, which gives 

mainly 4-nitroisopropylbenzene (15) together with some 2-nitro-l,4-diiso- 
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propylbenzene (16).51 Likewise, 1,4-di-fert-butylbenzene gives 4-nitro-tert- 

butylbenzene and the rate of this is increased by activating substituents at the 2- 

position.52 In favourable cases nitrodealkylation can be the exclusive reaction, as 

for example in nitration of 1,2,4,5-tetraisopropylbenzene to give 17; the 

alternative nitrodeprotonation at the 3-position is sterically hindered.53 Another 

example is the exclusive formation of 5-nitro-1,3-diisopropylbenzene in nitration 

of 1,3,5-triisopropylbenzene.51 However, the corresponding tert-butyl com¬ 

pound does not undergo ipso substitution.543 

CHMe2 

(15) (16) 

CHMe 2 

♦ 

CHMe2 

The steric acceleration of the reaction is nicely demonstrated by nitration of o- 

and p-isopropyltoluenes. Whereas the para isomer gives only 10%, the ortho 

isomer gives 25-43% of nitrodeisopropylation, yet each position should be 

activated to a similar extent.49,51 Steric acceleration provides the explanation for 

the nitrode-tert-butylation at both the 1- and 4-positions of 2-nitro-l,4-di-tert- 

butylbenzene, these positions being respectively ortho and meta to the nitro 

group.54b Similar reasoning accounts for the nitrode-tert-butylation at the 2- 

positions of 2,4,6-tri-tert-butylbromo- and -nitrobenzenes.543,55 

Me Me 

6% 25— 43°/c 
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The ease of removal of isopropyl groups is such that it will take place even at 

deactivated positions, if other positions in the molecule are not particularly 

reactive. Thus 20% of the nitration of 4-chloroisopropylbenzene occurs at the 

carbon bearing the isopropyl group.49 However, strong activation is needed for 

poorer leaving groups and this is both available in, and accounts for, the 

nitrodealkylation of cyclotriveratrylene (18)56 and galbulin (19).57a From 

nitration of polyalkylbenzenes, the p factor for nitrodemethylation has been 

estimated to be between —8 and — 12.57b 

10.24 SULPHODEALKYLATION 

Steric hindrance to sulphonation is so severe that sulphodealkylation occurs 

under circumstances that would not favour other ipso substitutions. For example, 

2,7-dimethyl-l,6-methano[10]annulene (20) undergoes sulphodemethylation at 

the 7-position in addition to sulphonation at the 5-position.58 The sites activated 

towards sulphodeprotonation are all very sterically hindered, so cleavage of the 

methyl group readily occurs, and this is favoured by the high intrinsic reactivity of 

the annulene.59 Likewise, sulphonation of 1,4-di-tcrr-butylbenzene gives 67% of 

4-tert-butylbenzenesulphonicacid, 1,3,5-tri-tcrt-butylbenzene gives mainly the 

3,5-di-tcrt-butylbenzenesulphonic acid,60 and 1,2,4,5-tetraisopropylbenzene 

gives 2,4,5-triisopropylbenzenesulphonic acid;53 various tcrt-butylated phenols 

also undergo sulphodebutylation in accord with expectation.61 

Some of these reactions may proceed partly or wholly via protiodebutylation 

followed by sulphonation, but this cannot be the case when aprotic reagents 

are used. An example of the latter is the sulphodebutylation of 1,4-di-terf- 

butylbenzene by S03.62 

10.25 HALODEALKYLATION 

Halode-tcrt-butylation accompanies the chlorination and bromination of tert- 

butylbenzene and derivatives under various conditions;63-72 in one study66 the 
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Table 10.3 ipso factors for halogenode-tert-butylation of t-BuAr 

/ Reaction Ar Position Ref. 

1.0 Cl2, aq. HOAc Benzene 1 63 

0.8 Cl2, aq. HOAc Biphenyl 4 69a 

0.27 Br2, HOAc 2,6-Di-tert-butylphenol 4 74 

1.4 HOBr-H+, aq. dioxane Benzene 1 64b 

1.45 HOBr-H+, aq. dioxane 1,3-Di-tert-butylbenzene 5 71 

“■Calculated from data in ref. 69. 
bCalculated from data in ref. 64. 

cleavage has been shown to occur also via protiodebutylation followed by 

bromination. The replacement of tert-butyl groups follows from the higher 

stability as a leaving group of the lert-butyl cation; steric acceleration may also be 

a contributory factor. The other leaving group reported has been Ar'CHOH+, 

which is also very stable, and for this reaction the effects of the substituents in the 

aryl ring Ar' (eq. 10.20) correlate with cr+ values with p— — 1.24.7 3 This confirms 

that the group leaves as a cation, and the small p factor is due to the highly 

stabilizing effect upon this ion of the a-OH group. 

4-MeOC6H4CHOHAr' + Br2-»4-MeOC6H4Br + ArCHO + HBr 

(10.20) 

The susceptibility of 1,3,5-tri-tert-butylbenzene to ipso substitution has already 

been noted (Section 10.25), and in bromination (Br2-CCl4) 71% of the bromo 

product is 3,5-dibromo-tert-butylbenzene.72 (If bromination is carried out in 

acetic acid, acetoxyde-tert-butylation is an accompanying reaction.)71 

Some ipso factors are available for halogenodebutylation (Table 10.3). Since 

breaking of the C—C bond should be easier than breaking of a C—H bond, and 

the electron density at the ipso carbon should be higher than in the corresponding 

unsubstituted molecule, factors significantly greater than 1.0 could be expected. 

The observed values (and the differences under various halogenating conditions) 

therefore reinforce the conclusion (above), that ipso substitution of tert-butyl 

groups is sterically hindered. 

Partial rate factors have also been determined for substituent effects in 

chlorode-tert-butylation as follows: 4-t-Bu, 456; 4-Me, 730; 4-Ph, 615; and 4-(4'- 

C6H4), 2085. The values are very similar to those obtained for chlorination under 

the same conditions.69 

10.26 DIAZODEACYLATION 

The groups COMe and COH can be displaced from the para position of N,N- 

dimethylaniline by aryldiazonium ions.46 
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10.27 NITROSODEACYLATION AND 
NITROSODECARBOXYLATION 

In the same compounds as in the preceding reaction, the COMe and COH can 

be displaced by nitrous acid.47 

ArC02H + HONO —-»• ArNO + H20 + C02 (10.21) 

Kinetic studies have been carried out on the nitrosodecarboxylation of 3,5- 

dibromo-4-hydroxybenzoic acid (eq. 10.21).75 This takes place 13 times faster 

than the corresponding nitrosodeprotonation. This high ipso substitution factor 

may reflect the greater ease of C—C compared with C—H bond breaking, and 

the fact that the latter is partially rate-determining in nitrosation.76 Since a C—H 

bond is not being broken in the reaction, no base catalysis is observed. 

10.28 NITRODEACYLATION AND 
NITRODECARBOXYLATION 

The electrophilic nature of this well documented reaction48 is shown by its 

occurrence only at positions strongly activated towards electrophilic substi- 

Scheme 10.1. Nitrodeacylation and nitrodecarboxylation reactions. 
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tution. The reactions are slower than nitrodeprotonation, which may again 

reflect steric hindrance to ipso substitution by the nitronium ion, and the fact that 

the electron density at the ipso carbon should be lower than in the parent 

aromatic. This latter constraint should also apply to nitrosodecarboxylation 

which nevertheless gives a high ipso factor, so this is a further demonstration that 

nitroso cleavages are much faster than nitro cleavages (see Introduction). 

Some examples of the reaction are given in Scheme 10.1.77~79 Also notable 

is the fact that 3,4,5-trimethoxybenzoic acid undergoes nitrodecarboxylation, 

whereas 2,3,4-trimethoxybenzoic acid does not, even though the ipso position 

is more strongly activated in the latter.80 Nitrodeprotonation is more sterically 

hindered in the former compound than in the latter, and this evidently suffices 

to favour replacement of the carboxyl group. 3,4,5-Trimethoxyacetylbenzene 

also undergoes nitrodeacetylation (70%),81 as does 3,4,5,6-tetraalkyl-2- 

acetylphenol.82 

10.29 SULPHODEACYLATION 

A clear example of sulphodeacylation is the reaction of l,T-diacetylferrocene 

with SO3 in dichloroethane, to give ferrocene-l,l'-disulphonic acid.83 The 

reactions of dimesityl ketone, 2,4-diacetylmesitylene, and 2,4,6,2',6'-pentamethyl- 

benzophenone with sulphuric acid give 2,4,6-trimethylbenzenesulphonic acid in 

each case, but here the mechanism involves initial protiodeacylation followed by 

sulphonation.84 It is probable that in sulphuric acid media containing free S03, 

some reaction by direct sulphodeacylation would be observed. 

10.30 HALODEACYLATION AND 
HALODECARBOXYLATION 

These reactions are described by eqs 10.22 and 10.23. Examples of the former 

reaction are the formation of 2- and 4-bromophenol and 2- and 4-bromoaniline 

by treatment of 2- and 4-hydroxy- and -aminobenzaldehydes with bromine.85 

The reaction of either 2,4,6-trimethoxybenzaldehyde or 2,4,6-trimethoxyaceto- 

phenone with sulphuryl chloride gave chlorodeacylation, together with chloro- 

deprotonation at the two free sites.86 In the reaction with the aldehyde, it was 

shown that chlorodeformylation must precede chlorodeprotonation, since 3,5- 

dichloro-2,4,6-trimethoxybenzaldehyde would not undergo chlorodeformyl¬ 

ation. Moreover, chlorobenzoylation could not be made to occur, indicating that 

PhCO+ is a poorer leaving group than MeCO+. 

ArCR'O + Hal2 —> ArHal + R'Hal + CO (10.22) 

(10.23) ArC02H + Hal2 ► ArHal + HHal + C02 
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Examples which illustrate the electrophilic nature of halodecarboxylation are 

the formation of 2,4,6-tribromophenol from 2- or 4-hydroxybenzoic acid and 

bromine,87 and the formation of 2,4,6-triiodophenol from 4-hydroxybenzoic acid 

and iodine.88 Similarly, anthranilic acid and 4-aminobenzoic acid undergo 

halodecarboxylation.89 Surprisingly, however, 2,6-dihydroxy-4-methylbenzoic 

acid does not undergo halodecarboxylation with molecular bromine or 
chlorine.90 

The formation of tribromophenol from 2- and 4-hydroxybenzoic acid occurs via 

the corresponding 3,5-dibromohydroxy acids91 (curiously, this sequence of 

halodeprotonation and halodecarboxylation is the exact opposite of that noted 

above for halodeacylation). The subsequent bromodecarboxylation of these 

intermediates in aqueous HOAc is first order in both the acid and bromine, but 

the pseudo second-order rate coefficients obtained are inversely proportional to 

the product, [Br~][H+]2. Further, 2,6-dibromophenol is brominated 700 times 

faster than 3,5-dibromo-4-hydroxybenzoic acid, and 2,4-dibromophenol is 

brominated 100 times faster than 3,5-dibromo-2-hydroxybenzoic acid. Hence (1) 

the reaction cannot involve rapid decarboxylation followed by rate-determining 

bromination, since these rate differences would not then occur, and (2) it cannot 

involve rate-determining protiodecarboxylation followed by rapid bromination, 

since the rates would then be independent of the bromine concentration. 

The following mechanism was proposed on the basis of the observed kinetic 

dependences. Rate-determining bromination of the substrate (eq. 10.24) gives the 

intermediate 21. (An alternative to eq. 10.24 and kinetically indistinguishable 

from it involves bromination of the phenate ion formed in a rapid pre¬ 

equilibrium.) 

ArOH + Br2 21 + H + + Br~ (10.24) 

The intermediate 21 ionizes in a fast step (eq. 10.25), and the resulting carboxylate 

anion then eliminates carbon dioxide (eq. 10.26). 
The kinetic dependences are, however, also consistent with an alternative 

mechanism in which the species H2OBr+ and —Ar—C02“ are formed in 

fast pre-equilibria. Being of opposite charge, these would react rapidly together to 

give the intermediate 22, which would then lose C02 in the rate-determining step 

(eq. 10.26). 
The first mechanism has been shown to be correct. The reaction exhibits a 

carbon-13 isotope effect (in the C02 product) which varies from 1.002 in the 

absence of added bromide ion to 1.045 in the presence of added bromide ion. The 

second mechanism would have an isotope effect if eq. 10.26 were rate¬ 

determining, but its value should be independent of [Br-]. According to the first 

mechanism, the intermediate 21 is partitioned between product formation (eqs 

10.25 and 10.26), and reversion to starting materials by the reverse of eq. 10.24, 

and the latter course is favoured by added bromide ion. A carbon-13 isotope 

effect should occur if eq. 10.26 is partially rate-determining, and should be 



430 ELECTROPHILIC AROMATIC SUBSTITUTION 

increased, as is observed, by the addition of bromide ion, which facilitates the 
reversion of 21 to the reactants. 

A notable feature is the fact that whereas bromodecarboxylation takes place 
100-700 times slower than bromodeprotonation, nitrosodecarboxylation takes 
place faster than nitrosodeprotonation. This may reflect greater steric hindrance 
in bromodecarboxylation or, alternatively, differences in reacting species (phenol 
vs phenate ion) in the two brominations. 

10.31 MERCURIDESILYLATION 

Cleavage of trialkylsilyl groups from the aromatic ring by mercury(II) acetate 
in (aqueous) acetic acid (eq. 10.27)92-95 is a convenient method of preparing 
aromatic mercury compounds. 

ArSiR3 + Hg(OAc)2 —* ArHgOAc + R3SiOAc (10.27) 

The mechanism is uncertain, the reaction being first order in each reagent only 
in 80% aqueous HOAc (and then only if equal quantities of reagents are taken); in 
less aqueous media the reaction order becomes three or more.96 The reaction is 
thought to involve non-ionized mercury(II) acetate and acetoxymercury(II) ions, 
AcOHg+, as electrophiles, the reactivity difference between them being 15-fold 
for reaction with 4-methylphenyltrimethylsilane, compared with twofold for 
mercuriation of anisole.97 This result is unexpected since the selectivity should be 
similar for substrates of similar reactivity, as is the case here. The participation of 
the cyclic structure 23 in the transition state for reaction with the neutral 
electrophile98 may be a contributory factor. 
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Me 

The relative rates of mercuridesilylation of 4-MeOC6H4SiR3 at 25 °C were 

R3 = Me3, 190; Me2CH2Cl, 130; Me2Ph, 69; MePh2, 6.7; Me2NHEt, 

2.9; (4-MeC6H4)3, 2.5; (3-MeC6H4)3, 1.55: Ph3, 1.0; (4-ClC6H4)3, 0.5; and 

(3-ClC6H4)3, 0.15." For substituted aryl substituents the results are similar to 

those observed in protiodesilylation [Section 4.7.1.(i)], both sets of data arising 

from the relative stabilities of the leaving groups. However, between the Me3 

and Ph3 compounds the rate difference is over 3 times greater than in protio¬ 

desilylation, showing that, as expected, steric hindrance to ipso substitution is 

much greater in mercuridesilylation. 

Substitution effects have been obtained for the reaction carried out in either 

aqueous or glacial acetic acid (Table 10.4).94-95 

There are two features of interest here: 

(1) Activation by both m- and p-alkyl groups is in the inductive order. This is 

because there is little charge developed in the aromatic ring in the transition state, 

and consequently steric hindrance to solvation of this charge (which causes the 

reverse order, see Section 1.4.3) is not significant here. 

(2) The o-Ph substituent activates slightly less than p-Ph. In mercuriation, 

the phenyl substituent exerts strong steric hindrance to ortho substitution 

(Section 5.3.2), whereas in protiodesilylation the o-Ph substituent leads to steric 

acceleration [Section 4.7.(ii)]. Mercuridesilylation should be subject to both 

Table 10.4 Partial rate factors for mercuridesilylation 

Substituent ortho meta para Conditions 

Me 10.8 1.99 11.5 HOAc 
11.0 2.5 17.5 Aq. HOAc 

Et — — 11.5 HOAc 
i-Pr — 3.96 12.0 HOAc 

t-Bu — 5.50 14.0 HOAc 

Ph — 0.68 2.73 HOAc 
2.5 0.58 3.3 Aq. HOAc 

3:4-Benzo 2.9a Aq. HOAc 

The 2-position of naphthalene. 
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Table 10.5 Observed and calculated partial rate 
factors for mercuridesilylation in HOAc 

Substituent Observed Calculated 

2-Me 11.3 — 

3-Me 2.6 — 

4-Me 10.7 —• 

2,3-Me2 43.0 29.4 

3,4-Me2 27.2 26.9 
3,5-Me2 3.55 6.7 
2,5-Me2 24.3 26.9 
2,4-Me2 ~ 160 121 
2,6-Me2 Very fast 128 

steric hindrance and steric acceleration, and it is notable100 that the value of 

log flh: log /ph of 0.77 is approximately the mean of the values obtained from 

mercuriation and protiodesilylation (0.80). Since all three reactions have closely 

similar selectivities and probably therefore have similar configuration at the 

transition state, this result suggests that steric hindrance and steric acceleration 

are closely balanced in this particular example of mercuridesilylation. 

The Additivity Principle holds satisfactorily (Table 10.5),92 except for the 2,3- 

and 2,6-dimethyl derivatives, which are more reactive than expected. Both 

discrepancies may be attributed to steric acceleration; for the 2,3-compound 

steric crowding in the ground state arises from a buttressing effect;101 the low 

reactivity of the 3,5-dimethyl compound is anomalous. 

Mercuridesilylation (and also halodesilyl- and -destannylation) has been used 

to make the corresponding 3-substituted benzcyclobutenes, which are otherwise 
difficult to obtain.102 

10.32 THALLIODESILYLATION 

The similarity between reactions of thallium and mercury is shown by the 

thalliodesilylation of arylsilanes by thallium(III) trifluoroacetate in TFA to give 

arylthallium bistrifluoroacetates.103 The yields (ca 90%) are not as high as in 

mercuridesilylation because the trifluoroacetic acid causes concurrent 
protiodesilylation. 

10.33 ALKYLDESILYLATION 

The AlCl3-catalysed reaction between phenyltrimethylsilane and alkyl halides 

results in alkyldesilylation, e.g. benzyl bromide gives diphenylmethane (67%) 
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(eq. 10.28).104 

PhSiMe3 + PhCH2Br A'C'3 > PhCH2Ph + SiMe3Br (10.28) 

10.34 ACYLDESILYLATION 

The AlCl3-catalysed reaction of arylsilicon compounds with acid chlorides 

gives aromatic ketones (eq. 10.29). If water is used instead of the chlorides, then 
the aromatic hydrocarbon is produced. 

AlCL 

ArSiCl3 + RCOC1-^ ArCOR + SiCl4 (10.29) 

It was believed originally that arylaluminium compounds (eq. 10.30) are 

intermediates in these reactions, and that these subsequently react as in eqs 10.31 

and 10.32 to give the observed products.105 This was disproved by the 

observation that only catalytic quantities of A1C13 are required; if eq. 10.32 

applied the A1C13 would be consumed.106 Moreover, if water is rigidly excluded, 

then no aromatic hydrocarbon is produced, showing that no arylaluminium 

intermediate is formed.107 In the presence of water, the aryl hydrocarbon arises 

from protiodesilylation of the aryl silicon compound by the very strong acid 

HA1C14 (formed from A1C13, and HC1 which is produced by hydrolysis of A1C13). 

ArSiCl3 + A1C13 —» ArAlCl2 + SiCl4 (10.30) 

ArAlCl2 + RCOC1 -> ArCOR + A1C13 (10.31) 

ArAlCl2 + H20 -> ArH + HOAlCl2 (10.32) 

The most commonly observed reaction is acetyldesilylation (eq. 10.29, 

R = Me). It has been shown that acetyldesilylation does not take place by 

protiodesilylation followed by acetylation, or indeed by acetylation followed 

by protiodesilylation, since trichloro-m-tolylsilane gave only m-methyl- 

acetophenone; if reaction occurred through either of these paths, other isomers 

would be obtained.107 A four-centre cyclic transition state (24) was proposed 

for the reaction. 

(24) 
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Acetyldesilylation of PhSiMe3 takes place 3600 times faster than acetylation 

of a position in benzene. This ipso factor is similar to that which applies to 

protiodesilylation (104).104 

10.35 DIAZODESILYLATION 

Triphenyl(4-lV,lV-dimethylaminophenyl)silane undergoes diazodesilylation 

on treatment with 4-nitrophenyldiazonium ion (eq. 10.33), but the reaction takes 

place less readily than diazonium coupling of N,iV-dimethylaniline.108 This 

suggests that steric hindrance to ipso substitution is substantial here. 

4-Me2NC6H4SiPh3 + 4-02NC6H4N2 + X~ 

-» 4-Me2C6H4N=NC6H4N02-4 + SiPh3X (10.33) 

10.36 NITROSODESILYLATION AND 
NITRODESILYLATION 

Many of the processes that are described as nitrodesilylations (eq. 10.34) take 

place by nitrosodesilylation followed by oxidation. This appears to arise because, 

as noted in the Introduction to Chapter 10, there is high steric hindrance to 

nitrodesilylation, which parallels that in nitrode-tert-butylation (Section 10.23). 

Theoretical calculations indicate that the nitrosonium ion may interact with 

the aromatic 7t-cloud (in a way that the nitronium ion can not) before moving 

to form the a-complex.109 This would create minimal steric interactions, as 

previously suggested by Taylor.1 

ArSiR3 + HN03-> ArN02 + HOSiR3 (10.34) 

Nitrodesilylation110 can be complicated by associated protiodesilylation in 

strongly acidic media, although the former is the faster reaction since, 1,4- 

bis(trimethylsilyl)benzene reacts with HN03 in Ac20 to give 80% of trimethyl-4- 

nitrophenylsilane.111 Protiodesilylation can be avoided by use of copper nitrate 

in acetic anhydride, and under these conditions nitrodesilylation takes place less 

readily than nitrodeprotonation,112 the ipso factor being 0.66.113 

The importance of nitrosodesilylation was shown in the reaction with HN03 

in Ac20.114 A solution prepared and used at 15 °C gave a ‘nitro’ 

desilylation: nitration ratio of 0.64. This was reduced to 0.14 by the addition of 

urea, increased to 4.8 by the addition of nitrous fumes, and increased to 90 by 

preheating the reagent briefly at 100 °C (Care!). Moreover, a solution of nitrous 

fumes in Ac20 gave only nitrosodesilylation, and under these conditions a 4-Me 

substituent activates ca 50 times. 

Sodium nitrite (or N203) in TFA also produces nitrosodesilylation, but with 
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ArH nitrodeprotonation occurs. Cleavage of organo-mercury, -thallium, -tin, 

-lead, or -bismuth groups also gives nitrosoaromatics.17 Presumably the severer 

conditions required for nitrodeprotonation facilitate the subsequent oxidation. 

10.37 SULPHODESILYLATION 

Aryltrimethylsilanes and aryltriethylgermanes are cleaved by S03 in CC14 to 

give compounds of the type ArS020MR3.115 The electrophilic nature of the 

reactions is indicated by reaction of l,4-bis(triethylgermyl)benzene with S03, 

which leads to the replacement of only one of the Et3Ge substituents, since the 

introduction of one sulphonic ester group deactivates the product to further 
substitution. 

The products, ArS020MR3, are readily hydrolysed to the corresponding 

sulphonic acids, and this gives the reactions preparative value for it is possible 

to prepare (via the Grignard reagent) a specific arylsilicon (or arylgermanium) 

compound which may then be converted into the sulphonic acid; preparation 

of certain sulphonic acids (e.g. m-tolylsulphonic acid) is otherwise difficult. 

Trimethylsilylchlorosulphonate, Me3SiS03Cl, has also been used as a 
sulphonating reagent in this reaction.116 

10.38 HALODESILYLATION 

Aryl—silicon bonds are cleaved by halogen (eq. 10.35), and the reaction shows 

many similarities to halogenodeprotonation. Thus the reaction is first order in 

arylsilane, second order in bromine for bromination in CC14,117 mixed first and 

second order for bromination by bromine in acetic acid,94,95,118-120 first order 

for both bromination by BrCl120 and chlorination by Cl2,119,120 and second 

order for iodination by IC1 or IBr.120 Reactions with Br2, IC1, and IBr are 

complicated by trihalide formation. For example, in bromination by Br2 the 

order in bromine decreases as a kinetic run proceeds94,95 (and to a similar extent 

to that observed in molecular bromodeprotonation), owing to reaction of 

bromine with Br~ (formed in the reaction), to give the unreactive tribromide ion. 

ArSiR3 + Hal2-> ArHal + HalSiR3 (10.35) 

For bromination by Br2, the order in bromine increases with both increasing 

concentration and decreasing reactivity of the aromatic. The former effect may 

be attributed to decreasing polarity of the reaction medium, whereas the latter is 

due to the need to increase the reactivity of the electrophile through polarization 

by additional molecules of bromine (see Section 9.3.2). However, for a given 

aromatic the kinetic order is lower in bromodesilylation than for bromode¬ 

protonation, whilst the reaction takes place faster by a factor of 2 x 10.8 This large 
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ipso factor reflects the weak electrophile involved, so that bromodesilylation is 

greatly facilitated by the weakness of the C—Si bond. The rate difference between 

chlorodesilylation and chlorodeprotonation can be estimated from literature 

data119 to be ca 103-104, and the smaller factor here accords with the more 

reactive electrophile involved in molecular chlorination. Likewise, bromodesilyl¬ 

ation of trimethylphenylsilane occurs only 2-3 times slower than chlorodesilyl¬ 

ation, whereas a much greater reactivity difference applies in halodeprotonation. 

Iododesilylation by IC1 takes place about eight times faster than chlorodesilyl¬ 

ation, whereas iododeprotonation takes place about 200 times less readily than 

chlorodeprotonation;121 the reason for this difference is unclear. 

Bromodesilylation of methyl-l-naphthyl-(4-methoxyphenyl)silane by Br2 in 

benzene of carbon tetrachloride takes place with inversion of configuration at 

silicon. This shows that the organosilyl group is not detached from the aromatic 

ring as a free siliconium ion, but that (from the fact of inversion of configuration) 

nucleophilic attack at silicon assists cleavage of the aryl—silicon bond. The 

reaction therefore cannot proceed through a four-centre transition state (25), 

since this would require retention of configuration.122,123 The results are, 

however, consistent with a six-centre transition state (26), which could follow 

from the high kinetic order in bromine that applies in non-polar solvents. 

(25) (26) 

The relative rates of bromodesilylation of 4-MeOC6H4SiR3 compounds by 

Br2 in 98.5% aqueous HOAc at 25 °C are as follows: R3 = Me3, 1100; Me2Ph, 

355; MePh2, 15; (PhCH2)3, 30; Me2CH2Cl, 65; (i-Pr)3, ca 5; (EtO)3, 8.5; (4- 

MeOC6H4)3, 89; (3-MeC6H4)3, 1.5; Ph3, 1.0; (4-ClC6H4)3, 0.12; (3-ClC6H4)3, 

0.052; and (2-MeC6H4)3, 0.023.94'95,99'123 These show the same general features 

as in both protiodesilylation or mercuridesilylation, but a larger rate spread 

[consistent with the larger p factor for the reaction (see below)]. In particular, 

Table 10.6 Partial rate factors for bromodesilylation of ArSiMe3 

Substituent in Ar / Substituent in Ar / Substituent in Ar / 

2:3-Benzo 195 3:4-Benzo 11.5 4-F 0.68 
2-Me 81.5 3-CH2SiMe3 8.5 3-Ph 0.41 
4-Me 48.8 4-SiMe3 3.05 4-C1 0.092 
4-Et 45.4 3-Me 2.9 4-1 0.088 
4-i-Pr 32.5 2-Ph 1.81 4-Br 0.071 
4-t-Bu 29.2 H 1.0 3-C1 0.003 
4-Ph 12.5 
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steric hindrance to bromodesilylation is evident as shown by the relative rates of 

the trimethyl- and triisopropylsilanes, and the deactivation by a 2-Me substituent 

in the phenyl rings. For compounds PhSiX3 (X = F, Cl), the rates of bromodesily¬ 

lation are slower than for bromodeprotonation.124 

Partial rate factors for bromodesilylation in 98.5% aqueous HOAc at 25 °C 

(Table 10.6) correlate very satisfactorily with the Yukawa-Tsuno equation 

(Section 11.1.3), with p = — 6.8 and r = 0.79, confirming that the transition state 

occurs earlier along the reaction coordinate than that for bromodeprotonation. 

The effect of steric acceleration in the reaction is evident from two sets of data. 

First, 2-Me activates more strongly than 4-Me. Second, the ratio of the 

logarithms of the reactivities of the 1- and 2-positions in naphthalene is 2.16, and 

this is greater than the value in a number of analogous reactions. 

The ratio logfl dog f2 for naphthalene is almost exactly the mean 2.14 

of the values obtained in protiodesilylation (2.72) and molecular bromin- 

ation (1.56), thus demonstrating a precise balance between steric hindrance and 

steric acceleration. This is not the case for substitution in biphenyl, for whereas 

protiodesilylation at the 2-position is sterically accelerated, bromodesilylation is 

hindered more than is bromodeprotonation, the respective log fPh:log fPh values 

being 1.74, 0.45, and 0.235. An explanation consistent with the facts is the 

following. Biphenyl is non-planar in solution and becomes more coplanar in the 

transition state, especially in reactions with a substantial demand for resonance 

stabilization. This restricts access to one face of the phenyl ring at the 2-position. 

The leaving group in protiodesilylation and the entering group in bromode¬ 

protonation are able to use the least hindered pathway. By contrast, in 

bromodesilylation one or other of the bulky groups must use the hindered 

pathway, so steric hindrance will be more severe than in the component reactions. 

Bromodesilylation has been used to evaluate the transmission of electronic 

effects between the 2- and 7-positions in l,6-methano[10]annulene. Bromode¬ 

silylation at the 2-position took place with increasing ease for a series of 7- 

substituents in the order CHO < C02Me < Br < SiMe3 < Me < O-t-Bu, and 

this is the expected order for electrophilic substitution.125 

10.39 MERCURIDESTANNYLATION 

The cleavage of arylstannanes by mercury(II) salts in methanol (eq. 10.36) is 

first order in each reagent, and the efficacy of the salts is Hg(OAc)2 > HgCl2 > 

Hgl2> Hgl3 .126 The transition state is believed to be of low polarity, and this 

is confirmed by the small partial rate factors for the reaction of ArSn(cyclohexyl)3 

compounds with Hg(OAc)2 in THF at 20 °C (Table 10.7).127 These are smaller 

than for protiodestannylation (Section 4.9) and correlate poorly with o values, 

giving p « —3.0. 
PhSnMe3 + HgX2-> PhHgX + Et3SnX (10.36) 
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Table 10.7 Partial rate factors for mercuridestannylation of XC6H4Sn- 
(cyclohexyl)3 

X 4-MeO 4-Me 3-Me H 3-MeO 4-C1 3-C1 
/ 8.30 1.76 1.21 1.0 0.72 0.25 0.029 

10.40 ACYLDESTANNYLATION 

This reaction takes place more readily than acyldesilylation,104,128 in 

accordance with the relative strengths of the C—Si and C—Sn bonds. 

10.41 NITROSODESTANNYLATION 

Cleavage of arylstannanes by nitrosyl chloride in dichloromethane at low 

temperature gives nitrosoaromatics (eq. 10.37), and is the optimum method of 

ArSnMe3 + NOC1 —* ArNO + Me3SnCl (10.37) 

making the latter in view of the very mild reaction conditions used. Yields varied 

from 25 to 80%, being higher when electron-supplying groups are present in the 

aromatic ring, confirming that the reaction is an electrophilic substitution.129 

N203 in TFA has also been used as the electrophile.17 

10.42 HALODESTANNYLATION 

Aryl—tin bonds are cleaved by bromine and iodine (e.g. eq. 10.38). In carbon 

tetrachloride, the reaction with iodine is first order in aromatic and second order 

in iodine,130 whereas in methanol it is only first order in iodine, the rate here 

being dependent on the ionic strength of the medium.131 

ArSnR3 + I2 -> Arl + ISnR3 (10.38) 

With CC14 as solvent, the relative rates as R in SnR3 is varied are as follows: 

R = C6H x!, 5.4; Et, 5.1; Me, 1.0; Ph, 0.018. The greater reactivity of the cyclohexyl 

compound compared with the methyl compound is opposite to that obtained 

in protiodesilylation, degermylation, and destannylation. The order in the latter 

reactions was attributed to steric hindrance to solvation at the reaction site. 

Carbon tetrachloride is poorly solvating, and consequently steric hindrance to 

solvation will be unimportant in iododestannylation and the reversal of the order 

then follows. A second consequence of this poor solvation is noted below. 

Partial rate factors have been determined for iododetricyclohexylstannylation 

in CC1430 and for iododetrimethylstannylation in MeOH131 (Table 10.8). 
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Table 10.8 Partial rate factors for iododestannylation of ArSnR3 

Substituent R = c6hu Me Substituent R = C6Hn Me 

4-OMe 69 64 3-OMe 2.2 
4-Sn(C6H11)3 20 — 4-SiMe3 — 1.01 
4-f-Bu 13.9 — H 1.0 1.0 
4-/-Pr 12.1 — 2-Ph 0.34 — 

4-Et 10.1 — 4-F 0.22 — 

4-Me 7.5 4.95 4-C1 0.10 — 

3-Me 4.2 1.5 4-Br 0.08 0.24 
4-Ph 2.9 — 3-C1 0.039 — 

4-SnMe3 — 1.71 4-C02H 0.0145 — 

Whilst the spread of rates is consistent with an electrophilic substitution, no 

satisfactory correlation exists between the data obtained in CC14 and the 

Yukawa-Tsuno equation. The discrepancies are not attributable to the occur¬ 

rence of iododeprotonation as a side-reaction, for it has been shown to be absent 

even for the 3-OMe compound, which would be the most susceptible to it. The 

imprecision of the correlation suggests a significant proportion of 71-complex 

bonding in the transition state of the rate-determining step, and this is consistent 

with (1) the small spread of rates which indicates that the transition state should 

not be far displaced from the 7i-complex, and (2) the fact that aromatic 

compounds form 71-complexes with halogens in CC14.132 The mechanism under 

these conditions has therefore been proposed as shown in eq. 10.39, where the 

appropriate 7r-complex is 27, in which iodine is associated with one bond in the 

aromatic ring.130 Since the stability of the 7r-complex will depend on the electron 

density in this double bond and this is similarly situated with respect to both meta 

and para substituents, the enhanced reactivities shown by meta substituents and 

the reduced reactivities shown by para substituents (compared with those which 

would be required for a successful Yukawa-Tsuno correlation) are 

understandable. 
The poor solvation by CC14 leads to the highest log fpBu:\ogf™e ratio (1.31) 

obtained for an electrophilic substitution, and it is as high as that obtained in the 

gas phase;133 the reverse order is obtained only in highly solvating media 

or if the electrophile has a large counterion (Section 1.4.3). 

(10.39) 

+ RjSnl + Ig 
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Table 10.9 Partial rate factors for iododestannylation of ArSnR3 in methanol 

R 

Ar 

1-Naphthyl 2-Naphthyl 9-Phenanthrenyl 3-Pyrenyl 

Me 2.52 2.33 1.46 — 

n-Bu 3.72 2.40 — 12.3 
i-Pr 4.06 1.81 — — 

For iodostannylation in methanol, the data plot satisfactorily using the 

Yukawa-Tsuno equation with p = —2.96 and r = 0.65, so demonstrating the 

difference between this reaction and that carried out in CC14. The greater 

activation by 4-SnMe3 than by 4-SiMe3 is notable (see also ref. 130). 

Another difference from the results obtained in CC14 is the decrease in rates as 

R is made larger in PhSnR3, being 1.0,0.24, and 0.036 for R = Me, n-Bu, and i-Pr, 

respectively.131 Under these good solvating conditions, steric hindrance to 

solvation of the transition state becomes important. As R is made larger, so steric 

acceleration from crowded positions should become more important. This is seen 

to be so from the partial rate factors obtained for polycyclics (Table 10.9). The log 

/i dog f2 ratios for naphthalene are 1.09, 1.50, and 2.36 for R = Me, n-Bu, and i- 
Pr, respectively. 

Bromodestannylation of aryltrimethylstannes by bromine in methanol gives 

a smaller p factor ( — 2.58) than for iododestannylation.134 The ipso factor here is 

2 x 1012, and thus considerably larger than in bromodesilylation, as expected in 

view of the relative strengths of the C—Si and C—Sn bonds. 

10.43 IODODEPLUMBYLATION 

Iododeplumbylation in methanol (eq. 10.40) is first order in plumbane and in 

iodine. The reaction occurs much more readily than iododestannylation under 

the same conditions,135 so paralleling the relative reactivities of the stannanes 

and plumbanes towards protiodesilylation. 

PhPbMe3 + I2 -► Phi + IPbMe3 (10.40) 

10.44 DIAZONIUM EXCHANGE 

Arylazo groups are able to displace other arylazo groups from a variety of 

aromatics (e.g. eq. 10.41).46,136 The ability of a given group to carry out this 

displacement parallels its reactivity in diazodeprotonation,136 showing that an 

electrophilic substitution is involved. A group can displace another only if it is 
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more electrophilic than the leaving group.136 

4-Me2NC6H4NNPh + ArN2X -> 4-Me2NC6H4NNAr + PhN2X (10.41) 

10.45 NITROSODEARYLAZONIATION 

This reaction occurs, e.g., on treatment of 4-dimethylaminoazobenzene with 

nitrous acid, which gives nitrosobenzene (eq. 10.42).47 

4-Me2NC6H4N=NPh + HONO —>4-Me2NC6H4NO + PhN2OH (10.42) 

10.46 NITRODEARYLAZONIATION 

Nitration of l-phenylazo-2-hydroxynaphthalene (28) gives l,6-dinitro-2- 

hydroxynaphthalene (29).137 The reaction is facilitated not only by the substant¬ 

ial intrinsic reactivity of the 1-position of naphthalene, but also by the very high 

activation by the OH group across the high-order 1,2-bond; the second nitro 

group enters the 6-position, which is the next most reactive site in 2- 

hydroxynaphthalene. A l-(4-nitrophenyl)azo group could not be cleaved in the 

same way.138 The reaction may proceed via nitrosodearylazoniation. 

N=NPh 

(28) 

OH 

10.47 BROMODEARYLAZONIATION 

The reaction of bromine in acetic acid with l-phenylazo-2- 

hydroxynaphthalene gives rise to the corresponding 1,1-dibromoketone deriva¬ 

tive, and clearly bromodearylazoniation must be involved as the first step.138 

10.48 DIAZODENITRATION 

This reaction, which may also be described as arylazodenitration, has been 

found to take place between l-nitro-2-hydroxynaphthalene and 4-nitrophenyl- 

diazonium ions.138 It is the reverse of reaction 10.47, and is favoured by the high 

reactivity of the electrophile and the substrate. 
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10.49 NITRODENITRATION (NITRO EXCHANGE) 

Examples of nitro groups attacking ipso positions bearing nitro groups have 

been observed.139 Exchange of the nitro groups has been shown by labelling 

experiments in nitrous acid-catalysed nitration of 4-nitrophenol to 2,4- 

dinitrophenol. Part of the reaction (involving a radical pair) proceeds via ipso 

substitution at the 4-position, followed by 1,3-migration (believed to be 

intramolecular) of one of the nitro groups to the 2-position (eq. 10.43).140 

10.50 NITRODEPHOSPHONATION 

Nitration of 2- and 4-methoxyphenyl phosphonic acid by nitric acid in acetic 

anhydride gives the corresponding 2- and 4-nitroanisoles in 3 and 5% yields, 

respectively. The reaction (eq. 10.44) is indicated to be an electrophilic substi¬ 

tution since benzenephosphonic acid itself gave only a trace of nitrobenzene.141 

ArP03H2 + HNOa -> ArN02 + H3P04 (10.44) 

10.51 NITRODETHIOPHENYLATION 

Nitrodethiophenylation accompanies nitration of diphenyl sulphides. Thus 4- 

acetylaminodiphenyl sulphide gives 4-nitroacetanilide; the 4-N,N- 

dimethylamino derivative similarly gives 4-nitro-N,iV-dimethylaniline.142 

10.52 DIAZODESULPHONATION 

Reaction of naphthalene-1- or -2-sulphonic acid with 4-chlorophenyl- 

diazonium ions gives replacement of the sulphonic acid group by the diazo group 

(eq. 10.45) in yields which can be quantitative, depending on the solvent.143 

Similar reactions have also been observed with reactive heteroaromatics.144 

ArS03H + 4-ClC6H4N2X —> 4-ClC6H4N2Ar + HSQ3X (10.45) 
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10.53 NITRODESULPHONATION 

Nitration of aromatic sulphonic acids can give nitrodesulphonation when the 

sulphonic acid group is attached to a carbon activated towards electrophilic 

substitution.48,793’145,146 The examples shown are illustrative. 

Kinetic studies have not been reported, and it is not known whether the 

reaction also takes place via protiodesulphonation followed by nitration. Some 

indication that two processes are involved is provided by the variation of the 

nitration:nitrodesulphonation ratio with acid concentration, in reaction of 4- 

hydroxybenzenesulphonic acid.146 In general, nitration occurs more readily 

than, and therefore precedes, nitrodesulphonation. 

10.54 HALODESULPHONATION 

There are numerous examples of the replacement of the sulphonic acid group 

in an arylsulphonic acid, by chlorine, bromine, or iodine.147 Reaction occurs 

when the sulphonic acid group is ortho or para to alkyl, OH, OR, or NH2, 

showing it to be an electrophilic substitution. Bromodesulphonation is faster for 

an ortho- than for a para-substituted arylsulphonate,148 showing the reaction to 

be sterically accelerated since the halogen is smaller than the sulphonic acid 

group it replaces. Typical reactions are shown in eqs 10.46,149 10.47,150,151 and 

10.48.148 

S03Na 
ci2/h2o 

(10.46) 

Me Me 
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(10.47) 

(10.48) 

Investigation of the bromodesulphonation of aromatic sulphonate salts by Br2 

in aqueous HC104 has indicated the mechanism illustrated by eqs 10.49-10.51. 

Evidence for this as follows. 

(1) The reaction is first order in bromine and in sulphonate. 

(2) Addition of acid decreases the reaction rate. 

(3) When dilute aqueous solutions of bromine and the sulphonate are mixed, 

the bromine colour and the u.v. spectrum of the sulphonate immediately 

disappear, and are replaced by spectra characteristic of compounds with 

structures similar to 30. Immediate addition of iodide ion gives an iodine titre 
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equal to the amount of bromine added, and this is consistent with eq. 10.50 being 

fast and reversible. Likewise, addition of NaBr reduces the reaction rate due to 

the removal of bromine as tribromide ion, and therefore a decrease in the 

concentration of 30. 

(4) The spectrum ascribed to 30 is slowly replaced by that of tribromophenol, 

and the addition of iodide ion after various intervals gives an iodine titre which 

decreases with time. Bromine is therefore consumed in a slow irreversible step 

(eq. 10.51). 

(5) For bromodesulphonation of compounds which give intermediates much 

less stable than 30, eq. 10.50 becomes rate-determining. 

The mechanism has also been shown to be stepwise rather than synchronous, 

since sulphur kinetic isotope effects for cleavage of the sulphonic acid group from 

sodium 4-methoxybenzenesulphonate depended on bromide ion concentration, 

arising from the reversal of eq. 10.50.152 

10.55 HALODETELLURIATION 

Reaction of iodine or bromine with aryl- or diaryltellurium(IV) compounds 

results in cleavage of the C—Te bond by halogen, e.g. eq. 10.52 (X = Cl, OAc, 

or OCOCF3). The reaction occurs readily with R = MeO or Me, but poorly 

with R = H or Br, indicating an electrophilic substitution.153. 

4-RC6H4TeX3 + I2-► 4-RC6H4I + ITeX3 (10.52) 

10.56 LITHIODEBROMINATION 

Reaction of n-butyllithium with substituted bromobenzenes in hexane gave 

replacement of bromine by lithium, the substituent effects giving a Hammett 

correlation, with p x 2.0.154. The transition state is thus negatively charged, and 

this is a clear example of an ipso substitution taking place via the SE1 

mechanism (cf. Section 5.1), although some synchronous character may be 

involved. 

10.57 ALKYLDEBROMINATION 

In the preparation of l-(4-bromophenyl)adamantane by the AlCl3-catalysed 

reaction of adamantyl bromide with bromobenzene at low temperature, 1,4- 

diadamantylbenzene was produced as a byproduct, as a result of alkyldebromin- 

ation (eq. 10.53).155 
Aicq 

PhBr + 2AdBr + 4-AdC6H4Ad + HBr + Br2 (10.53) 
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Methyldehalogenation (which shows the leaving group order Br > Cl» F) has 

been observed in the gas phase, but the mechanism differs from that in solution. 

Attack by CH5+ gives HX, an arenium ion, and CH4, the last two species then 

combining to give the normal intermediate.156 

10.58 ACYLDEHALOGENATION 

Acetylation of 4-bromo-m-xylene is accompanied by some acetyldebromin- 

ation; the displaced Br + reacts further with starting material to give 4,6-dibromo- 

m-xylene.157 The reaction may occur via protiodebromination followed by 

acetylation. Benzoyldechlorination, observed in AlCl3-catalysed benzoylation of 

1,4-dichlorobenzene, arises mainly from protiodechlorination followed by ben¬ 

zoylation, but true benzoyldechlorination also occurs. The latter gives rise to 

abnormal products, e.g. 3,4-dichlorobenzophenone, attributed to 1,3-migration 

of chloronium ion from the ipso intermediate.158 

Reaction of 1,3-dibromoazulene with DMF-POCl3 results in replacement of 

one or both of the bromines by CHO groups.159 

10.59 DIAZODEHALOGENATION 

Rates of diazodehalogenation of l-halo-2-hydroxynaphthalene-6-sulphonic 

acids (relative to the non-halogenated compound) by 4-chlorodiazonium ions are 

0.0070 (Cl), 0.0089 (Br), and 0.149 (I).160 These relative rates are almost exactly the 

same as those found for nitro-(or nitroso-)dehalogenation of 4-haloanisoles 

(Section 10.60), implying a common feature for both reactions. These relative 

rates may therefore be either (1) a measure of the leaving group abilities (which 

requires that the second step of the reaction is rate-determining), or (2) a measure 

of the ease of attachment of the electrophile to the carbon bearing the halogens. 

Cleavage of bromine was claimed to be rate-determining, but cleavage of the 

other carbon—halogen or carbon—hydrogen bonds was not; this curious result 

may reflect experimental difficulties. 

10.60 NITROSO- OR NITRODEHALOGENATION 

Halogens in aromatics in positions activated towards electrophilic substi¬ 

tution can be replaced by nitro groups. The relative rates of cleavage of the 

carbon—halogen bonds by nitric acid in 4-haloanisoles follows the order 0.18 (I), 

0.079 (Br), 0.061 (Cl), and 1.0 (H).161 This order [quantitatively very similar to 

that found for diazodehalogenation (Section 10.59)] suggests that nitrode- 

chlorination should be relatively rare, which is the case. Nitration of penta- 

chlorobenzene gives rise to 2°/ of the hexachloro derivative,162 which may arise 
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from ipso substitution followed by intermolecular migration of chloronium ion 

(cf. benzoyldechlorination, Section 10.58). Nitrodechlorination accompanied by 

a 1,3-shift of chloronium ion accounts for the results shown in eq. 10.54.163 

Nitrodechlorination of 3,4,6-trichloro-o-xylene gives rise to 4,6-dichloro-3,5- 

dinitro-o-xylene.164 Nitrodebromination is more common than nitrodechlorin¬ 

ation, and shows behaviour similar to that shown in eq. 10.54.49,77’81’165,166 

Me Me Me Cl 

The above reactions may in fact take place via nitrosodehalogenation followed 

by oxidation. This pathway will certainly be more probable the weaker is the 

carbon—halogen bond and the more reactive is the aromatic. The parallel 

between the rates of dehalogenation of the 4-haloanisoles and rates of diazode- 

halogenation noted above suggests that nitrosodehalogenation is involved, since 

the aryldiazonium and nitrosonium ions generally show very similar behaviour 

in electrophilic substitution. However, it is significant that neither 2-bromo- or 

-chloroanisoles nor 2-bromo-m-xylene can be nitrated at the ipso position, 

whereas this was readily observed with 1,4-dibromobenzene and 4-bromo- 

toluene.166,167 This is consistent with steric hindrance to ipso substitutions 

involving the nitro group, evident in other reactions (see, e.g., Sections 10.23 and 

10.36). 

For cleavage of iodine the nitroso pathway has been established. Thus, 

reaction of 4-iodoanisole with nitric acid gives 4-nitroanisole, with migration 

(probably intramolecularly) of the displaced iodine to the 2-position giving 2- 

iodo-4-nitroanisole as a further product.168 Intermolecular migration is appa¬ 

rently also involved since 2,4-diiodoanisole is also obtained (eq. 10.55).168 

I 

Kinetic isotope effects for a range of iodoaromatics studied showed that 

nitrodeiodination does not take place via slow protiodeiodination followed by 
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nitrodeprotonation. The absence of any effect of urea on the nitro- 

deiodination:nitrodeprotonation ratio led to the belief that nitrosodeiodin- 

ation was not involved, except for the most reactive compounds.169’170 However, 

urea is not vary effective as a nitrous trap and, moreover, the rate of deiodination 

of some compounds at least is increased on addition of nitrite.170,171 Other 

reports of nitrodeiodination confirmed the above general details.172 

10.61 PHOSPHONODEBROMINATION 

Reaction of diphenyl ethers or diphenyl sulphides with PC13-A1C13, followed 

by hydrolytic work-up, gives rise to phosphinylation (eq. 10.56, X = O, S). 

However, reaction of the corresponding compounds with Z = 4-Br is accom¬ 

panied by phosphonodebromination to give the phosphonic acids 31. An 

electrophilic mechanism is indicated by the failure of the 3-bromo compounds to 

undergo the same reaction. If reaction is carried out on 4,4'-dimethyldiphenyl 

sulphide, then the carbon—sulphur bond is also cleaved to give 4-methyl- 

phenylphosphonic acid (32).173 

(i) PCIj/AICIj 

(ii) H20 

10.62 SULPHODEIODINATION 

Both 2- and 4-iodotoluenes undergo sulphodeiodination, but this is more 

important for the para isomer, because steric acceleration (which would normally 

favour ortho substitution) is outweighed by increased steric hindrance due to the 

bulk of the entering electrophile. With S03 in MeN02 the reaction takes place 

directly, but with 98 wt-% H2S04 part of the overall reaction at least occurs via 
protiodeiodination, followed by sulphonation.174 
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10.63 HALOGEN EXCHANGE 

In the gas phase, both Br+ and I+ are able to displace halogen from 

halobenzenes, the ease of replacement being Br > Cl > F. Parallel with this 

replacement was an increase in the amount of ortho product formed, which 

suggests that much of the latter is derived through a 1,2-shift from an ipso 
intermediate.175 
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CHAPTER 11 

Quantitative Evaluation of 
Electronic and Steric Effects in 

Electrophilic Aromatic Substitution 

11.1 QUANTITATIVE TREATMENTS OF 
STRUCTURE-REACTIVITY RELATIONSHIPS 

In Section 1.4.4, the application of the Hammett equation (eq. 1.7) to reactions 
in the side-chains of substituted aromatics was described. It was shown that the 
equation in this form is inapplicable to electrophilic aromatic substitutions 
because in the passage from the initial to the transition state of these reactions, 
changes occur in the conjugative interaction between the substituent and the 
reaction centre which do not normally have counterparts in the side-chain 
reactions. In fact, there are certain side-chain reactions where these changes do 
occur: two examples are the iSN 1 solvolysis of benzyl halides1 and the pyrolysis of 
1-arylethyl acetates.2 In the former reaction, for example, the transition state has 
considerable carbocation character, and is stabilized by a substituent of the + M 
type (such as OMe) in the para position, as depicted by structure 1. 

(1) (2) 

These reactions are similar to electrophilic substitutions in that the means by 
which the p-OMe substituent enhances the rate of solvolysis of a benzyl halide 
relative to that of the unsubstituted compound is analogous to that by which it 
enhances the rate of nuclear substitution by an electrophile (2). It follows, 
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therefore, that it should in principle be possible to derive a set of sigma constants 

which are applicable to all reactions of this type.3 This is true (to a first 

approximation, see below), and the specific set of constants are known as 

electrophilic substituent constants, designated o+ because they apply to reactions 

which have electron-deficient (positive) reaction centres, with which the substitu¬ 

ents can conjugate. 

Ideally, a standard set of o+ values would be determined from rate data in an 

electrophilic substitution. In practice, the solvolysis of 1-aryl-l-methylethyl 

chlorides (tert-cumyl chlorides) by aqueous acetone at 25 °C was employed (eq. 

11.1),4 because relatively few accurate rate data for electrophilic substitution were 

available. This reaction also had the advantage of a smaller p factor (— 4.54) than 

most electrophilic substitutions, so that a wider range of rates could be measured 

under a given condition without recourse to overlap techniques. The p factor was 

scaled (using data for meta substituents) to be directly comparable to that (1.0) 

which applies to the ionization of benzoic acids. The o+ values so derived were 

found to correlate reactivity data for electrophilic substitutions by means of the 

modified Hammett equation (eq. 11.2) (known as the Hammett-Brown equation) 

with much greater precision than a values previously used.5 (Because the rho 

factors were scaled to be equivalent, use of the designation p+ rather than p is 

fairly uncommon). 

(11.1) 

(11.2) 

The solvolysis reaction does, however, have some disadvantages. First, it is 

impossible to isolate and purify the compounds containing electron-supplying 

substituents in the aromatic ring because they undergo ^-elimination of HC1 on 

heating. Kinetic studies had therefore to be carried out on solutions of the alcohol 

precursors in HC1. Secondly, aqueous acetone is an excellent solvating medium, a 

result of which is that steric hindrance to solvation is very severe under these 

conditions. This means that not only do bulky alkyl groups activate in the Baker- 

Nathan order, so that the solvolysis rates for all bulky p-alkyl groups are 

depressed, but the solvolysis rates for all m-alkyl substituents are also depressed 

[see Chapter 1, Section 1.4.3 and structures 52a,b and 54a-c)]. It turns out that 

the o+ values for m-alkyl groups determined from this reaction do not correlate 

any electrophilic aromatic substitution satisfactorily. This has generally not been 

recognized, because points for these substituents in Hammett-type plots fall close 

to the origin, a mathematical consequence of this being to obscure what are in fact 

large deviations. Errors of 50% in a a+ value of 0.07 become ‘unnoticed,’ whereas 
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a similar percentage error in a value of 0.7 would be regarded as extremely 
serious. 

A more suitable reaction is the pyrolysis of 1-arylethyl acetates (eq. 11.3).2 The 

transition state for this reaction has a partial carbocation at the ot-side-chain 

&+ 
Ar CH— CH2 

A U 
O) H *■ ArCH=CH2 + HOAc (11.3) 

carbon, and has three advantages over the solvolysis reaction: 

(1) There is no solvent so solvation effects are entirely absent, and the results 

obtained are entirely unambigous. 

(2) The compounds can be prepared in a pure state. 

(3) The p factor for the reaction, — 0.66 at 600 K, means that a wider range of 

reactivities can be measured under identical conditions than for any other 

reaction with a cerbocationic transition state. For certain applications, other 

esters may be used, the p factors being closely similar.6-8 

The pyrolysis gives an excellent correlation against a+ values determined from 

the solvolysis,2 except for those substituents (bulky p-alkyl,2,9,10 m-alkyl,7 m- 

phenyl,2 m- and p-trimethylsilyl11) the solvolysis data for which are adversely 

affected by steric hindrance to solvation (Section 11.1.4). The pyrolysis data for 

the ra-CF312 and m-N028 substituents also do not correlate very well with the 

solvolysis results, but in fact predict more accurately their effects in all 

electrophilic substitution and related reactions than do the solvolysis data. The 

pyrolysis has been very successfully employed for the determination of o+ values 

for heteroaromatics.13 

Other reactions and spectroscopic methods have been used to determine a+ 

values; in particular, the hydrogen exchange (detritiation) reaction has proved 

very suitable because of both the freedom from steric hindrance and the relative 

unimportance of steric hindrance to solvation in trifluoroacetic acid, the 

exchange medium. A compilation of <r+ values for substituents and, where 

available, the corresponding a values are given in Table 11.1. Because the data 

have been obtained by various workers using different methods, the data from 

one set of experiments may not be precisely related to those obtained from 

another, especially where resonance interactions in the processes differ 
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significantly. This point is dealt with fully in Section 11.1.4. In view of this and 

possible errors in the literature data, it is not meaningful to quote the parameters 

to better than 0.005 unit, and values have been rounded off accordingly. Where a 

choice of values exists, the one given is that which correlates most satisfactorily a 

range of reactivity data. The substituents are arranged in order of approximately 

decreasing electron supply, those having similar characteristics being grouped 

together. 
The Hammett equation can also be extended to describe reactivities of 

polycyclic and related molecules. A sigma constant (say) aptx is generally 

understood to describe the effect of the substituent X at the para position in PhX. 

However, it is also a measure of the reactivity of the para position of PhX (4) 
relative to that of a position in benzene. Consequently, sigma values may also be 

used to describe the reactivity of a position in a polycyclic (or heteroaromatic) 

molecule relative to that in a position in benzene. Thus <r2+naph *s a measure of the 

reactivity of the 2-position in reactivity of the 2-position in naphthalene (5) 

relative to that of a position in benzene. In the case of naphthalene, the 

‘substituent’ is actually 3:4-benzo (—CH=CH—CH=CH—), but for larger 

polycyclics this notation becomes inconvenient and is not therefore used. 

Table 11.2 gives a+ values, designated aAr+, for positions in polycyclic, etc., 

molecules, calculated as described in ref. 27. 

These o+ values correlate the rates of electrophilic substitutions with far 

greater precision than that obtained using o values. Some important features are 

as follows: 

(1) The largest differences between the a and a+ values for particular 

substituents occur for para substituents of the + M type, the latter values being 

uniformly more negative than the former, and this is to be expected from the 

earlier discussion. Consider, for example, the p-F substituent. Its a value is 

positive, indicating that its — / effect normally outweighs its + M effect. In an 

electrophilic substitution, however, the lone pair on fluorine can conjugate with 

the positive charge in the transition state in a manner that is not possible in 

reactions for which a values apply. The + M effect then outweighs the — I effect 

and so a negative sigma value is required to describe the overall electron-releasing 
effect. 

(2) It would be expected that a+ values and a values for electron-withdrawing 

substituents should be approximately the same. This is not always the case, 

however, and among possible reasons for this may be inaccuracy in the derived 

data. This was certainly found to be the case for the m-nitro substituent, for which 

the revised value of a+ of 0.73 gives a more satisfactory correlation of all 

electrophilic substitution data and related reactions8 than the original value of 

— 0.674,5 and is also closer to the corresponding a value. 

(3) Another discrepancy is found with the CF3 substituent. For this the a+ 

values for both meta and para positions are each considerably more positive than 

the corresponding a values, and it is possible that solvent interactions are in some 
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way responsible. However, what should be noted in particular here is that the 

earlier value for a+ for m-CF3 of 0.525 (and still used by many workers) is 

considerably in error. The revised value of 0.565 (determined in the gas phase) 

correlates with better precision not only the data for all electrophilic substi¬ 

tutions, but also data for other reactions12 (see also, for example, the data for 

addition of TFA to styrenes, and gas-phase basicities of styrenes92). 

(4) The a+ value for m-NMe3+ (0.36), determined from the solvolysis,5 

incorrectly predicts the effect of this group in the two reactions, positive 

bromination and protiodegermylation, for which it has been accurately mea¬ 

sured. These reactions both predicted a value of 0.67; the value of 0.36 (still given in 

fairly recent reviews) should not be used. The failure of the solvolysis here is due to 

the abnormally high entropy of activation found for m-Me3N+C6H4CMe2Cl.93 

The fact that the cr+ value is here less positive than the a value arises because of 

the substantial electron release from the N—Me bond which occurs under 

conditions of high electron demand (N-C hyperconjugation), and is transmitted 

to the meta position by secondary relay. This electron release also accounts for 

the substantial differences in the sigma values at the para position. 

(5) The Hammett-Brown treatment can be criticized on the grounds that it 

assumes that the resonance interaction between a substituent and the reaction 

centre in the transition state is independent of the reagent. This assumption 

would be correct if the transition state was either identical with the Wheland 

intermediate or had the same structure, irrespective of the reagent, but if this was 

so it would be difficult to understand why different reagents have different 

selectivities, i.e. give different p factors. There is evidence (discussed below) that 

the extent to which the aromatic sextet is deformed (and hence the conjugation 

between a substituent and the reaction centre is altered) at the transition state is 

partly determined by the nature of the reagent. 

In practice, therefore, the use of a+ values leads to a number of incorrect 

predictions of reactivities, especially for highly polarizable substituents. Sulphur- 

containing substituents in particular show anomalous behaviour, possibly 

because of the opportunities for combining — I, + M, and — M effects.243 The 

SiMe3 substituent also shows wide variations in its effect, although a substantial 

part of the variation here is due to the incursion of steric hindrance to solvation, 

the second cause of unsatisfactory generality of the o+ values (Section 11.1.4). 

The difficulties associated with substituents of this type are highlighted by a + 

values for the Ph—N=N— group, which may be determined from a number of 

reactions. These are — 0.4 (chlorination, AcOCl, aqueous AcOH, 25 °C); — 0.187 

(nitration, HN03-Ac20,0 °C); — 0.1 (chlorination, Cl2, aqueous AcOH, 25 °C); 

— 0.04 (chlorination, Cl2, AcOH, 25 °C); and 0.09 (bromination, HOBr-H + , 
aqueous dioxane, 25°C).56 

The variable polarizability effect may also be illustrated by comparing the 

ratios log /x/log /Y, which should depend only on the nature of the substituents 

X and Y, but be independent of the p values of the reactions studied. The data in 
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Table 11.3 Variation in the values of log /pMe/log /pPh and log /pMe/log /3.4benzo 

Reaction f Me 
J p 

log fpMe 
log /pPh 

log /pMe 

log /3:4benzo 

Protiodestannylation 5.6 3.01 
Protiodegermylation 14.0 2.66 4.54 
Mercuridesilylation (aq. HOAc) 17.5 2.40 2.69 
Protiodesilylation 18.0 2.81 3.96 
Mercuriation 23.2 1.69 1.05 
Bromodesilylation 48.8 1.54 
Positive bromination 59.0 1.48 
Nitration (HN03-Ac20, 0°C) 60.0 1.18 
Detritiation (TFA-aq. HC104) 313 1.45 1.39 
Detritiation (TFA) 450 1.20 1.22 
Benzoylation 626 1.17 
Acetylation 749 1.20 
Molecular chlorination 820 1.01 
Molecular bromination (85% aq. HOAc) 2420 0.98 1.02 

Table 11.3 show that this is untrue, for example, for the cases when X = p-Me, 

and Y = p-Ph and 3:4-benzo (2-position of naphthalene), respectively. In each 

case the ratio decreases fairly regularly as fpMe (a measure of the reactivity of the 

reagent) increases, whereas constant values for the ratio of 1.48 and 1.24, 

respectively, are predicted from the o+ values. These results show that the phenyl 

and benzo substituents are each more polarizable than methyl. 

Another example of the polarizability effect shows up in the reactivity 

produced by the p-F substituent, this being particularly noticeable because of the 

proximity in behaviour to the p-H ‘substituent’. Thus, whereas the <x+ value 

predicts that p-F should activate in all reactions, in fact it deactivates in 

protiodesilylation, protiodegermylation, protiodestannylation, ethylation, nitr¬ 

ation, mercuridemercuriation, bromodesilylation, and iododestannylation. 

The predicted order for the other para-halogen substituents is H > Cl > I > Br. 

This order is obtained in bromination of polymethylhalobenzenes, hydrogen 

exchange, bromodeboronation and bromodesilylation, but the orders H > Cl 

> Br > I and H > Cl > Br a I apply in protiodesilylation and protiodegermyl¬ 

ation, respectively. Similarly, the order for the meta-halogen substituents is not 

constant, as reference to the preceding chapters shows. In consequence, the effects 

of the halogens in either meta or para positions cannot be adequately described in 

terms of single substituent constants. 

The deficiencies arising from polarizability have led to an elaboration of the 

Hammett equation, described in Section 11.1.3. 
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11.1.1 Selectivity 

The value of the ratio ap+/om+ should be constant under ideal conditions, and 

it is then a simple mathematical consequence of the Hammett equation that/p/fm 

will increase as the p factor (and hence fp) increases. This has been referred to 

(especially in relation to the methyl substituent effect for which most data exist) as 

the Selectivity Effect (this term also describes the variable discrimination between 

different aromatics implied by different p factors). 

A further mathematical consequence is that if log /„/log fp for a given 

substituent is constant, indicating a constant steric effect (or absence of one), then 

fo/fp decrease with decreasing/p and p.2 It is important therefore to discuss 

steric effects wherever possible in terms only of log fjlog fp ratios rather than 

ortho:para ratios. 

11.1.2 Extensions of the Hammett Equation 

It is appropriate here to summarize both the various sigma parameters that are 

in use, and modifications of the Hammett equation, since the plethora of these can 

cause confusion and engender a lack of confidence amongst those less familiar 

with the underlying principles of linear free-energy correlations. 

As established above, the a+ parameter is necessary for correlating reactions 

where there is the possibility of resonance interaction between an electron- 

donating substituent and an electron-deficient reaction centre. For comparison 

purposes one needs ideally a parameter that describes the situation in which 

there is no corresponding resonance interaction. It would be convenient if 

the parameter a did this, since there is a vast range of o values available. 

Unfortunately, there are secondary conjugative interactions, whereby the 

negative charge on oxygen lowers the acidity of the benzoic acids by inhibiting 

ionization of the O—H bond (eq. 11.4). It was hoped, therefore, that a set of 

parameters, free from secondary resonance interactions, could be obtained from 

measurements of the ionization constants for phenylacetic acids (6) or hydrolysis 

of the corresponding esters; the new parameters were designated a0.94 

(11.4) 

ArCH2C02H 

(6) 

Unfortunately, it transpired that the methylene group is able to transmit a 

small amount of resonance. Consequently, a further set of resonance-free 

parameters, designated on were devised,95 the method being essentially to select 
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the minimum value from all those that were obtained for a given substituent in 

reactions that were considered to have low resonance interactions. Thus cr" values 

are more ‘resonance-free’ than a0 values,6b’96 but unfortunately the compilation 

is smaller than that for cr°. In summary, the series of sigma values that describe 

substituent effects with an increasing resonance component is on < o° < a < o+. 

Attempts have also been made to separate substituent effects into inductive 

and resonance components. There have been two methods of doing this. One 

involves dissecting the sigma parameter into an inductive component, a, 

(determined from ionization constants for substituted acetic acids XCH2C02H), 

and a resonance component, <rR, as noted in Section 1.4.4, eqs 1.8 and 1.9. If in 

eq. 1.8, op is replaced by op+ or op°, the corresponding resonance components are 

crR+ and <jr°. Hence a series of parameters with increasing resonance components 

is aR° < (tr < erR + . 

The other method, due to Swain and co-workers,97 attempts to avoid the 

proliferation of scales of polar substituent constants by describing each constant 

in terms of a field constant, and resonance constant, 01, according to eq. 11.5. 

o—f0'+r^ + h (11-5) 

The factors f, r, and h are weighting factors which differ for each reaction. 

This method appears to be a good one in principle, but has attracted 

criticism,98 and has not been widely applied to electrophilic aromatic substi¬ 

tution. Somewhat similar is the Dewar-Grisdale treatment,99 which also 

separates the substituent effects into field F and resonance M components. The 

effect of a substituent at position i on the reaction site j (er;j-) is a function of both 

the distance between the two sites rip and the amount of charge (qtJ) delocalized to 

position i from a CH2_ group placed at position j, according to eq. 11.6. The 

°ij = F/ru + Mqij (11.6) 

intention was that values derived from substituted benzenes could be applied to 

polycyclic aromatics. However, for electrophilic substitution the method has 

proved rather unsatisfactory, probably because the method is based on 

Ti-distribution in the ground state rather than the transition state.100 However, 

a modification of the method gives very good correlation of the effects of 

substituents in detritiation of polycyclic system.101 

11.1.3 The Yukawa-Tsuno Equation 

The ability of a substituent to stabilize the electron-deficient transition state by 

a mesomeric (conjugative) effect is a function of the electron demand of the 

reagent. For reaction of an aromatic with a less reactive electrophile, the 

transition state will be nearer to the Wheland intermediate, and consequently the 

bond to the electrophile will be stronger in the transition state. A greater 
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proportion of the charge from the electrophile will therefore be transferred to the 

ring, and this in turn will elicit greater conjugative interaction with the electron- 

donating substituent. 
The realization that the extent of resonance interaction in the transition state 

depends on the electron demand of the reagent led to the introduction of the 

Yukawa-Tsuno equation (eq. 11.7),102 which introduces a parameter, r, that 

measures the importance of this interaction. 

log/ = p [a + r(a + -a)] (11.7) 

It will be evident that a+ — o is a measure of the ability of a substituent to interact 

mesomerically with an electron-deficient nucleus, i.e. its polarizability. When 

r = 0, eq. 11.7 reduces to the Hammett equation (Chapter 1, eq. 1.7), whereas 

when r= 1, it reduces to the Hammett-Brown equation (eq. 11.2). Typical r 

values obtained in electrophilic substitutions are molecular halogenation 1.66, 

positive bromination 1.15, nitration 0.9, protiodesilylation 0.65, protiodegermyl- 

ation 0.60, and protiodestannylation 0.44. 

The scales of both r and a+ — a are arbitrarily chosen, and any two reactions 

with different amounts of resonance interactions in the transition states could 

have been used to provide the sets of sigma values. Indeed, a more recent version 

of the equation (eq. 11.8)103 uses <r° values instead of a values, and since the 

log/ — p[<7° + r'(o+ — a0)] (11.8) 

difference (er+ — a0) describes a bigger resonance interaction than does o+ — a, it 

follows that for a given reaction r1 will be smaller than r. Because the set of a 

values is larger than the set of a0 values, most electrophilic substitutions have 

been evaluated in terms of the earlier equation. 

The Yukawa-Tsuno equation has been found to correlate rate data for many 

electrophilic substitutions with much greater precision than the Hammett- 

Brown equation. The p factors for these reactions are shown in parentheses 

(together with the associated r factors) in Table 11.4, which lists the p factors 

(calculated using the cr+ values given in Tables 11.1 and 11.2) for all electrophilic 

aromatic substitutions. It is emphasized that most of the reactions for which 

extensive and accurate rate data are available require the Yukawa-Tsuno 

equation to correlate the data satisfactorily. It is probable that most electrophilic 

substitutions correlate best with the Yukawa-Tsuno equation, but for the 

majority of reactions too few data are available to permit a distinction to be 

made. 

In the light of eq. 11.7, the deviations in the application of the Hammett- 

Brown equation (eq. 11.2), now become understandable. Two examples illustrate 

this. 

First the variations in the ratios quoted in Table 11.3 are seen to result from the 

stronger capacity of the p-Ph and 3:4-benzo substituents compared with the p- 

Me substituent to interact mesomerically, the respective values of a+ — a for 
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Table 11.4 p Values for electrophilic substitutions 

Reaction Pa 

Arylation, MeCN, 40 °C 
Hydroxydeboronation, H202-H + , 25 °C 
Protiodemagnesiation, Et20, 31.5 °C 
Carboxyamination, EtC02N3, TFA-PhN02, 109 °C 
Chlorination (of 9-X-anthracenes), S02C12, PhCl, 25 °C 
Bromination (of p-iV,]V-dimethylanilines), Br2, H20, 25 °C 
Protiodestannylation (of ArSnMe3), HCl-MeOH, 25 °C 
Ethylation, EtBr-GaBr2, 25 °C 
Fluorination, F2-N2, — 78 °C 
Protiodeplumbylation, HC104-Et0H, 25 °C 
Protiodemercuriation, arylmercury(II) chlorides, aq. EtOH, 

70 °C 
Bromodestannylation, Br2, MeOH, 25 °C 
Protiodemercuriation, diarylmercurials, DMSO-dioxane, 

32 °C 
Iododemercuriation, ArHgCl, I2, 25 °C 
Iododestannylation, I2, MeOH, 25 °C 
Protiodeiodination (of 4-hydroxybenzenes), aq. HOAc, 40 °C 
Mercuridestannylation, Hg(OAc)2, THF, 20 °C 
Mercuridemercuriation, ArHgCl, HgBr2, 20 °C 
Chloromethylation, paraform-HCl, 85 °C 
Nitramine rearrangement, HC104, dioxane, 40 °C 
Bromodeboronation, Br2, aq. HOAc, 25 °C 
Protiodestannylation [of ArSn(cyclohexyl)3], HC104-EtOH, 

50 °C 
Protiodemercuriation, diarylmercurials, aq. DMSO, 30 °C 
Protiodetritylation, HOAc-aq. H2S04, 20 °C 
Nitration (gas-phase), MeO+(H)N02, 
Mercuriation, Hg(OAc)2, HOAc, 25 °C 
Chlorination (of 1,3-dimethoxybenzenes), S02C12, PhCl, 

25 °C 
Vinylation, l-anisyl-2,2-diphenylvinyl bromide-AgBF4-base, 

120 °C 
Mercuriation, Hg(OCOCF3)2, 25 °C 
Protiodegermylation, HC104-MeOH, 50 °C 
Sulphonoxylation, (m-N02C6H4S020)2, ethyl acetate, 20 °C 
Amination, ArN3, TFA, CH2C12, 25 °C 
Iodination, I2-HN03-H2S04, 25 °C 
Protiodeacylation, 89.8% H2S04, 25 °C 
Chlorination (of p-X-acetanilides), Cl2, HOAc, 25 °C 
Protiodeboronation, 74.5% aq. H2S04, 60 °C 
Protiodesilylation, HC104-MeOH, 50 °C 
Rhodiation, (octaethylporphyrinate)rhodium(III) chloride, 

50 °C 
Bromination (of p-X-anisoles), Br2, H20, 25 °C 
Sulphonation, H2S2Ov, 25 °C 
Bromination, HOBr-HC104, 50% aq. dioxane, 25 °C 

-0.8 
-1.2 
-1.7 
-1.7 
-2.1 
-2.2 
-2.2 
-2.4 
-2.45 

(—2.5,r = 0.4) 

-2.45 
-2.6 

( — 2.8, r = 0.5) 
-2.9 

(- 2.95, r = 0.65) 
-3.0 

ca — 3.0b 
-3.4 

-3.5 to -4.9 
-3.7 
-3.8 

( —3.8,r = 0.4) 
( —3.8, r = 0.5) 

-3.9 
ca —3.9 

-4.0 

-4.0 

-4.1 
-5.7 to -6.4 
— 4.4, r = 0.6) 

-4.4 
-4.5 
-4.5 
-4.6 
-4.7 
-5.2 

( —5.3, r = 0.65) 

( —4.5, r = 0.3) 
-5.6 
-6.1 
-6.2 

(continued) 
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Table 11.4 (continued) 

Reaction Pa 

Nitrosation (of 4-X-phenols), NaN02-aq. HC104, 0 °C -6.2 

Iodination, I2-KI03-H2S04, 25 °C — 6.3 

Nitration, HN03-H2S04, 25 °C -6.5 
(— 6.4, r = 0.9) 

Bromination (of o-X-anisoles), Br2, H20, 25 °C -6.5 

Bromodesilylation, Br2, aq. AcOH, 25 °C ( —6.8,r = 0.8) 

Nitrosation, NaN02-aq. HC104, 52.9 °C — 6.9 

Thalliation, Tl(OCOCF3)3, TFA, 25 °C ca — 7.0 

Chlorination, S02C12, MeNOz 25 °C 
Nitrodemethylation (of polymethylbenzenes), HN03-Ac20, 

-7.2 

25 °C -8 to -12 

Thalliation, Tl(OAc)3, HOAc, 25 °C -8.3 
( —8.6, r = 0.6) 

Protiodetritiation, TFA, 70 °C -8.75 

Acetylation, MeCOCl-AlCl3, C2H4C12, 25 °C -9.1 
Sulphonation, H3S04 + , 25 °C -9.3 
Sulphonation, C1S03H, MeN02, 25 °C ca —10 
Chlorination, Cl2, AcOH, 25 °C -10.0 
Bromination (of polymethylbenzenes), Br2, H20, 25 °C -10.7 
Bromination, Br2, H20, 25 °C -11.6 
Thiocarboxylation, RSCOCl-AlCl3, 1,2-dichloroethane, 25 °C ca -11.7C 
Bromination, Br2, AcOH, 25 °C -12.1 
Protiodealkylation ca —12.5 
Bromination, Br2, TFA, 25 °C -16.7 
Acetoxylation, Ac20-HN03, 25 °C ca —18 

“Values in parentheses refer to correlation against the Yukawa-Tsuno equation. 
bThis is for correlation against a values. 
“This value was obtained by plotting against a; the correlation against cr+ values was poorer but gave 
a lower p value. 

these substituents being 0.19,0.18, and 0.14. The corresponding a values are 0.02, 

0.04, and —0.14, and since r(a+ — a) becomes increasingly important relative to a 

as r increases, it follows that as r increases the partial rate factors for the former 

two substituents ‘catch up’ with those for p-Me.104 Ultimately, in bromination in 

aqueous HOAc (which has a high r value), /pPh becomes larger than fpMe. 

Second, the behaviour of the para-halogens can be understood. Consideration 

only of their inductive effects would lead to an order of reactivities, H > I > 

Br > Cl > F, but superimposed on the inductive effect is the mesomeric effect, the 

two together leading to the order measured by a values, H > F > I > Cl > Br, and 

this would be the order in a reaction for which r = 0. Their o+ values decrease in 

the order F > H > Cl > I > Br, and this order would apply in reactions for which 
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Figure 11.1. Variation in p-halogen substituent effect with r-value. 

r& 1. As r increases, therefore, the order changes and various relative reactivities 

may arise, as illustrated diagramatically in Fig. 11.1; on this (points are omitted 

for clarity) the slopes of the lines are proportional to o+ — a and are therefore a 

measure of the conjugative electron-releasing ability of the halogen. (The order of 

the slopes also parallels the values ap — ox, which is another measure of this 

ability.) It is interesting that recent measurements of 13C chemical shifts for 

various a-side-chain carbocations of the type ArC + RR' require enhanced <r+ 

values (designated ac+ values) to correlate the data, and this corresponds to a 

reaction with an r factor of 3.4 (see Fig. 11.1), the p factors being in the range 

— 15 to —18.105 Under these circumstances, not only does p-F activate, but 

p-Cl and p-Br also do so, the corresponding ac+ values being —0.40, —0.24, 

and —0.19.105 

The physical interpretation of the parameters p and r in the Yukawa-Tsuno 

equation is as follows. The parameter p measures the extent to which the electron 

pair, used to form the new bond to the electrophile, has been removed from the 

aromatic system in the transition state. As the extent of the transfer is increased, 

the positive charge on the residual aromatic system is increased, and therefore the 

differential effects between substituents in stabilizing the transition state are 

increased; that is, an increase in electron transfer corresponds to an increase in 

selectivity, or p value. The parameter r is defined as a measure of the importance 
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of resonance interaction in the transition state. It would be minimal in a reaction 

which involved no deformation of the aromatic nucleus at the transition state, 

and maximal when the transition state had the structure of the Wheland 

intermediate, and these two situations correspond to zero and complete transfer 

of the electron pair to the reagent, i.e. to minimum and maximum p values, 

respectively. 
There is thus a general tendency for r to increase with p in a given aromatic 

system (see below), although an exact relationship might not be expected because 

it is not clear that the r and p values of a particular reaction should respond in a 

similar way to changes in the solvent.51 For reactions and equilibria involving the 

formation of carbocations at side-chain a-positions (which are also correlated by 

the Yukawa-Tsuno equation), the values of r relative to p are larger than in 

electrophilic substitutions; this is clearly seen from the 13C n.m.r. data noted 

above. This is attributable to the presence, in the former reactions, of a larger 

number of centres over which delocalization of charge can occur. Thus, for a 

given extent of conjugation between a substituent and the nucleus (same r), there 

is a lower concentration of positive charge on each carbon of the aromatic system, 

and hence a smaller differential between substituents in determining the energy of 

the transition state.106 

It is emphasized that the p factor for reaction with a given electrophile will not 

necessarily be the same for reaction with differing systems. Not only may the 

extent of electron transfer from the ipso carbon to the electrophile in the 

transition state differ according to the reactivity of the aromatic (Section 11.1.5), 

but the ease of transmission of electrons from the substituent to the ipso carbon 

may differ according to the aromatic system (for a fuller discussion, see ref. 107). 

An example that shows this clearly comes from protiodetritiation by TFA at 

70 °C of benzene and the 1-position of naphthalene. The conditions are identical, 

but substituent effects at the para (and meta) position are smaller in naphthalene 

(see Table 3.23) because delocalization of the charge in naphthalene is less 

favourable owing to bond fixation in the ground state [Section 3.1.2.13(iv)]. 

A further example concerns substituent effects between the 4- and 4'-positions 

in biphenyl. For detritiation (Section 3.1.2.10) and protiodesilylation 

(Section 4.7.1(iii)), the p factors are reduced ca 4-fold, and for reactions 

producing carbocations at the side-chain a-position, e.g. pyrolysis of 1-arylethyl 

acetates,25 and solvolysis of 1-aryl-l-chloroethanes, 1-aryl-l-phenyl- 

chloromethanes, and 2-aryl-2-chloropropanes,108,109 reduction factors of 

3.2—3.5 apply. (The factors are smaller for these side-chain reactions presumably 

because, as argued above, a smaller fraction of charge is delocalized on to the 

aromatic ring.) It is noteworthy here also that the r factors are reduced ca 2-fold 

compared with the same reaction in benzene, because of the reduced conjugation 

between the aryl rings, which are at an angle of 45° to each other. [Note that in 

ref. 108 r' factors are used (eq. 11.8) and since these are larger than r factors, 
the attenuation factor is reduced.] 
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11.1.4 The Electronic Effect of Bulky Groups: 
Steric Hindrance to Solvation 

In Section 1.4.3 it was shown that the intrinsic electron-releasing ability of alkyl 

groups parallels their size, because C-C hyperconjugation is greater than C-H 

hyperconjugation. The observation of the so-called Baker-Nathan order of 

electron release, e.g. p-Me > p-t-Bu, arises only because steric hindrance to 

solvation of the bulkier tert-butyl compound causes the transition state for 

reaction of the tert-butyl compound to be less stabilized than that for the methyl 

compound. Thus the Baker-Nathan order is found for reactions carried out in 

highly solvating media, and also in poorer solvating media where the solvating 

counter ion is especially bulky, e.g. SbF6~. 

It follows that the electron-supplying effects of bulky groups is greatest under 

non-solvating conditions, and diminishes with increasing solvating power of the 

medium. This is clearly seen from the ‘<t+’ values (i.e. log f/p values) obtained for 

these substituents in three reactions (Table 11.5):38,40'110 pyrolysis of 1-arylethyl 

acetates (no solvent), protiodetritiation in TFA (poorly solvating solvent), and 

solvolysis of 2-aryl-chloropropanes in either aqueous ethanol or aqueous acetone 

(which are moderately good and excellent solvating solvents, respectively). 

Table 11.5 Values of a+ derived from reactions with differing solvating conditions 

Substituent 
Solvolysis, 
aq.acetone 

Solvolysis, 
aq. ethanol 

Detritiation 
in TFA 

Pyrolysis 
gas phase 

_ + _ _ + 
°solv. °pyrol. 

p-Me -0.311 — -0.303 -0.29 -0.021 
m-Me -0.066 -0.077 -0.090 -0.098 0.032 
p-t-Bu -0.256 — -0.312 -0.365 0.109 
m-t-Bu -0.059 -0.084 -0.175 -0.190 0.131 
p-SiMe3 0.020 — — -0.090 0.110 
w-SiMe3 0.010 — — -0.160 0.170 
m-Ph 0.109 0.056 0.020 0.0 0.109 

p-Cyclopropyl -0.462 — -0.47 (0.01 l)a 
p-Cyclobutyl 
p-Cyclopentyl 
p-Cyclohexyl 

-0.290 
-0.302 
-0.285 

-0.345 
-0.35 
-0.338 -0.380 

(0.056)a 
(0.049)a 
0.095b 

p-Neopentyl -0.240 — -0.306 -0.350 0.110 

p-Adamantyl -0.250 — -0.377 -0.425 0.175 
p-Bicyclo[2.2.2]- -0.270 — -0.391 — — 

octan-l-yl 
p-emio-Norbornan- -0.295 — -0.358 -0.390 0.095 

2-yl 
p-exo-Norbornan- -0.309 — -0.371 -0.420 0.111 

2-yl 

These are o soiv. ® exchange values. 
bThe ff + so,v. - o + exchange value is 0.53. 
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These results demonstrate a number of important points: 

(1) Whereas the a+ values for the p-methyl substituent are essentially constant 

under all three conditions, the a+ values for the other substituents show a regular 

and large increase (i.e. become more negative) with decrease in the solvating 

power of the medium. This increase is large for the bulky para substitutions, 

and larger still for the bulky meta substituents. 

(2) The effects of the cycloalkyl substituents, although not measured for each in 

the gas phase, show the same trend, the value of 5o+ between solvolysis and 

hydrogen exchange being substantially smaller for the cyclopropyl group than 

for the bulkier homologues. 

(3) The results provide clear evidence that steric hindrance to solvation is more 

serious for meta- than for para-alkyl substituents, at least in the side-chain 

solvolytic reaction used to define the original a+ values. A consequence is that the 

original o + value for m-Me of — 0.066, still used by many workers, does not in fact 

correlate satisfactorily any electrophilic aromatic substitution! Hence the average 

value needed to correlate the data in hydrogen exchange (TFA and H2S04), 

protiodesilylation, -germylation, and -stannylation, mercuriation, vinylation, 

acetylation, benzoylation, sulphonation, molecular and positive bromination, 

molecular and positive chlorination, and iodination, is —0.086, with higher 

values (up to —0.105) being needed for the reactions of higher p value. Likewise, 

the average value needed for the side-chain reactions 1, 2, 4, 9,10,13, 24-27, 29, 

and 30 in ref. 102, Table 1, is also 0.086. 

The tendency for the a+ value to increase with increasing p value for 

electrophilic substitutions strongly indicates that the m-Me substituent is 

susceptible to polarizability effects to an extent not previously recognized, this 

property having been masked by solvation effects. Very strong evidence that this 

is the case comes again from gas-phase measurements: in the pyrolysis of 1- 

arylethyl methyl carbonates and 2-aryl-2-propyl acetates, reactions both of 

which have a more polar transition state than that in pyrolysis of 1-arylethyl 

acetates (which gave a <r+ value of -0.098), a value of —0.135 was needed to 

correlate the effect of the m-Me substituent. For 1-arylethyl benzoates, a reaction 

with a transition state of intermediate polarity, a value of —0.115 was 

required.6a,6b’7b Evidently the more polar the transition state, and hence the 

greater the demand for resonance stabilization, the greater is the conjugative 

electron release from the m-Me substituent. Other m-alkyl groups could be 

expected to respond similarity, but no data are available. 

(4) The anomalous behaviour of the SiMe3 substituent is now readily explained 

in terms of steric hindrance to solvation. The solvolysis reaction predicted that in 

both meta and para positions this substituent should deactivate, whereas in most 

electrophilic substitutions activation is observed. It is noteworthy that not only is 

the difference between the solvolysis and gas-phase o+ values again greater for 

the meta position than for the para position, thereby paralleling the behaviour of 

the alkyl groups, but the values of So + are very similar. (Although silicon is larger 
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fable 11.6 Values of a+ derived from various reactions 

Reaction _ + 
° p- Me 

_ + 
° p-t-Bu 

Solvolysis of 2-aryl-2-chloropropanes -0.311 -0.256 
Protiodesilylation -0.288 -0.259 
Protiodegermylation -0.294 -0.272 
Bromodesilylation -0.273 -0.236 
Mercuriation -0.340 -0.309 
Bromination (H + -HOBr) -0.286 -0.256 
Protiodetritiation (TFA) -0.303 -0.312 
Protiodetritiation (H0Ac-H2S04) -0.320 -0.300 
Bromination (Br2-aq. HOAc) -0.280 -0.240 
Chlorination (Cl2-HOAc) -0.291 -0.260- 
Acetylation -0.316 -0.310 
Pyrolysis of 1-arylethyl acetates -0.290 -0.365 

Overall variation 0.067 0.129 

than carbon, the methyl groups are further removed from the aromatic ring so 

that a comparable steric effect is to be expected.) 

(5) The former interpretation of the Baker-Nathan effect, viz. that the variation 

in the p-t-Bu:p-Me activating ratio was due to variable C-H hyperconjugation 

operating on reagent demand, can be dismissed by examination of the values of 

a+ (log f/p) for these two substituents from various reactions (Table 11.6). 

Clearly it is the tert-butyl group rather than the methyl group which produces the 

most variable activation, and this is due to steric hindrance to solvation. 

11.1.5 The Reactivity of the Aromatic: 

the Reactivity-Selectivity Principle 

According to the foregoing discussion, the structure of the transition state 

depends on the reactivity of the electrophile but not on that of the aromatic. This 

assumption cannot be strictly correct because there is in principle no difference 

between the electrophile and aromatic. According to the Hammond postulate,111 

in reactions of two aromatics with the same electrophile the transition state 

formed by the less reactive aromatic should more closely resemble the Wheland 

intermediate than that formed by the more reactive aromatic, just as the 

arguments presented earlier led to the view that as the reactivity of the 

electrophile is decreased, the transition state more closely represents the Wheland 

intermediate. 

There are certain indications that this is the case; the large p value for 

bromination by bromine in aqueous HOAc suggests that there is a considerable 

proportion of unit positive charge on the aromatic ring in the transition state, yet 
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the activation energies in this reaction for JV,iV-dimethylaniline and related 

compounds (activated ca 1018 times more than benzene) are close to zero.112 This 

suggests that the reactivity of these aromatics is so great that the transition states 

now more closely resemble the reactants. (This implied shift of the transition state 

is, however, surprisingly large in the light of the observation that for hydrogen 

exchange of aromatics with electrophiles having a 10n-fold difference in 

reactivity, the p factor was reduced by only ca 20%.113) 

Just as a given pair of aromatics show differing substrate and positional 

selectivities towards differing electrophiles, so a given electrophile will discrimi¬ 

nate less between a pair of more reactive aromatics than between a pair of less 

reactive aromatics of comparable structure. Both of these results are conse- 

quencies of the Reactivity-Selectivity Principle, and are manifest in a breakdown of 

additivity. Additivity of substituent effects has been examined in protiodesilyl- 

ation, mercuriation, protiodetritiation, nitration, molecular chlorination, 

bromination, and iodination of polymethylbenzenes. The results are complicated 

by buttressing effects when substitution occurs at a position next to two adjacent 

methyl groups, and also because the steric effect of two o-Me groups is probably 

greater than predicted from the results of one such group; for nitration the onset 

of encounter control prevents meaningful analysis of the results. For the first two 

reactions, which have small p factors, the observed reactivities are equal to or 

slightly greater than those predicted, but in the other four reactions, the observed 

reactivities for the more highly substituted compounds are lower than predicted. If 

steric effects alone were responsible, they would certainly be apparent in 

mercuriation, but they are not. It is therefore probable that as the aromatic 

becomes more reactive, the transition state is formed earlier in passage along the 

reaction coordinate with the consequence that the selectivity of the reagent 

towards different aromatics is reduced and the introduction of a further 

activating substituent has a smaller effect than expected. 

A further consequence is that two deactivating substituents should produce 

greater deactivation than calculated, provided that they are of the —I, —M 

type, and this prediction114 has been confirmed in halogenation (Section 9.6.5). 

Two or more —I, +M substituents tend to produce greater reactivity than 

predicted, attributable largely to greater conjugative electron release from each 

when placed in a less reactive compound. Examples of this behaviour are found 

in the protiodesilylation and protiodestannylation of pentafluorobenzene 

[Sections 4.7.1.(ii) and 4.9.1] and the nitration of polychlorobenzenes 
(Table 7.11). 

Compounds containing an electron-withdrawing and an electron-supplying 

substituent are usually more reactive than predicted. There are very many 

examples of this behaviour and it may be attributed to the following. The effect of 

the electron-withdrawing substituent will be less than in benzene itself, because of 

the greater reactivity of the system in which it is placed. Conversely, the electron- 

supplying substituent will be more activating than when substituted in benzene. 

The net effect will therefore always be to make the observed reactivity greater 
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than predicted. Quantitative examples may be found in hydrogen exchange 
(Table 3.12) and halogenation (Section 9.6.5). 

The Reactivity-Selectivity Principle (and consequences flowing from it) can 
break down owing to various causes: 

(1) In nitration, for example, ipso substitution followed by rearrangement can 
intervene with polysubstituted compounds. 

(2) Comparison of aromatic systems with different transmission pathways, e.g. 

benzene and thiophene, can lead to seemingly anomalous behaviour if the p 

factor is taken merely as an indication of the reactivity of the electrophile; as 

noted above, it is also a measure of the ease of transmission of substituent effects 
through the aromatic system. 

(3) It has been pointed out115 that the principle follows from the Hammond 

postulate only if the following applies: in the reaction of two electrophiles A and B 

(the former being the more reactive and therefore giving the earlier transition 

state) with two different aromatics X and Y, the difference in the free energies of 

the products BX and BY should be significantly smaller than that between the 

products AX and AY. This may not always be the case. 

Probably the clearest example of the principle comes not from electrophilic 

substitution, but from the related reactions whereby a carbocation is produced at 

the side-chain a-position, and in which the aromatic system is constant 

throughout. In the solvolysis of compounds ArCX(Me)0C6H4N02-4, a plot of 

log k for the unsubstituted compounds (Ar = Ph) against the p factors for 34 

compounds (different X groups) was linear with only five deviant points (due to 

secondary effects).116 A perfect linear correlation is also found between log k and 

p for pyrolysis of esters ArCH(Me)OR.25 

Because the Reactivity-Selectivity Principle requires that the transition state for 

reaction of each compound containing a substituent will occupy a different 

position along the reaction coordinate from that for the unsubstituted compound, 

it is widely believed (see, e.g., ref. 115) that Hammett plots should therefore be 

curved. This is incorrect. The amount by which the transition state is transposed 

along the reaction coordinate will be proportional to the reactivity of the compound 

and hence to the sigma value. It follows, therefore, that a straight-line correlation 

must be obtained. The p value obtained will contain a small ‘error’ and will be 

reduced slightly from that which it should be insofar as it describes the position of 

the unsubstituted compound along the reaction coordinate. Since the movement of 

the transition state for compounds in reactions of high p factor is likely to be greater 

than for reactions of small p factor, it seems probable that the overall effect will be 

to condense the range of p factors from their ‘true’ values. 

11.1.6 Theoretical Calculations of Aromatic Reactivities 

Whereas Hammett-type equations merely predict relative reactivities in one 

reaction on the basis of data observed in other, similar, reactions, theoretical 
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methods attempt to predict reactivities from basic principles. Like the treatments 

which assign a sigma parameter to each substituent to describe its electronic effect, 

the theoretical treatments predict that the order of activating or deactivating power 

of a substituent should remain constant irrespective of the nature of the reagent. 

Experimentally this is known not to be the case, and evidence makes it clear that it 

is necessary to consider both polarizability and solvent effects in a satisfactory 

treatment. The recognition of the extreme difficulty of this probably accounts for 

the reduced activity in this area in recent years. 
As noted in Section 2.2, efforts have been concentrated upon predicting relative 

reaction rates rather than absolute values. Moreover, models for the transition 

state have to be used, such as the ground state, or, more commonly, the Wheland 

intermediate since this is more successful. This success stems from the endo¬ 

thermic nature of coordination of the electrophile with the aromatic due to the 

loss of aromatic resonance energy; hence, according to the Hammond postulate, 

the transition state will tend to be product-like. 

There are two additional difficulties. First, whereas it is possible to calculate 

ground-state charge densities, there is no correlation between reaction rates and 

these partial charges,117 reflecting the fact that the transition state is not reagent¬ 

like. (For the same reason, the frontier-orbital method, in which the index of 

reactivity is known as superdelocalizability, gives a poor indication of electrophi¬ 

lic aromatic reactivities.118) Unfortunately, there is no satisfactory method for 

calculating the effects of substituents in the Wheland intermediate. Second, the 

effect of steric hindrance cannot be predicted. 

In view of these difficulties, most efforts have been directed towards predicting 

the relative reactivities of unsubstituted polycyclic aromatics, and the data from 

hydrogen exchange have attracted most interest because of the freedom from 

steric hindrance. Various methods are available for calculating reactivities, and 

comparison of various methods using a limited range of the hydrogen exchange 

data given in Table 3.17 shows that there is little difference in correlating abilities 

of the PPP (self-consistent field), CNDO/2 (all-valence electrons), Hiickel (co¬ 

technique, in which the coulomb integrals that are a measure of the electronegat¬ 

ivities of the carbon atoms in the aromatic framework are allowed to vary from 

each other), and free-electron superdelocalizability methods, the correlation 

coefficients lying between 0.966 and 0.979.119 Ab initio calculations could be 

expected to give better results, but at present it is not feasible to calculate results 

for molecules of the size of even the smallest aromatic. Satisfactory correlations of 

hydrogen-exchange rate data and basicity constants of polycyclic aromatics have 

also been obtained as expected in view of the similar pathways for protonation 
and exchange.120 

Earlier it had been shown that data for nitration and chlorination of polycyclic 

aromatics could be correlated with reasonable precision against values of 

— AE/P, where AE is the activation energy and ft is the carbon-carbon resonance 

integral, if values of 6 and 12kcalmol-1 were used, respectively, for /l.121 
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Fortuitously, these values are almost exactly the same as the p values for the 

reactions, and since the normal value for /J is ca 20kcalmol” \ the implication is 

that an electrophilic substitution for which the transition state was identical 

with the Wheland intermediate would have a p factor of ca — 20. This seems 

reasonable in view of the fact that reactions which produce a full carbocation at 

the side-chain a-position in the (solvated) transition state have p-factors which 

are approximately one third of this value; p factors are known to be reduced 

approximately 2.5-fold per intervening carbon atom. 

11.2 THE ORTHO-.PARA RATIO 

The factors which govern the relative reactivity of the meta and para positions 

in a monosubstituted aromatic compound are essentially confined to electronic 

effects. The ortho:para ratio is governed in addition by steric effects, and the 

superimposition of two groups of effects of different type presents difficulties in 

the elucidation of the significance of each individual effect. Although in certain 

cases it is evident that one particular factor is dominant in determining the ratio, 

in most cases it is at present not possible to separate the resultant effect into its 

components. 

Factors which contribute to the determination of the ortho:para ratio are 

selectivity, steric hindrance, steric acceleration, interaction between the substitu¬ 

ent and the reagent, electronic effects, and solvent and temperature effects. 

11.2.1 Selectivity 

If there is a linear free-energy relationship between substitution at the ortho 

and para positions, i.e. there is either no steric hindrance or a constant one, then 

log f0:log fp will be constant.122 Consider now substitution of toluene in two 

hypothetical reactions of p values —4 and — 10, such that the foregoing applies 

and the value of the ratio is 0.8. It is simply calculated that in the reaction of p 

value — 4 the ortho: para ratio will be 0.56, whereas in the reaction of p value — 10 

it will be 0.18, and this is simply a mathematical consequence of selectivity. Hence, 

although both reactions give different ortho:para ratios, there is no difference in 

steric effect between them. For a meaningful discussion of steric effects it is 

desirable to use log f0:log fp values, though in many cases the partial rate factors 

are unavailable, in which case the ortho:para ratios may, with caution, be used. 

11.2.2 Steric Hindrance and Steric Acceleration 

The effects of steric hindrance and steric acceleration on the log f0: log fp ratios 

have been described in Sections 2.5.1 and 2.5.2. 
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11.2.3 Interaction between Substituent and Reagent 

Examples in which the substituent and the reagent interact, thereby facilitating 

ortho substitution, were discussed in the nitration of ethers and anilides, 

compounds that have an unshaired pair of electrons suitably placed in the side- 

chain [see Section 7.4.3.(x)]. The comparatively high ortho:para ratio (63:37) in 

nitration of benzyl acetate by acetyl nitrate123 may have an analogous basis. 

Significant too may be the higher 2:4 ratio of nitro products obtained from 1 -p- 

tosylamino-7-nitronaphthalene when nitration is carried out in a mixture of 

acetic and propanoic acids (2.5) than when fuming nitric acid is used (0.6).124 

Other reactions in which high ortho:para ratios have been ascribed to ortho 

interactions are lithiation of compounds with unshared electron pairs in side- 

chains (Section 5.1), thalliation of anisole (Section 5.5), nitration of benzyltri- 

methylsilane [Section 7.4.3(xi)], hydroxylation of ethers (and also of toluene) 

(Sections 8.1.2 and 8.1.3), arylation of anisole (Section 8.3), and chlorination of 

phenol by 2,3,4,4,5,6-hexachloro-2,5-dienone (Section 9.2.5). The high ratio 

obtained for nitration of biphenyl under some conditions has been explained in a 

related way [Section 7.4.3(xv)]. It is probable that in a number of other instances 

such interactions partly determine the ortho: par a ratio, but recognition of the 

effect is rendered difficult by the importance of other factors being unknown. In 

the following examples, however, ortho substitution is clearly facilitated. 

First there is evidence that the high proportion of ortho-substituted product 

formed in the reaction between phenoxide ion and formaldehyde results from the 

formation of a complex between formaldehyde and the metal ion of a metal- 

phenoxide ion pair within which electron redistribution takes place (eq. 11.9).125 
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Second, the alkylation of primary and secondary aromatic amines with alkenes 

in the presence of aluminium anilide catalysts gives only ortho derivatives, 

attributed to the operation of a cyclic mechanism (eq. 11.10).126 

An analogous explanation has been advanced for the predominance of o-alkyl- 

and 2,6-dialkylphenols formed by the alkylation of phenols with alkenes in the 

presence of aluminium phenoxide catalysts.126 

11.2.4 Electronic Effects 

Because so little is known about the magnitude of steric hindrance to ortho 

substitution, it is not always easy to evaluate the importance of polar factors in 

governing the ortho:para ratio when this is less than the statistical value of 2 

(log/0:log/p = 1). When, however, the ratio is greater than this, then provided 

that it is not the result of either a facilitating ortho interaction or of steric 

acceleration, polar factors must be powerful enough to outweigh steric hindrance. 

The theory of the role of polar effects in determining the ortho:para ratio 

stemmed originally from studies of aromatic substitutions which gave rise to 

ratios greater than 2, and was then extended to other reactions which give lower 

ratios. 

The ortho: para ratio in the nitration of nitrobenzene is exceptionally large (21), 

and it was first suggested that ortho substitution might be facilitated by a dipolar 

interaction in the transition state between the nitro substituent and the 

entering nitronium ion, the stereochemistry of the transition state (7) being 

suitable for the interaction.127 This explanation was found to be inadequate 

when it was discovered that cyanobenzene also gives a high ortho:para ratio (8.5) 

in nitration; here, because of the linearity of the cyano group, the electron-rich 

nitrogen atom of this substituent is not stereochemically suited for the 

corresponding interaction.128 

(7) 

However, there is evidence that the high ratios obtained in these and related 

cases are the result of electronic effects that favour ortho over para substitution. 

The data in Table 11.7 are the meta:para and ortho:para ratios for nitration and 

chlorination (by HOCl-H+) of benzenes containing electron-withdrawing 

substituents. First, high ortho:para ratios are obtained in both reactions and 
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Table 11.7 Orientation ratios in nitration and chlorination of PhX 

Substituent, X 

Nitration Chlorination 

o:p m:p o:p m:p 

no2 21.4 310 11.8 53.8 

co2h 14.2 61.6 — — 

CN 8.6 40.4 8.0 25.4 

CO,Et 8.6 20.8 — — 

CF3 2.0 30.4 3.8 19.6 
CHO 2.0 8.0 5.2 11.0 

show similar trends in each as the substituent is varied. The electrophiles in each 

reaction have different geometry, and it is therefore unlikely that specific steric 

interactions govern both sets of ortho:para ratios.129 Second, for each reaction, 

the variation in ortho:para ratio follows closely that in the meta:para ratios, and, 

as pointed out earlier with reference to nitration,130 this can hardly be 

coincidental. It is probable that the same factors determine both ratios. 

In rationalizing these results in terms of electronic factors, it is first assumed 

that the transition state for these substitutions is similar in structure to the 

Wheland intermediate, represented as a hybrid of structures (4-6, Chapter 1). 

This assumption is reasonable, for the aromatics are each fairly unreactive so 

that, according to the Hammond postulate (Section 11.1.5), considerable 

progress should have been made along the reaction coordinate at the transition 

state. The simple Hiickel treatment indicates that the charge in this ion is shared 

equally between three carbon atoms, as in 8, but n.m.r. measurements of the 

charge distribution in the benzenonium ion show that the charge is more heavily 

concentrated at the para position, as shown in 9.131 Further, the calculated 

charge densities for this ion, obtained by a perturbation method allowing for 

electron interaction, give this same order of charge densities {para > ortho 

>meta).li2 If then, as is reasonable, this order is unchanged when the 

electrophile E replaces a proton in 9, a substituent should have a more powerful 

effect on the stability of 9 when it is para to the entering reagent than when it 

is ortho, and a number of conclusions then follow: 
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(1) The transition state for the para substitution of the compounds in 

Table 11.7 will be of higher energy than that for ortho substitution, leading to the 

high ortho:para ratios. Moreover, the difference in transition-state energies 

should be greater as the electron-withdrawing capacity of the substituent is 

increased, and it follows, therefore, that the ortho:para ratios in Table 11.7 

decrease approximately with decreasing o+ value of the substituent. 

(2) Conversely, an electron-releasing group should cause the stabilities of the 

Wheland intermediates to fall in the order para > ortho > meta. For reactions in 

which the Wheland intermediate provides a satisfactory model for the transition 
state, the ortho:para ratio should be <2. 

Since electron-releasing substituents activate the nucleus and therefore result 

in the transition state occurring earlier in the passage along the reaction 

coordinate, particularly when the electrophile is also of high reactivity, this 

theory is best examined using reactions involving unreactive electrophiles. The 

most satisfactory test is obtained from hydrogen exchange of toluene under 

various conditions because of the freedom from steric hindrance in this reaction, 

and because the selectivity of the reagent can be varied widely by varying the 

reaction conditions. It is found (Table 3.2) that the value of log/0:log/p changes 

steadily from values > 1 when the reagent is of low selectivity to values < 1 as the 

selectivity is increased.133 Data for hydrogen exchange of fert-butylbenzene 

(Table 3.2) and biphenyl (Table 3.14) show the same trend. In other reactions of 

high selectivity, such as molecular bromination and chlorination, values < 1 are 
also obtained for toluene. 

(3) When both the electrophile and the aromatic are of high reactivity, the 

transition state should involve less deformation of the aromatic system than has 

occurred in the Wheland intermediate, and the relative rates of substitution at 

ortho and para positions should be governed approximately by the relative 

electron densities at these positions in the unperturbed molecule. For substitu¬ 

ents such as methyl it has been argued that the ortho position should be more 

negatively polarized than the para position,129 and it is therefore understandable 

that toluene gives ortho:para ratios >2 in reactions with unselective reagents. 

The high ratio in nitration of benzeneboronic acid in acetic anhydride has likewise 
been attributed to the larger effect of the +1 substituent (the boron anion, 

structure 63, Chapter 7) on the ortho than the para position.134 

(4) The gradual decrease in the log fQ:log fp ratio with increase infp (a measure 

of the selectivity of the electrophilic reagent) for hydrogen exchange of toluene is 

now seen to result from opposing effects: the high ratios, which occur when fp is 

small, are determined essentially by ground-state electron densities, whereas the 

low ratios, which occur when fp is large, are governed by the relative stabilities of 

the Wheland intermediates. The similar trends shown by tert-butylbenzene in 

hydrogen exchange133 and by toluene in halogenation (Fig. 9.1) argue against the 

importance of steric hindrance in these reactions, even when the ratios are small. 

On the other hand, the data for halogenations of tert-butylbenzene do not follow 
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this trend: the random scatter of the points in the plot of log /„ against log fp for 

these reactions indicates that steric hindrance is the overriding factor in 

determining the log f0: log fp ratio. Again, a plot of log f0 (ordinate) against log fp 

(abscissa) for a large number of reactions of toluene is a smooth curve, convex 

upwards, as expected on the basis of the above arguments, provided that reactions 

in which there is reason to believe that steric hindrance is important are 

omitted.129 

(5) There is a further consequence of the charge distribution shown in the 

intermediate 9. Since the free energy of activation for substitution at a given 

position should be proportional to the charge at that position, it follows that the 

logarithms of the partial rate factors will also be proportional to the charge. It 

may therefore be predicted that provided steric hindrance is either absent or 

trivial, the ratio log f0:log fp should be 0.26/0.30 = 0.87, and this should be found 

for substituents exhibiting substantial electronic effects, in fairly unselective 

reactions, i.e. those with transition states resembling the Wheland intermedi¬ 

ate.135,136 By contrast, substituents that have a small electronic effect usually do 

so because there is a balance between inductive and conjugative effects; as a 

result, the theoretical ratio will not be observed for these because of the 

importance of the short range (inductive-field) effects as described in (3) above. The 

log f0:\og fp ratios for a number of substituents in reactions which conform to 

these requirements are given in Table 11.8, and it is seen that values are very close 

to those theoretically predicted,135,136 as is also the average value. One may 

therefore predict a + (ortho) values for conditions free from steric hindrance 

according to eq. 11.11.136 An alternative equation, viz. o+ (ortho) = 0.07 + 

0.95a+ (para),137 is unsatisfactory in that it does not predict the ortho values 

given in the same paper, predicts o-F to activate, and predicts o-Me to activate 
insufficiently. 

o+ (ortho) = 0.87a+ (para) (11.11) 

(6) For substituents that are of the +M type, two considerations apply. If 

the conjugative effect is large then in reactions with large demands for 

conjugative stabilization of the transition state, the ratio of ca 0.87 will be 

obtained. In reactions of low conjugative demands then a much lower ratio will 

be obtained. The SMe, OPh, and SPh substituents show this particularly well. 

They each give the theoretical ratio in protiodetritiation, whereas in protiodesily- 

lation the ratios become 0.70,0.48, and 0.11, respectively.135 If, on the other hand, 

the conjugative effect is small, the ratio will be governed largely by the inductive 

effect and will be low in all reactions. Thus, for the halogens, the log f0:log fp 

ratios in, e.g., hydrogen exchange, nitration, and chloromethylation lie in the 

order F < Cl < Br, whereas if they resulted from steric hindrance the order 
should be reversed. 

(7) The other rate ratio that is commonly measured is the or. f ratio for 

substitution in naphthalene. It follows from the arguments outlined above that 
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Table 11.8 Values oflog /„: log fp for various substituents 

Substituent Reaction log/0:log/p 

Me Protiodesilylation, 50 °C 0.95 
Protiodegermylation, 50 °C 0.95 
Protiodetritiation, TFA, 70 °C 0.88 
Nitration, AcONOz, 25 °C 0.905 
Chlorination, Cl2, HOAc, MeCN, MeN02, 25 °C 0.90 (av.) 

Et Chlorination, Cl2, HOAc, 25 °C 0.91 
i-Pr Protiodetritiation, TFA, 70 °C 0.86 
t-Bu Protiodetritiation, TFA, 70 °C 0.87 
Cyclobutyl Protiodetritiation, TFA, 70 °C 0.875 
Cyclopentyl Protiodetritiation, TFA, 70 °C 0.87 
Cyclohexyl Protiodetritiation, TFA, 70 °C 0.885 
CH2Ph Protiodetritiation, TFA, 70 °C 0.81 

(CH2)2Ph Protiodetritiation, TFA, 70 °C 0.83 

CH2SiMe3 Protiodetritiation, TFA, 70 °C 0.81 

(CH2)2SiMe3 Protiodetritiation, TFA, 70 °C 0.91 

(CH2)3SiMe3 Protiodetritiation, TFA, 70 °C 0.88 

(CH2)4SiMe3 Protiodetritiation, TFA, 70 °C 0.86 

OH Protiodesilylation, 50 °C 0.885 

OMe Protiodesilylation, 50 °C 0.81 

Protiodegermylation, 50 °C 0.84 

Protiodetritiation, TFA, 70 °C 0.92 

Chlorination, Cl2, HOAc, 25 °C 0.885 

SMe Protiodetritiation, TFA, 70 °C 0.88 

OPh Protiodetritiation, TFA, 70 °C 0.855 

Nitration, HN03-Ac20, 0°C 0.88 

SPh Protiodetritiation, TFA, 70 °C 0.88 

Nitration, HN03-Ac20, 0°C 0.85 

Ph Protiodetritiation, TFA, 70 °C 0.87 

C6H4-Ph-4 Protiodetritiation, TFA, 70 °C 0.92 

(Fluorene) Protiodetritiation, TFA, 70 °C 0.885 

2-F-C6H4 Protiodetritiation, TFA, 70 °C 0.88 

3-F-C6H4 Protiodetritiation, TFA, 70 °C 0.94 

no2 Nitration, HN03-H2S04, 25 °C 0.98 

COzEt Nitration, AcONOz, 18 °C 0.85 

co2h Protiodesilylation, 50 °C 0.825 

so2- Protiodesilylation, 50 °C 0.83 

Nitration, HN03-H2S04, 25 °C 0.96 

S02Et Nitration, HN03-Ac20, 25 °C 0.96 

Average 0.885 

log fa\log fp could reasonably be expected to be constant (assuming that 

conjugative interactions at the two sites are not significantly different).2 Values 

that have been obtained in hydrogen exchange are 1.48 ± 0.07, so that values 

which differ appreciably from this may be attributed to steric effects.2 Thus the 
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high values of 3.14 (protiodegermylation), 2.72 (protiodesilylation) and 2.09 

(bromodesilylation) are clear indications of steric acceleration, whilst the low 

value of 1.33 in sulphonation clearly is due to steric hindrance. Values of 1.57 

(nitration) and 1.61 (bromination with Br2-HOAc) are rather high; the nitration 

data are pre-g.l.c results and may merit reinvestigation. 

11.2.5 The Effects of Solvent and Temperature 

There have been few investigations of these effects. A systematic survey of the 

effect of solvent on the uncatalysed chlorination of toluene at 25 °C showed the 

ortho: par a ratios to lie in the region of 60:40 and 40:60 for hydroxylic and non- 

hydroxylic media, respectively.138 This appeared to be due to the electrophilic 

reagent being a complex between chlorine and the solvent, so that the selectivity 

depends on the nature of the solvent. 

Raising the temperature of a reaction should reduce the selectivity, and hence 

lower the ortho:para ratio, given that log f0:log fp is constant, but this aspect 

does not appear to have been examined. Raising the temperature in the nitration 

of biphenyl under various conditions produced a substantial lowering of the 

ratio, but the reason for this not known.139 

11.3 STRAIN EFFECTS 

The consequences of strain effects have been described in Section 2.6. The 

relationship between partial rate factors and strain may be seen from consider¬ 

ation of the data in Table 11.9 relating to molecules 10 and 11.140 

(10) (11) 

x=ch2) o,s,nh 

Positions a and d in 10 are a to the five-membered central ring whereas 

positions b and c are /? to it. Positions a and d should therefore have reduced 

reactivity if the central ring is strained (Section 2.6). Positions a and c in 10 
correspond to the ortho and para positions in 11 (and are each meta to the bridge 

joining the two rings, so the effect of this on each position should be the same). It 

follows, therefore, that the strain in the central ring should cause the ratio 

log /a dog /c for 10 to be reduced relative to the log/0:log/p ratio for 11, 
determined under the same conditions. The data for detritiation in Table 11.8 

show that this is indeed the case and, moreover, the ratio is reduced more for 
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Table 11.9 

Reaction X 

Compounds 10 Log f0:log fp 

Log /a:log fc Log /d:log/b Compounds 11 Biphenyl 

Detritiation ch2 0.63 0.885 0.81 0.90 
o 0.62 0.85 0.855 
s 0.785 0.92 0.88 

Desilylation o -0.02 -0.05 0.48 1.75 
s 0.077 2.46 0.11 

Nitration ch2 — 0.9 0.74 1.02 
o 0.85 >0.65 0.88 
NH 0.92 — 1.03 

Chlorination ch2 — 0.835 — 0.83 
NAc 0.715 1.0 0.865 

fluorene (10, X = CH2) and dibenzofuran (X = O), than for dibenzothiophene 
(X = S) which has a less strained central ring. The data for nitration, desilyla- 
tion, and chlorination of these compounds show similar behaviour. 

Positions b and d in 10 correspond to the ortho and para positions in biphenyl, 
each being meta to the group X. It would be expected, therefore, that the 
log /d:log /b ratio should be less than the log f0:log f p ratio in biphenyl. The 
results are less unambiguous here because of the large difference in reactivity 
between compounds 10 and biphenyl, which causes conjugative interactions to 
be significantly different in the two molecules. Nevertheless, except in chlorin¬ 
ation (where the conjugative effects are greatest), the former ratio is smaller.140 

11.4 IPSO FACTORS 

The ease of replacement of one substituent by another depends on a number 
of factors: 

(1) Electron supply to the ipso site by other substituents in the aromatic ring. 
(2) Steric hindrance to the incoming electrophile. This appears to be parti¬ 

cularly important in causing cleavages by the nitro group to take place very much 
slower than cleavages by the nitroso group (see Chapter 10). It causes cleavage of 
the tert-butyl group to be comparable to, or even slower than, cleavage of the 
methyl group. 

(3) Ease of cleavage of the bond between the ipso carbon and the leaving 

group. 
(4) Reactivity of the electrophile. 
Ipso factors should therefore ideally be defined for benzene containing no 

substituents other than that which is being replaced. This has not always been 
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Table 11.10 Ipso factors for electrophilic aromatic substitution 

Reaction Leaving group ft Section/Ref. 

Protiodeplumbylation Pb(cyclohexyl)3 ~2 x 1012 Section 4.7.1 
Protiodestannylation Sn(cyclohexyl)3 ~3.5 x 109 Section 4.7.1 
Protiodegermylation GeEt3 ~3.6 x 105 Section 4.7.1 
Protiodesilylation SiMe3 ~ 105 Section 4.7.1 
Protiodeboronation B(OH)2 4 141 
Bromodestannylation SnMe3 2 x 1012 Section 10.42 
Bromodesilylation SiMe3 2 x 108 Section 10.38 
Chlorodesilylation SiMe3 103-104 Section 10.38 
Nitrosodecarboxylation co2h 13 Section 10.27 
Nitrodemethylation Me 4.7 Section 10.23 
Bromode-tert-butylation (HOBr-H +) t-Bu 1.4 Section 10.25 
Chlorodebutylation (Cl2-HOAc) t-Bu 1.0 Section 10.25 
Bromodemethylation (Br2-aq. HOAc) 
Bromode-tm-butylation 

Me 0.29 142 

(Br2-aq. HOAc) t-Bu 0.255 142 
Nitrodesilylation SiMe3 0.66 Section 10.37 
Diazodesilylation SiPh3 <1 Section 10.38 
Nitrosodeiodination I 0.18 Section 10.60 
Nitrosodebromination Br 0.079 Section 10.60 
Nitrosodechlorination Cl 0.061 Section 10.60 
Diazodeiodination I 0.149 Section 10.59 
Diazodebromination Br 0.0089 Section 10.59 
Diazodechlorination Cl 0.0070 Section 10.59 
Protiodecarboxylation co2h 0.002 143 
Bromodecarboxylation co2h 0.01-0.0014 Section 10.30 
Bromodebromination (Br2-aq. HOAc) Br <4 x 10 7 142 

possible, so that some of the values in the compilation of all known ipso factors 

(Table 11.10) may subsequently be revised. The values for bromine exchange 

were not obtained from labelling experiments, but rather from the rate of 

formation of the intermediate adducts, which were isolated. 
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84 

1- Aminonaphthalene 174, 352 
2- Aminonaphthalene 352 
6-Aminonaphthalene-2-sulphonic acid 259 
Aniline 3, 33, 46, 162, 166, 259, 351, 355, 

385, 428-430, 443 
Aniline-2,4,6-trisulphonic acid 164 
Anilinium ion 304, 346 
Anisole 46, 47, 67, 88, 89, 118, 120, 

133-136, 144-146, 152, 155-157, 
160, 162, 163, 174, 175, 178, 182, 
184, 200, 201, 205,209,215,221, 
224, 230. 262, 266, 267, 270-272, 
278, 297, 298, 328-334, 350, 351, 
356, 364-366, 369-374, 381, 385, 
392-394, 398, 416, 422, 427, 438, 
439, 443-447 

Annelation factors 100-102 
Annulenes 3, 117, 118 
Anthanthrene 312 
Anthracene 50, 98, 121, 141, 145, 150, 

160, 163, 165, 175, 229, 245, 279, 
339, 353, 372, 374, 404 

electronic spectrum of, in sulphuric acid 
27, 65 

Arenetricarbonylchromium compounds 
122, 236 

Aromaticity 5 

Arrhenius plots, in hydrogen exchange 67 
Arylaminoaliphatic acids, in cycliacylation 

236 
Aryl azides, as reagents for amination 256 
Aryldiazonium ions, relative reactivity of 

259 
/V-Arylhydroxylamines, as reagent for 

amination 257 
Aryloxyaliphatic acids, in cycliacylation 

236 
Aryloxy cation, as electrophile in 

aroxylation 330 
N-Arylphosphoramidates 301 
Arylselenium chlorides, as reagents for 

selenylation 355 
Arylsulphenyl chlorides, as reagents for 

sulphenylation 333 
Arylsulphonyl peroxides, as reagents for 

sulphonoxylation 331 
A-S£2 mechanism 26, 64, 65, 132, 134, 

137-139, 141-143 
Azobenzene 179, 293, 294 

fluorinated 184 
Azulene, 67, 117, 274, 333, 386, 446 
Azupyrene, and derivatives 234, 235, 313, 

333 

Baker —Nathan activation order, of alkyl 
groups 15, 17, 18, 43, 44, 71, 93, 
336, 342, 379, 391, 456, 477-479 

Base catalysis, 33 
in chlorination 368 
in bromination 377 
in diazo coupling 259 
in iodination 384, 385 
in protiodeacylation 140 
in sulphonation 340 

Benzaldehyde 308, 395, 486 
Benzamide, 308 

N,N-diakyl derivatives 174 
3-methyl derivative 174 

Benz [a] anthracene 98, 108, 109-111, 
312, 404 

Benzene 27, 32, 35, 40, 44, 47, 55, 108, 
109-111, 131, 133, 138, 145, 146, 
152, 155, 157, 160, 162, 173, 175, 
177, 180, 181, 184, 194, 195, 197, 
198, 200, 201, 203, 204, 206, 216, 
218, 220, 221, 224-229, 241 -243, 
257, 258, 266, 268, 270, 272, 274, 
275, 278, 279, 284, 329, 330, 333, 
336, 338, 339, 341, 342, 344, 356, 
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371-373, 379, 384, 388, 397, 416, 
417, 419, 420, 422, 426, 432, 434, 
436, 438, 439, 445 

Benzeneboronic acid 48, 301, 497 
Benzenesulphonic acid 146, 164, 346 

anion 308 
lithium salt, 4-methyl derivative 174 

Benzenesulphonamide, yV,/V-dialkyl 
derivatives 174 

Benzenesulphonyl chloride, as reagent for 
sulphonylation 334-336 

Benzenetricarbonylchromium 5, 161 
Benzenonium ion 119 

n.m.r. spectrum of 27, 65, 486 
Benzo [b] biphenylene 121 
Benzocyclenes 290 
Benzocycloalkenes 281,345 
Benzocyclobutene 54, 77, 145, 150, 155, 

156, 163, 174, 236, 345, 415, 432 
Benzocycloheptene 76, 77 
Benzocyclohexene 54, 77, 145, 150, 345, 

391 
Benzocyclooctene 77 
Benzocyclopentene 53, 54, 76, 77, 145, 

150, 345, 391 
Benzocyclopropene 54 
Benzo-1, 4-dioxane 79, 156 
Benzo-1, 3-dioxole 79, 156 
Benzo [c] fluorene 312, 405 
Benzoic acid 146, 152, 157, 160, 162, 308, 

364, 387, 401, 439, 486 
Benzo [a] naphtho [ 1,2-h ] anthracene 98, 

103 
Benzo [c] naphtho [ 1,2-g] phenanthrene 98, 

102-104, 236, 312, 405 
Benzonium ion 116 
Benzo [c] phenanthrene 98, 102 — 104, 312 
Benzophenone 239, 401 
Benzo [ a ] pyrene 312 
Benzoylbenzoic acids, substituent effects, 

in cycliacylation 237 
Benzoyl peroxide, as reagent for benzo- 

oxylation 331 
Benzsuberane, see Benzocycloheptene 
Benzyl alcohol 146, 332, 346 
Benzylammonium ion 304, 306, 346 
Benzyl bromide 146 
Benzyl chloride 81, 291,292 
Benzyl cyanide 146, 291 
Benzylcyclobutane 287 
Benzylcyclohexane 287 
Benzyldimethylamine 174 

Benzyldimethylammonium ion 146 
Benzyldimethylselenonium ion 305 
Benzyldimethylsulphonium ion, 305, 395 

methoxyl and methyl derivatives 400 
Benzyl ethyl ether 146 
Benzyl methyl ether 146, 291, 298, 300 
Benzylphosphonic acid 146, 291, 303 
Benzylpyridinium ion 305 
Benzyltrimethylammonium ion, 48, 146, 

303, 304, 306, 346, 395 
methoxyl and methyl derivatives 400 

Benzyltrimethylarsonium ion 305 
2- Benzyl-1,3,5-trimethylbenzene 278 
Benzyltrimethylphosphonium ion 305 
Bicyclo [2.2.2] octylbenzene 70 — 73 
Biphenyl 49, 53, 90, 91, 95, 121, 133, 

145, 146, 155, 157, 159, 160, 162, 
174, 175, 178, 180, 208, 230, 262, 
266, 310, 311, 349, 368, 376, 401, 
402, 416, 422, 426, 431, 436, 439, 
490, 491 

Biphenyl-4-carboxylic acid 349 
Biphenylene 77, 91, 95, 121, 145, 149, 

150, 311, 354, 405 
Biphenyl-2-, 3-, and 4-sulphonic acids 349 
Biphenyl-2-yldiarylmethanols, cycli- 

alkylation to 9,9-diarylfluorenes 211 
Bischler-Napieralski reaction, cycli- 

alkylation via 211 
2,2'- and 2,3'-Bithienyl 310 
Bond-fixation, effect on reactivity of 

strained molecules 54, 77—79, 82, 83, 
94, 95, 105, 108, 109, 122, 150, 156, 
290, 292, 313, 345, 391 

Bond-order, effect on substitutent effect 
transmission 105, 109, 113, 123, 232, 
258, 313, 354, 441 

Bronsted coefficient 65, 90 
3- Bromoacenaphthene 233 
5-Bromoacenaphthene 233 
a-Bromoalkyl aryl ketones, in 

cyclialkylation 210 
4- Bromoanisole 153, 399 
1-Bromoazulene 446 
Bromobenzene 12, 46, 47, 84 -86, 118, 

133, 135, 145, 146, 152, 155, 157, 
160, 178, 180, 183, 198, 199, 208, 
215, 221, 229, 230, 256, 275, 293, 
295, 296, 309, 332, 337, 348, 356, 
364, 379, 384, 395, 416, 418, 422, 
436, 439, 445 

Bromobenzenesulphonic acids 348 
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4-Bromobiphenyl 91 
4- Bromo-l ,3-di-tert-butylbenzene 424 
3-Bromo-l ,2-dimethylbenzene 347 
5- Bromo-l,3-dimethylbenzene 141 
3-Bromodiphenyl ether 448 
3-Bromodiphenyl sulphide 448 
Bromoferrocene 117 
3- and 8-Bromofluoranthene 107 
2-Bromofluorene 91 
2-Bromo-1,6-methano [10] annulene 151, 

437 
2- Bromo-1-methylbenzene 230, 347 
3- and 4-Bromo-1-methylbenzene 347 
Bromomethyl methyl ether, as reagent for 

bromomethylation 220 
4- Bromo- 1-methylnaphthalene 281 
1- Bromonaphthalene 106, 399 
2- Bromonaphthalene 106 
4-Bromonitrobenzene 309 
4-Bromo[2.2] paracyclophane 293, 392 
9-Bromophenanthrene 106 
4-Bromophenol 378 
4-Bromo-1 -pheny lbicyclo [2.2.2] octane 

289 
4-Bromo-l,2,3,5-tetramethylbenzene 399 
3- Bromo-l ,2,4,5-tetramethylbenzene 12, 

368, 393, 399 
2-Bromo-l,3,5-trimethoxybenzene 383 
2-Bromo-1,3,5-trimethylbenzene 87, 142, 

399 
2-Bromo-1,3,5-trineopentylbenzene 279, 

375 
B-S£l mechanism 25, 34, 119 
1,3-Butadienylbenzene 159, 160 
2- rm-Butoxy-1,6-methano [ 10 ] annulene 

152, 437 
Buttressing effect 76, 152, 343, 348, 405 
3- and 5-/ert-Butylacenaphthene 233 
2-tm-Butylanisole 175 
But-l-ylbenzene 198, 233, 346 
But-2-ylbenzene 70, 74, 180 
rerr-Butylbenzene 43, 52, 69, 71 -74, 119, 

145, 146, 151, 160, 162, 178, 180, 
184, 221,230, 285-287, 332, 342, 
382, 389, 425, 426, 431, 436, 439, 
487 

rm-Butylbenzenesulphonic acids 348 
2- and 4-rm-Butylbiphenyl 402 
1 -?m-Butyl-3,5-dimethylbenzene 141 
rm-Buty [ferrocene 153 
fm-Butyl hydroperoxide, as reagent for 

hydroxylation 329 

4-tert-Butyl- 1-methylbenzene 193, 194, 
281 

tert-Butyl methyl ketone 308 
4- /m-Butylphenyltrimethylammonium ion 

309 
5- tcrr-Butyl-l ,2,3-trimethylbenzene 383 

Carbamoyl chloride, as reagent for 
amidation 244 

Carbazole 491 
Carbocations, as electrophiles in alkylation 

190, 195, 199, 201-203, 207, 224 
Carbomethoxy benzene 133 
2- Carbomethoxy-1,6- 

methanol 10] annulene 152, 437 
4-Carbomethoxy-1 - 

phenylbicyclo [2.2.2] octane 289 
Carbon dioxide, as reagent for 

carboxylation 243, 246 
Carbonic acid dinitrile, as reagent for 

carboxylation 243 
Carboranes, reactivity order 162, 396 
Carboranyl substituents 302 
Chlorine bisulphate, as electrophile in 

chlorination, 370 
3- and 5-Chloroacenaphthene 233 
a-Chloroacetanilide 267 
yV-Chloroalkylamines, as reagents for 

amination 257 
2- and 3-Chloroanisole 87 
4- Chloroanisole 87, 153, 369, 399 
Chlorobenzene 46, 47, 67, 84-86, 87, 

118, 132, 133, 135, 145, 146, 152, 
155, 157, 160, 163, 164, 166, 175, 
178, 180, 183, 184, 198, 199, 208, 
209, 215, 218, 219, 221,226, 
229-231, 239, 256, 267, 272, 273, 
275, 293, 295, 296, 309, 331, 335, 
337, 340, 342, 348, 356, 364, 379, 
384, 395, 401,416, 418, 422, 425, 
436, 438, 439, 446 

Chlorobenzenesulphonic acids 348 
4- Chlorobiphenyl 91 
Chlorocarbonic acid diamide, as reagent 

for carboxylation 244 
Chloro-4-(chloromethoxy[butane, as 

reagent for chloroalkylation 219 
iV-Chlorodialkylamines, as reagents for 

amination 257 

2- and 4-Chloro-l ,3-dimethylbenzene 87 
5- Chloro-l,3-dimethylbenzene 87, 141 
Chlorodimethylsilylbenzene 396 
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2-Chlorofluorene 91 
Chloromercuribenzene 133, 134 
A^Chloro-./V-methoxyamides 257 
Chloromethylbenzene (benzyl chloride) 48 
2- and 3-Chloro-l-methylbenzene 347 
4-Chloro-l-methylbenzene 87, 281, 282, 

347 
bis-(Chloromethyl) ether, as reagent for 

chloroalkylation 219 
Chloromethyl methyl ether, as reagent for 

chloroalkylation 219 
1- Chloronaphthalene 106, 399 
2- Chloronaphthalene 106 
2- and 4-Chloronitrobenzene 309 
9-Chlorophenanthrene 106 
2- Chlorophenol 166 
4-Chlorophenylbicyclo[2.2.2 ]octane 289 
4-Chloro-l,2,3,5-tetramethylbenzene 399 
3- Chloro-l ,2,4,5-tetramethylbenzene 399 
Chlorothiaformamidinium salts, as 

alkylating reagents 206 
2-Chloro-l ,3,5-tri-rer?-butylbenzene 221 
2-Chloro-l ,3,5-trimethylbenzene 281, 399 
2- Chloro-l,3,5-tri-neopentylbenzene 375 
Chrysene 98, 103, 234, 245, 312, 354, 404 
CIDNP, in detection of radical mechanisms 

in nitration 276, 277, 282, 314 
Cinnamic acid 294 
Claisen rearrangement 57 
Combes synthesis, cyclialkylation via 210 
1:1-Complexes 

between Lewis acids and acyl halides 
223 

between Lewis acids and alkyl halides 
189 

between Lewis acids and sulphonyl 
halides 335 

between nitrosolvents and sulphur 
trioxide 338 

Complexes, tt 31, 189 
stabilities of 29, 30 
mechanisms involving 86, 177, 182, 

200, 267, 384, 439 
Complexes, a, see Wheland intermediate 

in protiodealkylation 138 
Conjugation and coplanarity 92, 94, 95, 

114, 311, 349, 403 
Coronene 98, 312 
Cyanic acid, as reagent for amidation 244 
Cyanobenzene 308, 364, 395, 401, 486 
3- Cyano-l,2-dimethylbenzene 282, 283 

Cyanoferrocene 117 

Cyanogen bromide, as cyanating reagent 
245 

2-Cyano[2,2]paracyclophane 392 
9-Cyanophenanthrene 106 
4-Cy ano-1 -pheny lbicyclo [2.2.2] octane 

289 
2- Cyano-l,3,5-trimethylbenzene 399, 400 
3- Cyano-l,2,4,5-tetramethylbenzene 399 
Cyclic positive poles 306, 396 
Cyclic transition state 132, 135, 161, 300, 

301, 369, 367, 416, 418, 431, 433, 
436, 484 

l//-Cyclobuta [d,e] naphthalene 233, 405 
Cyclobutylbenzene 70, 73, 288, 346 
Cyclodextrin, as para yield enhancer 370 
Cycloheptylbenzene 288 
Cyclohexylbenzene 70, 73, 288, 346 
7r-Cyclopentadienyl metal complexes 236 
Cyclopenta[J,e,/]phenanthrene 107 
Cyclopentylbenzene 70, 73, 288, 346 
para-Cyclophanes 235 
Cyclopropylbenzene 70, 73, 235, 

287-289, 297, 391 
Cyclopropyl phenyl ether 235 

Delocalization energy 3 
Deprotonation energies 119, 155 
Deuteriobenzene 32, 67 
Deuterium tritiide 119 
/V,/V-Dialkylanilines 89, 274 
iV-Dialkylhydroxylamines, as reagent for 

amination 257 
Dialkylperoxydicarbonates, as reagents for 

hydroxylation 329 
1.4- Di(aminoalkyl)benzenes 

diprotonated 83, 84, 306 
iV-alkylated derivatives 83, 84, 396 

Diarylchromium compounds 122 
Diazocyclopentadiene 313 
Diazocyclophanes, quaternary salts 83, 84, 

145, 306, 396 
Dibenzofuran 91, 94, 491 
Dibenzo[c,/] phenanthrene 98, 102 — 104 
Dibenzothiophene 91, 94, 145, 491 
2,6-Dibromoaniline 444 
3.5- Dibromoaniline 427 
2.4- Dibromophenol 429 
2.6- Dibromophenol 385, 427, 429, 444 
2.4- Dibromo-l,3,5-trimethoxybenzene 383 
1.3- Di-tert-butylbenzene 345, 491, 

423-426 
1.4- Di-?erf-butylbenzene 345 
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2,2'-Di-/m-butylbiphenyl 402 
4,4'-Di-/m-butylbiphenyl 402 
1,8-Di-fm-butylnaphthalene 312 
2.4- Di-rm-butylphenol 138 
2.6- Di-rm-butylphenol 426 
Dichloramine-T, as reagent for chlorination 

366 
1.2- and 1,3-Dichlorobenzene 231, 296 
1.4- Dichlorobenzene 231, 296, 338 
Dichlorocarbene, as reagent in the 

Reimer —Tieman reaction 246 
Dichlorocyclopropoxybenzene 394 
Dichlorocyclopropylbenzene 391 
Dichlorodiphenylsilane 395 
Dichloromethyl alkyl ethers, as reagent for 

formylation 240 
a,a-Dichloromethylbenzene (benzal 

chloride) 48 
bis(Dichloromethyl)phenylphosphine oxide 

307 
/V,iY-Dichlorourethane, as reagent for 

chlorination 366 
yV,/V-Diethylaniline 393 
Diethyl benzylphosphonate 146 
Diethyl phenyl phosphate 146 
Diethyl phenylphosphonate 146 
Diffusion control 

macroscopic, see Mixing control 
microscopic, see Encounter control 

2.10- Difluorodibenzo [a,i] pyrene 116 
11,11-Difluoro-l ,6-methano[ 10] annulene 

117, 145, 151 
2.4- and 2,5-Difluoro-l-methylbenzene 347 
9.10- Dihydroanthracene 82, 83, 346 
1.3- Dihydroxybenzene 166 
9.10- Dihydrophenanthrene 91, 94, 96, 

145, 403 
Dihydrophenazine, ^-substituted 

derivatives 240 
Dihydro-2-quinolone 267, 300 
1.3- Dihydroxybenzene 142, 242 
2.4- Di-isopropylacetanilide 163 
Di-isopropylbenzenes 138 
Di-isopropylperoxydicarbonate, as reagent 

for hydroxylation 330 
1.2- Dimethoxybenzene 79, 120, 156 
1.3- Dimethoxybenzene 135, 174, 183, 

225, 372 

1.4- Dimethoxybenzene 120, 364 
2,3-, 2,6-, and 2,7-Dimethoxynaphthalene 

312 

3.6- Dimethylacetanilide 393 

1.2- bis(Dimethylamino)benzene 174 
1.4- bis(Dimethylamino)benzene 120 
iY,yV-Dimethylaminoethylferrocene 175 
1.1 '-bis(Dimethylamino)ferrocene 175 
jY.yV-Dimethylaminoferrocene 175 
1 -Dimethy lamino-2-phenylethane 174 
Af,/V-Dimethylaniline 46, 66, 120, 145, 

155, 157, 160, 162, 174, 256, 283, 
315, 351, 355, 356, 384, 393, 398, 
434, 441, 442 

2.4- Dimethylanisole 393 
1.2- Dimethylanthracene 353 
1.3- Dimethylanthracene 353, 354 
2.3- Dimethylanthracene 353 
1.2- Dimethylbenzene 27, 30, 57, 75 — 77, 

82, 83, 152, 153, 155, 156, 180, 221, 
228, 229, 266, 271, 281, 282, 290, 
311, 329, 333, 334, 342, 344, 345, 
379, 397, 432 

1.3- Dimethylbenzene 30, 67, 75, 76, 139, 
152, 153, 155, 180, 201, 215, 221, 
228, 229, 266, 270, 271, 288, 290, 
329, 333, 343, 344, 371, 379, 397, 
402, 432, 443, 446, 447 

1.4- Dimethylbenzene 30, 75, 76, 120, 153, 
155, 180, 191, 221, 224, 228, 229, 
266, 281, 329, 332, 333, 334, 371, 
379, 397, 432 

1,4-Dimethylbenzene — silver complex, 
reactivity of 104 

2.3- Dimethylbenzenesulphonic acid 348 
2.4- Dimethylbenzenesulphonic acid 348 
5.6- Dimethylbenzo-l,3-dioxole 79 
6.7- Dimethylbenzo-l,4-dioxane 79 
2.6- , 2,2'-, 3,3'-, and 4,4'- 

Dimethylbiphenyl 402 
2.2 '-{trans-h ,4-Dimethylbutano)biphenyl 

403 
2,3-Dimethylcyclopropylbenzene 288 
4.5- Dimethyl-1,2-dimethoxybenzene 79, 

120 

9,9-Dimethylfluorene 91, 93, 145 
1.1- Dimethylindane 288 
2.5- Dimethyl-1 -methoxybenzene 221 
1.2- Dimethylnaphthalene 312, 404 
1.3- Dimethylnaphthalene 106, 113, 114, 

312, 404 
1.4- Dimethylnaphthalene 106, 113, 114, 

136, 231, 312, 404 
1.5- Dimethylnaphthalene 106, 113, 114, 

312, 404, 405 

1.7- Dimethylnaphthalene 404 
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1,8-Dimethylnaphthalene 106,112-114, 
122, 136, 233, 312, 352, 404, 405 

2.3- Dimethylnaphthalene 106, 113, 114, 
231, 312, 352, 404, 405 

2.5- Dimethylnaphthalene 312, 404 
2.6- Dimethylnaphthalene 106, 113, 114, 

231, 352, 404 
2.7- Dimethylnaphthalene 106, 113, 114, 

404 

1.8- Dimethylphenanthrene 354 
2,7-, and 3,6-Dimethylphenanthrene 107, 

113, 114 
4.5- Dimethylphenanthrene 53, 107, 113, 

114,354 
9,10-Dimethylphenanthrene 354 
2.6- Dimethylphenol 393 
3.4- Dimethylphenol 368 
3.5- Dimethylphenol 373 
3.5- Dimethylphenylammonium ion 309 
Dimethylphenyloxophosphonium ion 307 
Dimethylphenylphosphine 120 
Dimethylphenylphosphine oxide 146, 305, 

307 
3.5- Dimethylphenyltrimethylammonium 

ion 309 
2.6- Dimethylpyridinium ion 375 
Dimethylsulphonium cyclopentadienylide 

235 
Dimethyl sulphoxide, as reagent in 

alkylthioalkylation 218 
2,4-Dimethyl-1,3,5-triethylbenzene 375 
1.3- Dinitrobenzene 123, 309, 382 
2.4- , and 2,6-Dinitrochlorobenzene 164 
2.4- Dinitrodiphenylamine 299, 491 
2.4- Dinitrodiphenylether 299 
2.4- Dinitrodiphenyl sulphide 299 
Dinitrogen tetroxide, as electrophile in 

nitrosation 261 
Dinitrogen trioxide, as reagent for 

nitrosodestannylation 438 
1.3- Dinitronaphthalene 123 
2,para-Dinitrostilbene 294 
2.4- Dinitrostilbene 294 
Dioxan dibromide, as electrophile in 

bromination 379 
Diphenylamine 299, 301 
1.4- Diphenylbutane 291, 346 
1,2-Diphenylethane 81, 82, 274, 281, 346, 

401 
Diphenyl ether 88, 120, 145, 178, 221, 

262, 298, 301, 328, 393, 491 
Diphenylmethane 81, 82, 122, 145, 157, 

291, 346, 391,401,491 
1.3- Diphenylpropane 291, 346 
Diphenyl sulphide 88, 145, 299, 301,393, 

491 
as para yield enhancer in chlorination 

373 
Diphenyl sulphoxide, 395 

protonated 305 
Dipole moments 10, 13, 15 
Disproportionation, in Friedel — Crafts 

alkylation 56, 136, 193 
1.4- Di(thioalkyl)benzenes, 5-alkylated 

derivatives 306, 396 
Dithiocyclophanes, ternary salts 306, 396 

Electromeric effect 14 
Electron-transfer mechanism 32, 259, 263, 

277, 279, 280 
Encounter control 57, 199, 259, 266, 278, 

284, 290 
Encounter pairs, in nitration 266, 267 
Energy profile for electrophilic substitution 

31 
4.5- Ethanophenanthrene 354 
Ethoxybenzene 133, 174 
Ethyl azidoformate, as reagent in amination 

257 
Ethylbenzene 43, 52, 69, 71, 145, 155, 

157, 160, 178, 180, 198, 207, 219, 
221, 229, 230, 285-287, 332, 340, 
342, 346, 389, 391,431, 436, 439 

Ethyl benzenesulphonate 308 
Ethyl benzoate 308, 382, 401,422, 486 
9-Ethylcarbazole 145 
5-Ethyl-1,3-dimethoxybenzene 142 
Ethyl 4-methoxybenzoate 399 
Ethylmethylbenzenes 192 
Ethyl phenylacetate 221, 291 
Ethyl phenyl ether 393 
Ethyl phenylethynoate 294 
4-Ethylphenyltrimethylammonium ion 309 
Ethyl a-toluenesulphonate 291 
2-Ethyl-1,3,5-trimethylbenzene 142 
Ethynylbenzene 159, 160, 162 
Extended Hiickel method (EHMO) 37 

Ferrocene 4, 117, 135, 180, 182, 236, 355, 
415, 528 

Ferrocenecarboxylic acid 117 
Ferrocene —silver complex, reactivity of 

104 
[2] Ferrocenophanes 236 
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yV-Ferrocenyl amides 236 
yV-Ferrocenyl imides 236 
Field/inductive effect 8, 9 — 11, 15, 20, 43, 

45-48, 51, 81, 84, 93, 105, 108, 
116, 119, 122, 144, 145, 147, 149, 
159, 179, 221, 291, 293, 297, 301, 
306, 307, 394, 465, 475, 480, 487, 
488 

fall-off factor 10 
of alkyl groups 11, 43 
of deuterium 11 
of halogens 10 
of nitrogen poles 35 

4-Fluoroanisole 399 
Fluoranthene 98, 103, 108, 109, 272, 354, 

404 
Fluorene 91,94, 145, 175, 235, 311, 346, 

368, 403, 491 
Fluorene-2-carboxylic acid 91 
Fluorine, as fluorinating reagent 364 
Fluorobenzene 46, 47, 84 — 86, 120, 133, 

135, 145, 146, 149, 155, 157, 160, 
162, 178, 180, 198, 199, 207, 208, 
215, 221, 230, 273, 275, 293, 295, 
296, 309, 329, 348, 364, 379, 395, 
416, 422, 436, 439 

Fluorobenzenesulphonic acids 348 
2-, 3-, and 4-Fluorobiphenyl 92, 93 
2- Fluorodibenzol [a,i] pyrene 116 
3- Fluorodibenzol [a,i] pyrene 116 
l-Fluoro-3,5-dimethylbenzene 141 
Fluorodimethylsilylbenzene 396 
Fluorodimethylsilylmethylbenzene 396 
4- Fluoromethoxybenzene 153 
4-Fluoro-Ar-methyl-A?-nitroaniline 314 
1- Fluoronaphthalene 106, 399 
2- Fluoronaphthalene 106, 107 
4-Fluoronitrobenzene 309 
9-Fluorophenanthrene 106 
4-Fluoro-l-phenylbicyclo[2.2.2 ] octane 

289 
4-Fluoro-l,2,3,5-tetramethylbenzene 399 
3- Fluoro-l,2,4,5-tetramethylbenzene 399 
2-Fluoro-l,3,5-tri-fm-butylbenzene 279 
2-Fluoro-l,3,5-trimethylbenzene 399 
Formamides, as reagents for formylation 

239 
2-Formyl-l,6-methano[ 10]annulene 437 
Free carbanion mechanism, in base- 

catalysed protiodestannylation 153 
Free energy 

of activation 34, 50 

of transition state 38, 41 
of initial state 41 

Fries rearrangement 57 

Glyoxaline 386 
Guaiazulene 65, 67 
Guaiazulene-2-sulphonate 67 
Gross-Butler theory 134 

Haloamines, as reagent for amination 257 
S-Halodimethylsulphonium halides, as 

reagents for chlorination 374 
Halogenation electrophiles, relative 

reactivity of 387 
Flalonium salts, as alkylating reagents 205 
Hammett equation 19, 20, 21, 150, 445, 

455, 469 
steric component of 21 

Hammett-Brown equation 456, 472 
Hammond postulate 37, 479, 481, 482, 486 
Helium tritiide 118 
2,3,4,5,6,7,8-Heptafluoronaphthalene 312 
2.3.4.4.5.6- Hexachloro-2,5-dienones, as 

reagents for chlorination 374 
2.3.4.5.5.6- Hexachloro-2,4-dienones, as 

reagents for chlorination 374 
Hexahelicene, see Benzo [ c] naphtho- 

[ 1,2g ] phenanthrene 
Hexahydroaceanthrylene 80 
1, la,2,3,4,8b-Hexahydrobenzo [a] - 

cyclopropa [c] cycloheptene 283 
Hexahydrophenanthrylene 80 
Hexamethy l-trans-15,16-dihydropy rene 

234, 314 
Hexa-o-phenylene 95, 96 
Hex-3-ylbenzene 70, 74, 137 
Hiickel molecular orbital (HMO) method 

36, 486 
Hiickel number 4 
Hiickel rule 4 
Hydride shifts, see under Migration 
Hydrogen bonding 

of the carboxy substituent 146 
of the methoxy substituent 87-98, 92, 

140 
of the nitro substituent 92, 347 
of oxygen- and nitrogen-containing 

substituents 148, 265, 267, 297, 
307, 350 

of positive poles 303 
Hydroxamic acid, as reagent for amination 

257 

5-Hydroxy-./V-acetyl-2,3-dihydroindole 391 
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7-Hydroxy-/V-acetyl-2,3,4,5-tetrahydro- 
benzazepin 391 

6- Hydroxy-iV-acetyl-1,2,3,4-tetrahydro- 
quinoline 391 

4-Hydroxyazobenzene 350 
2-Hydroxyazulene 313 
4- Hydroxybenzenesulphonic acid 443 
7- Hydroxybenzocycloheptene 78, 391 
9-Hydroxybenzocyclononene 391 
6-Hydroxychromane 391 
5- Hydroxycoumarin 391 
4- Hydroxy-1,2-dimethylbenzene 78 
8- Hydroxyfluoranthene 313 
5- Hydroxyindane 53, 78, 391 
Hydroxylammonium salts, as reagent for 

amination 258 
2-Hydroxy-3-methyl-1 -phenylpentane, in 

cyclialkylation 210 
1- Hydroxynaphthlene 277, 352, 441 
2- Hydroxynaphthalene 258, 259, 262, 352 

1-substituted derivatives 369 
2-Hydroxynaphthalene-6,8-disulphonic acid 

383 
1-D derivative 259 

4-Hydroxynaphthalene-l-sulphonic acid 
259 

6- Hydroxynaphthalene-2-sulphonic acid 
259, 446 

7- Hydroxy-2,3,4,5-tetrahydro-l- 
benzoxepin 391 

6-Hydroxytetralin 53, 78, 391 
Hyperconjugation 15, 16, 17, 43, 71, 74, 

131, 143, 147, 182, 286, 291, 438 
C-C 16, 17, 72, 74, 82, 112, 113, 287, 

289, 477 
in the 2-norbornyl substituent 230 

C-F 18, 292 
C-Fe 117 
C-H 16, 17, 74, 112-114, 289, 477 
C-Hg 18 
C-Si (Ge, Sn, Pb) 18, 117, 131, 143, 

147, 160, 397 
C-Tl 419 
N-H 18, 392 
N-R 303, 392, 468 
O-H, O-Me 18, 149, 392 
Si-Si 159 
conformational dependence of 17, 73 
negative 18, 292 
order of electron release by 18, 457, 

477, 478 
secondary, lack of evidence for 71 

steric facilitation of 17, 74, 77, 80, 112, 
113, 148, 233 

steric hindrance to 17, 72, 75. 76, 147 
Hypofluorous acid, as reagent for 

hydroxylation 330 

Iminium ions, as electrophiles in 
aminoalkylation 217 

Indane, see Benzcyclopentene 
Indene 175 
Indolin-2-one 267 
Inductive effect, see under Field Effect 
7r-Inductive effect 290 
Inductomeric effect, evidence for 159 
Intermediate, see Wheland intermediate 
Inversion, in alkylation with alkyl halides 

203 
Iodine bromide, as electrophile in 

bromination 378 
4-Iodoanisole 153 
2-Iodoazobenzene 179 
Iodobenzene 46, 47, 84 — 86, 146, 157, 

180, 198, 230, 293, 295, 296, 347, 
422, 436 

1- Iodo-3,5-dimethylbenzene 141 
2- , 3-, and 4-Iodo-l-methylbenzenes 230, 

347 
1- Iodonaphthalene 106, 347, 399 
2- Iodonaphthalene 106, 347 
9-Iodophenanthrene 106 
4-Iodo-1,2,3,5 -tetramethylbenzene 399 
3- Iodo-l,2,4,5-tetramethylbenzene 399 
2-Iodo-l ,3,5-trimethylbenzene 399 
2-Iodo-tri-neopentylbenzene 375 
Ionization constants 

of aliphatic acids 10 
of benzoic acids 11,19 

Ion-pairs 
in Lewes acid-alkyl halide mixtures 189 
in nitration 273 

ipso Partial rate factors 
definition of 130 
table of 492 
values of 143, 144, 156, 157, 159, 161, 

165, 426, 427, 430, 431, 435, 436, 
438, 440, 446 

ipso Substitution 
in hydroxylation 329 
in nitration 268, 280 — 284, 296 
in sulphonation 345 
steric effects in 413, 414, 423, 428, 431, 

434. 441 
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Isoalkylbenzenes 346 
Isobutylbenzene 180, 287, 346, 391 
Isolated Molecule method 34, 35, 37, 39 
Isopropylbenzene 43, 52, 69, 138, 145, 

157, 160, 207, 219, 221, 230, 257, 
285, 286, 332, 342, 346, 389, 423, 
424, 431, 436, 439 

1 -Isopropyl-3,5-dimethoxybenzene 142 
Isopropylferrocene 153 
4-Isopropyl-1-methylbenzene 166 
2-Isopropyl-5-methylphenol 166 
4-Isopropylphenyltrimethylammonium ion 

309 
Isomerization 

in formylation 239 
in Friedel —Crafts alkylation 56, 136, 

188, 191, 195, 205 

Jacobsen reaction 164 

Ketones, as reagents for hydroxy alkylation 
217 

Kinetic isotope effects 26, 32 — 34, 66, 67, 
121, 122, 142, 161, 177, 179, 181, 
184, 198, 202, 212, 228, 237, 
259-261, 279, 283-285, 331, 335, 
336, 338-340, 342, 368, 372, 384, 
385-387, 429, 445, 447 

and base catalysis 33 
effect of steric hindrance on 33, 375, 

383 
secondary 199, 384 
solvent 66, 134, 137, 138, 140, 142, 

143, 154, 158, 161, 163, 166, 365, 
375 

Leaving group abilities 131, 428, 446 (.see 
also ipso Partial rate factors) 

Lewis acids 
as Friedel-Crafts catalysts 181, 

187-206, 208-210, 214, 215, 
217-229, 232, 233, 235, 236, 
238-245, 257, 258, 275, 278, 284, 
327, 329, 334-336, 363, 
371-373, 379, 381, 388, 396, 404, 
422, 432, 433, 448 

coordination with nitrobenzene 226 
coordination with substituents 208, 238 

Localization energy 36, 100, 103, 109, 
111, 113 

for alternant polycyclics 37 
Localization Energy method 34, 36, 39, 42 

Mercury fulminate, as cyanating reagent 
245 

Mesitylene, see 1,3,5-Trimethylbenzene 
Mesomeric (conjugative) effect 11 — 14, 20, 

21, 43, 45-48, 51, 81, 88, 93, 105, 
108, 144, 148, 159, 162, 179, 221, 
291, 293, 297, 301, 303, 307, 309, 
464, 474, 475, 480, 488 

involving (p-d)7r-bonding 147, 149, 303 
secondary relay of 14, 47, 398 

Metallocenes 4 
Methanesulphonyl chloride, as reagent for 

sulphonylation 334 
l,6-Methano( 10]annulene 117, 145, 151, 

152, 160, 339, 355 
Methoxyacetyl chloride, as reagent for 

chloroalkylation 219 
Methoxybenzene, see Anisole 
Methoxybenzenesulphonic acids 348, 383 
4-Methoxybenzoic acid, sodium salt 374 
4- Methoxybiphenyl 91, 92 
6-Methoxychromane 79 
5- Methoxycoumaran 79 
4- Methoxy-l,2-dimethylbenzene 78 
Methoxyferrocene 175 
2-Methoxyfluorene 91, 92 
5- Methoxyindane 78 
6- Methoxy-2-methylnaphthalene 312 
1- Methoxynaphthalene 106, 174, 175, 215, 

266 
2- Methoxynaphthalene 106, 232 
4-Methoxynitrobenzene 343 
4-Methoxyphenol 259 
4- Methoxy-l-phenylbicyclo [2.2.2] octane 

289 
2- and 4-Methoxyphenylphosphonic acid 

442 

3- Methoxyphenyltrimethylammonium ion 
309 

6-Methoxytetralin 78 

3-Methoxy-l,2,4,5-tetramethylbenzene 
383, 399 

5- Methylacenaphthene 233 
2-Methylacetanilide 393, 394 
jV-Methylacetanilide 46, 178, 281, 392, 

393 
yV-Methylaniline 120 
2- Methylanisole 174, 266, 393 
3- Methylanisole 174, 281 
4- Methylanisole 120, 266 
1- Methylanthracene 353 
2- Methylanthracene 353 
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2-Methylazobenzene 179 
7- and 12-Methylbenz [a] anthracene 107 
Methylbenzene 27, 32, 38, 40, 43, 52, 55, 

62, 67, 69, 71, 72, 75, 76, 81, 82, 85, 
120, 132, 133, 135, 136, 145, 146, 
152, 153, 155, 157, 160, 162, 163, 
165, 166, 175, 177-184, 193, 195, 
197, 199, 201, 205-209, 215, 
219-221, 225, 226, 228-230, 239, 
241, 242, 257, 258, 262, 266, 268, 
270-272, 274, 275, 278, 285, 286, 
291, 292, 309, 327, 329-333, 336, 
337, 340-342, 346, 356, 364, 
371-373, 379, 382, 384, 388, 389, 
397, 401, 402, 414, 416-418, 422, 
424, 426, 430-434, 436, 438, 439, 
443, 445, 448, 487, 490 

Methyl benzenesulphonate 308 
2- and 4-Methylbenzenesulphonic acid 348 
Methyl benzoate 146, 152, 215, 332 
3- Methylbenzyl chloride 82 
2- and 3-Methylbiphenyl 402 
4- Methylbiphenyl 91, 402, 426 
Methyl but-2-enylphosphonate, as reagent 

for phosphonation 315 
4-Methyl-rm-butylbenzene 193, 194 
1-Methylcyclobutylbenzene 288 
cis- and fran^-2-Methylcyclohexylbenzenes 

289 
1-Methylcyclopentylbenzene 288 
1- Methylcyclopropylbenzene 70, 73, 288, 

289 
Methyldichlorosilylbenzene 396 
2- Methyl-jV,7V-diethylaniline 393 
3- Methyl-./V,./V-diethylaniline 393 
4- Methyl-iV,jV-diethylaniline 393 
Methyldifluorosilylbenzene 396 
Methyldifluorosilylmethylbenzene 396 
4- Methyl-1,2-dimethoxybenzene 427 
5- Methyl-1,3-dimethoxybenzene 142, 383 
2-Methyl-1,4-dimethoxybenzene 79 
2- Methyl-Ar,./V-dimethylaniline 120, 393 
3- Methyl-A?,A,-dimethylaniline 394 
4- Methyl-/V,./V-dimethylaniline 394 
Methyldiphenylmethane 346 
Methylferrocene 117, 153 
3-Methylfluoranthene 234 
2-Methylfluorene 91, 93 
9-Methylfluorene 91, 145 
2-Methylindole 65 
2-Methyl-l ,6-methano [ 10] annulene 152, 

425-427 

Methyl 4-methoxybenzoate 399 
Methyl 3-methylphenyl ether 365 
Methyl 4-methylphenyl ether 365 
Methyl methylthiosulphonate, as reagent 

for sulphenylation 333 
1- Methylnaphthalene 105, 106, 233, 245, 

312, 351,368 
2- Methylnaphthalene 106, 231, 232, 245, 

266, 312, 351,368, 404 
jV-Methyl-./V-nitro-9-aminoanthracene 315 
ALMethyl-./V-nitroaniline 314 
A-Methyl-4-nitroaniline 314 
2- Methylnitrobenzene 153, 307 
3- Methylnitrobenzene 307 
4- Methylnitrobenzene 153, 307, 309, 

343 
Methyl [2,2 ] paracyclophanecarboxylate 

392 
1- Methylphenanthrene 107, 354 
2- Methylphenanthrene 107 
3- and 4-Methylphenanthrene 107, 354 
9-Methylphenanthrene 106, 354 
2- Methylphenol 166, 297, 373, 450 
3- Methylphenol 166, 259, 281, 297 
4- Methylphenol 66, 166, 297, 378 
Methyl phenylacetate 146 
Methyl N-phenylcarbamate 267, 299, 301 
Methyl 2-phenylethyl ether 298, 300 
Methyl phenyl ketone, see Acetophenone 
Methyl 3-phenylpropyl ether 298, 300 
l-Methyl-4-phenylpyrazole 310 
Methyl phenyl sulphoxide 146, 305, 308, 

395 
3- Methylphenyltrichlorosilylmethane 82 
4- Methylphenyltrimethylammonium ion 

309, 343 
2,2'-(l-Methylpropano)biphenyl 403 
1- Methylpyrene 354 
Methyl substituents effects, in polycyclics 

109 
A^(Methylsulphonyl)aniline 300, 301 
Methylthiobenzene 88 
3-Methylthio-l ,2,4,5-tetramethylbenzene 

399 
2- Methyl-l,3,5-tri-rert-butylbenzene 33, 

279 
2-Methyl-l ,3,5-trichlorobenzene 281 
2-Methyl-l ,3,5-triethylbenzene 375 
Migration 

of alkyl groups 
in alkylation 191, 192, 194 
in hvdroxvlation 329 
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Migration, of chlorine (cont.) 
in acyldehalogenation 446 
in chlorination 368 
in nitrosodehalogenation 447 

of hydride ion in alkylation 192, 194, 
203, 210, 213 

of nitro groups, see under Shifts 
of protons and isotopes 

in 1,2-difluorobenzene 116 
in 1,2-dimethylbenzene 116 
in 9,10-dimethylphenanthrene 115 
in hexamethylbenzene 116 
in methylphenanthrenes 115 

Mills-Nixon effect 53, 76, 78, see also 
Bond-fixation 

Mixing control 57, 274, 275, 284, 336, 
379 

Molecular orbital theory 2 

Nafion ion-membrane resin, as alkylating 
reagent 205 

Naphthalene 35, 49, 53, 98, 108, 109, 111, 
121, 122, 133, 150, 162, 180, 206, 
216, 229, 231, 233, 245, 257,266, 
338, 339, 368, 380, 404, 431, 442 

relative positional reactivities of 96, 122, 
145, 156, 157, 160, 165, 232, 277, 
311, 337, 340, 436, 437, 440, 488 

excited state, basicity and reactivity 97 
Naphthalene-1- and 2-carboxylic acids 352 
Naphthalene —silver complex, reactivity of 

104 
Naphthalene-1-sulphonic acid 352 
Naphthalene-2-sulphonic acid 352 
[7]-, [8]-, and 

[ 10](l,3)Naphthalenophane 106, 114 
1-Naphthoate ion 259 
Naphthothiophenes 173 
Naphthylbutanols 

in alkyldealkylation 422 
in cyclialkylation 211 

1,8-Naphthylene disulphide 312 
9-Neopentylanthracene 353 
Neopentylbenzene 71, 145, 287, 342, 346, 

391 
Nitramine rearrangement 57 
Nitrenes, as reagents in amination 256 
Nitrenium ion 

as electrophile in amination 256 
as intermediate in chlorination 371 

Nitricacidium ion, as electrophile in 
nitration 265 

3-Nitroacenaphthene 233 
3- Nitroaniline 168 
4- Nitroanisole 399 
4-Nitroazobenzene 294 
Nitrobenzene 13, 133, 135, 146, 152, 155, 

157, 162, 180, 215, 308, 331, 332, 
340, 343, 346, 347, 364, 387, 395, 
401, 416, 417, 422, 486 

2- and 3-Nitrobiphenyl 310 
4-Nitrobiphenyl 91, 310, 349, 380 
2- and 3-Nitro-ferf-butylbenzene 424 
2-Nitro-l,4-dialkylbenzenes 309 
4-Nitro-1,3-di-rerr-butylbenzene 424 
2- and 3-Nitrodiphenylamine 299 
4-Nitrodiphenylamine 299, 301 
2- and 3-Nitrodiphenyl ether 298 
4-Nitrodiphenyl ether 291, 299, 301 
2- and 3-Nitrodiphenyl sulphide 299 
4-Nitrodiphenyl sulphide 299, 301 
1- Nitrofluoranthene 107 
2- Nitrofluoranthene 313 
3- Nitrofluoranthene 107, 313 
7- and 8-Nitrofluoranthene 107 
2-Nitrofluorene 91 
1- Nitronaphthalene 50, 352 
2- Nitronaphthalene 50, 353 
Nitronium ion 

as electrophile in nitration 264, 265, 
267-276, 278, 284, 286 

solvated, as electrophile in nitration 278 
2-Nitro [2,2] paracyclophane 392 
4- Nitrophenol 277, 385 
4-Nitro-1 -phenylbicyclo [2.2.2] octane 289 
l-Nitro-2-phenylethane 346, 347 
l-Nitro-2-phenylethene 47 
1- Nitro-3-phenylpropane 346, 347 
Nitrosonium ion 272, 281 

as electrophile in nitrosation 261 
reactivity of 261 

4-Nitrostilbene 294 
2- Nitrostyrene 294 
Nitrosyl compounds 

in nitrosodestannylation 438 
reactivities in nitrosation 262 

3- Nitro-l ,2,4,5-tetramethylbenzene 13 
a-Nitrotoluene 291 
2-Nitro-l ,3,5-tri-rm-butylbenzene 279 
2-Nitro-l ,3,5-trimethylbenzene 142 
Nitrous acid 

anticatalytic effect in nitration 265, 275 
catalytic effect in nitration 265, 275 

Nitrous acidium ion, as electrophile in 
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nitrosation 261 
No-bond resonance, see Hyperconjugation 
Non-planarity of the aromatic ring 103, 

114, 115, 118 
cwfo-Norborn-2-ylbenzene 70-72, 230 
exo-Norborn-2-ylbenzene 70 — 72, 230 
Nucleophilically-assisted cleavages 132, 

134 
Nucleophilic displacement mechanisms 

in acylation 223, 225, 240 
in alkylation 197, 199 — 204 
in hydroxylation 327 
in sulphinylation 334 
in sulphonoxylation 332 
in sulphonylation 336 

Octaethylporphyrin, 313 
Cu", Ni11, and Pd11 derivatives 240 

Octafluoronaphthalene 281 
Ort/rocoordination mechanism 

in bromination 380 
in mercuriation 180 
in nitration 272, 273, 289, 296, 297, 

300, 301, 311,485 
in palladiation 180 
in thalliation 181 

Ortho.para ratio 41, 43, 44, 52, 53, 
72-76, 81, 82, 88, 90-92, 94, 96, 
119, 123, 135, 148, 149, 175, 178, 
179, 182, 183, 197, 205-207, 209, 
215, 220, 221, 226-228, 237, 242, 
257, 262, 266, 267, 271-273, 275, 
276, 286-289, 293, 296, 297, 300, 
301, 307, 309-311, 327-330, 338, 
340, 347, 350, 364, 366, 367, 369, 
371, 373, 380-382, 388, 390, 394, 
401,404, 437, 470, 483-485, 487, 
488, 490, 491 

for dipolar substituents with double or 
triple bonds 45 

table of linear free-energy values 489 
Orton rearrangement 57, 370 
Oxazolyl chloride, as reagents for 

carboxylation 243 
Oxonium salts, as alkylating reagents 205 

[2,2] Paracyclophane 121, 122 
[2,2] Paracyclophane-2-carboxylic acid 

392 
Partial rate factor 

definition of 40 
competition method for determining 40 
direct kinetic method, for determining 40 

Pentachlorobenzene 93, 296 
Pentaethylbenzene 423 
Pentafluorobenzene 134, 146, 159, 160, 

347, 417 
2,3,4,5,6-Pentafluorobiphenyl 49, 92, 311, 

404 
Pentahelicene, see 

Dibenzo[c,/] phenanthrene 
Pentamethylbenzene 30, 75, 180, 283, 

383, 387, 423 
Pentaphenylbenzene 311 
Pent-3-ylbenzene 70, 74, 137 
Perbenzoic acid, as reagent for 

hydroxylation 328 
Pernitric acid, as reagent for hydroxylation 

328 
Peroxymonophosphoric acid, as reagent for 

hydroxylation 329 
Perinaphthane 106, 122, 233, 405 
Perrier procedure, for acylation 230 
Perylene 98, 312, 354 
Phenalone 105, 107 
Phenalkanols 347 
Phenalkylammonium ions 346, 347 
Phenalkyltrimethylammonium ions 346, 

347 
Phenanthrene 98, 102, 104, 108, 109, 111, 

121, 145, 150, 156, 160, 234, 245, 
311, 354, 368. 440 

Phenanthrene —silver complexes, reactivity 
of 104 

Phenol 33, 46, 137, 138, 145, 157, 166, 
218, 229, 242, 257, 258, 262, 266, 
267, 274, 297, 333, 350, 355, 365, 
366, 384, 385, 392-394, 428, 429, 
442, 443 

Phenolic ethers 242 
Phenols, 2,6-disubstituted 350 
Phenols, 4-substituted 259, 355, 378 
Phenonium ion 216 
Phenoxide ion 258, 259, 366, 380, 385, 

394 
Phenyl acetate 133, 393 
Phenylacetic acid 146, 291 
Phenylacetylene 57 
Pheneylalkanesulphonic acids 346 
Phenyl alkyl sulphates 346 
Phenyl aryl sulphones 174 
Phenyl benzoate 393 
l-Phenylbicyclo[2.2.2]octane 289 
Phenylcarbamoyl chloride, as reagent for 

amidation 244 
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Phenyl 1-butyl ether 353 
1- Phenyl-m-carborane 302, 396 
2- Phenyl-m-carborane 302 
1- and 3-Phenyl-o-carborane 302, 396 
Phenyl cation, as electrophile in arylation 

216 
1-Phenylcyclohexylammonium ion 302, 

305, 306 
c/s-2-Phenylcyclohexylammonium ion 302, 

305, 306 
rranx-2-Phenylcyclohexylammonium ion 

302, 305, 306 
1 -Phenylcyclohexyltrimethylammonium ion 

302, 305, 306 
m-2-Phenylcyclohexyltrimethylammonium 

ion 302, 305, 306 
rrani-2-Phenylcyclohexyltrimethyl- 

ammonium ion 302, 305, 306 
Phenyldimethylammonium ion 146, 304 
1- Phenyl-3,5-dimethylbenzene 141 
Phenyldimethylhydroxylphosphonium ion 

305 
Phenyldimethylsulphonium ion 307 

methoxyl and methyl derivatives 400 
Phenyldimethyl(trimethylsilyl)silane 160 
2- Phenylethanol 347 
2-Phenylethylammonium ion 304, 306 
2-Phenylethyldimethylsulphonium ion 305, 

395 
methoxyl and methyl derivatives 400 

2-Phenylethylphosphonic acid 303 
2- Phenylethyltrimethylammonium ion 

303-306 
methoxyl and methyl derivatives 400 

Phenylethynoic acid 294 
Phenylmercury(II) acetate 180 
Phenylmethylammonium ion 304 
5-Phenyl methylthiosulphonate 333 
Phenylmethyl-bis-(trimethylsilyl)silane 160 
1- Phenylnaphthalene 106 
Phenylnitromethane 48 
Phenylphosphonic acid 146, 303, 305 
3- Phenylpropylammonium ion 304 
Phenyl 1- and 2-propyl ether 393 
3- Phenylpropyltrimethylammonium ion 

303, 304 
2- Phenylpyridinium ion 305 
4- Phenylpyridinium ion 305 
2-Phenylpyridinium-Ar-oxide 305 
4-Phenylpyrimidine 310 
Phenylselenodimethylsulphonium tetra- 

fluoroborate, as reagent for 

selenylation 356 
Phenyltrichlorosilane 81 
l-Phenyl-2-trichlorosilylethane 81, 82 
l-Phenyl-4-trichlorosilylbutane 81, 82 
Phenyltrichlorosilylmethane 81, 82 
l-Phenyl-3-trichlorosilylpropane 81, 82 
Phenyltriethylgermylmethane 145 
Phenyltrihydroxyarsonium ion 305 
Phenyltrihydroxyphosphonium ion, see 

Phenylphosphonic acid 
Phenyltrimethylammonium ion 35, 38, 44, 

146, 157, 160, 162, 303, 304, 340, 
343, 346, 395, 401 

methoxyl and methyl derivatives 400 
Phenyltrimethylarsonium ion 44, 146, 304, 

395 
Phenyltrimethylphosphonium ion 44, 146 
Phenyletrimethylselenonium ion 44, 304 
l-Phenyl-2-trimethylsilylethane 80, 81, 145 
1 -Phenyl-1 -trimethy lsilylbutane 145 
l-Phenyl-4-trimethylsilylbutane 80, 81 
Phenyltrimethylsilylmethane 80, 81, 145, 

146, 157 
1- Phenyl-3-trimethylsilylpropane 80, 81, 

145 
Phenyl-tris-(trimethylsilyl)silane 160 
Phenyltrimethylstibonium ion 44, 304 
Phenyltrimethylsulphonium ion 44, 304 
2- Phenylvinylphosphonic acid 294 
Phosgene 

as reagent for carboxylation 243 
as reagent for formylation 240 

Pictet-Spengler reaction, cyclialkylation 
via 211 

Pleiadane 405 
Polarization 11, 35, 42, 

see also Mesomeric Effect 
Polarizability 14, 35, 287, 468, 469, 

see also Electromeric Effect 
Poly-rm-Butylbenzenes 345 
Polyisopropylbenzenes 344 
Polymethylbenzenes 27 
Porphyrin 313 
Positive poles, relative reactivity 303 
Potassium cyanate, as reagent for 

amidation 245 
Potassium thiocyanate, as reagent for 

thioamidation 245 
1,6:8, 13-Propane-l,3-diylidene[ 14] <5 

annulene 117, 145, 151 
2,2'-Propanobiphenyl 403 
1-Propylbenzene 180, 198, 287, 391 
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Pyrene 98, 121, 145, 156, 312, 354, 404, 
440 

Pyridinium bromide, as electrophile in 
bromination 378 

Pyrolysis of 1-arylethyl acetates 71, 92, 93, 
147, 148, 151, 297, 455, 457 

Pyrolysis of 1-arylethyl carbonates 478 
Pyrolysis of 2-aryl-2-propyl acetates 478 

Quaterphenyl 311 

Racemization, in alkylation with cyclic 
ethers 203 

Radical dication, as electrophile in 
arylation 215 

Radical —radical cation pair 32, 267, 268, 
276, 277, 280, 312, 314,442 

Radical cations 
in chlorination 371, 373 
in fluorination 364 
in Vilsmeier — Haack formylation 240 

Reaction constant p, definition of 19 
Reactivity— Selectivity Principle and 

Selectivity 73, 75, 87, 89, 90, 122, 
179, 181, 182, 197, 199, 207, 209, 
215, 216, 244, 274, 293, 301, 379, 
397, 398, 401,470, 475, 479-481, 
483 

consequences for the Hammett equation 
481 

Rearrangement of sulphonic acids, 
see under Thermodynamic Stability 

Resonance energy 3 
p values, Table of 473—474 

Scholl reaction 214 
Selectivity, see Reactivity— Selectivity 

Principle 
Selenic acid, as reagent for selenonation 

356 
Selenium trioxide, as reagent for 

selenonation 356 
Selenocyanogen, as reagent for 

selenocyanation 354 
Self-consistent field (SCF) method 37 
5-ethyl dithiocarboxonium fluoro- 

antimonate, as dithiocarboxylating 
reagent 244 

Sgl Mechanism 25, 134, 173, 417, 445 
Sg2 Mechanism 32, 173, 259, 261, 338 
Sg3 Mechanism 25 
Sgi Mechanism 132 

1.2- Shifts 
of halogens, during halogen exchange 

449 
of nitro groups during nitration 282 

1.3- Shifts 
of nitro groups during nitration 282, 

283, 442 
thermal elimination accompanying, 

during nitration 282 
a Values, 20, 151, 471 

table of 458-463 
a~ Values 21 
a+ Values, 21, 456, 471 

tables of 458-463, 465, 467, 477, 479 
a, Values 11,14 
<j° Values 471, 472 
a°R Values 15, 303 
Silica, as para yield enhancer 372, 380 
5-methyl thiocarboxonium fluoro- 

antimonate, as thiocarboxylating 
reagent 244 

Solvent effects 
on acylation rates and isomer ratios 226, 

229 
on alkylation rates 196, 200 
on halogenation rates and kinetics 367, 

368, 377, 388, 391 
on hydrogen exchange rates 63 
on mercuriation rates 176 
on nitration rates and isomer distribution 

265, 269,273 
on protiodestannylation rates 159 

SN\ Solvolysis 
of 1-aryl-l-chloroalkanes 151 
of 2-aryl-2-chloropropanes 21, 73, 147, 

230, 455 
Spiro(cyclopropane-l, 1 '-indane) 288 
Stabilization energy 

of benzene 3 
of anthracene 3 

Steric acceleration 48, 52, 130, 135, 136, 
137, 141, 147, 151, 153, 156, 157, 
159, 164. 165, 167, 178, 183, 237, 
424, 426, 431, 432, 437, 440, 483 

Steric hindrance 8, 44, 52, 53, 72, 82, 88, 
94, 102, 119, 121, 123, 134, 144, 
156, 182, 184, 192, 211, 226, 227, 
229-231, 234, 237, 238, 244, 258, 
260, 275, 279, 286, 289, 291, 293, 
301, 313, 333, 337, 342-345, 
350-354, 374, 382, 386, 390, 401, 
432, 433, 437, 482, 483 
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Steric hindrance (cont.) 
increase in acylation in nitrosolvents 

232, 234 
absence, in acid-catalysed hydrogen 

exchange 61 
in ipso substitution 413, 414, 423, 428, 

431, 434, 440 
Steric hindrance to solvation 

activation order 16, 43, 44, 71, 73, 84, 
93, 147-149, 159, 179, 286, 303, 
342, 391, 392, 394, 403 

effect of superacids on 18 
see also Hyperconjugation, and 

Baker—Nathan 
Steric inhibition of resonance 12, 13, 73, 

87, 92, 123, 291, 307, 309, 311, 348, 
349, 373, 392, 393, 399, 400, 403 

Stilbene 293, 294 
Styrene 47 
Styrene /3-sulphonyl chloride 294 
rratts-2-Styrylthiophene 310 
Styryltrimethylammonium ion 293 
Substituent constant a, definition of 19 
Substituent Interaction Factor 109 — 112 
Sulphur halides, as reagents for 

sulphenylation 333 
Superacids 

as catalysts for acylation 224, 239 
as catalysts for hydroxylation 327 — 329 
as catalysts for nitration 266 
effect on orientation, in bromination of 

phenols 378 
exchange in 84, 86 
formation of phenyl cations by 216 
in protiodehalogenation 167 
in protiodenitration 163 

Synchronous mechanism 
in base-catalysed desilylation 154 
in base-catalysed destannylation 154, 

161, 162 

m-Terphenyl 91, 94, 311, 404 
o-Terphenyl 91, 94, 194, 311, 404 
/>-Terphenyl 91, 94, 310, 311, 404 
1.2.3.4- , 1,2,3,5-, and 1,2,4,5-Tetra- 

chlorobenzene 296 
Tetrahelicene, see benzo [c] phenanthrene 
Tetralin, see benzocyclohexene 
1,1,2,2-Tetramethylacenaphthene 122 
2,3,6,7-Tetramethy lanthracene 353 
1.2.3.4- Tetramethylbenzene 30, 75, 180, 

266, 397, 427 

1.2.3.5- Tetramethylbenzene 30, 75, 142, 
180, 278, 344, 397, 399 

1.2.4.5- Tetramethylbenzene 30, 75, 120, 
180, 266, 268, 274, 282, 338, 339, 
344, 397, 399 

1.2.3.4- Tetramethylnaphthalene 231, 397 
1,4,5,8-Tetramethylnaphthalene 136 
2,4,5,7- and 2,4,5,6-Tetramethyl- 

phenanthrene 107, 113, 114, 354 
2.3.4.5- Tetramethylphenol 428 
Tetra-o-phenylene 95, 96 
Tetraphenylmethane 81, 82, 145 
Thallium trichloride tetrahydrate, as 

reagent for carboxylation 245 
Thallium triacetate, as para yield enhancer, 

in bromination 380 
Thermodynamic stability 

in acylation 229 
in alkylation 188, 208 
of benzene 1 
of sulphonic acids 56, 337, 350, 353 

Thioanisole 88, 89, 120, 145, 155, 162, 
394 

Thiocyanogen, as reagent for thiocyanation 
333 

Thiocyanogen chloride, as reagent for 
thiocyanation 333 

Thiomethylbenzene, see Thioanisole 
Thiophenol 148 
Toluene, see Methylbenzene 
p-Toluenesulphinyl chloride, as reagent for 

sulphinylation 334 
p-Toluenesulphonyl chloride, as reagent for 

sulphonylation 336 
Transannular stabilization 235, 292 
Transmission factor, between the rings in 

biphenyl 92, 151, 310, 403, 476 
Tribromide ion, as electrophile in 

bromination 378, 380, 435 
1.3.5- Tribromobenzene 384 
1.3.5- Tri-rm-butylbenzene 165, 279, 375, 

376 
2.4.6- Tri-rm-butylphenol 138 
1.3.5- Trichlorobenzene 296 
a,a,a-Trichloromethylbenzene 

(benzotrichloride) 48, 292 
i8,i6,i6-Trichloroethylbenzene 291 
Trichloromethyl cyanide, as cyanating 

reagent 245 
Trichlorosilylbenzene 81, 395, 396 
Tricyclohexylstannylbenzene 439 
1.3.5- Trideuteriobenzene 145 
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1.3.5- Triethylbenzene 140, 142 
Triethylgermylbenzene 435 
a,a,a-Trifluoroacetanilide 299, 300 
Trifluoroacetic acid, as para yield enhancer 

in bromination 380 
a,a,a-Trifluoroanisole 394 
1.3.5- Trifluorobenzene 181 
a, a, a-Trifluoromethy lbenzene (benzo- 

trifluoride) 26, 118, 120, 132, 146, 
155, 157, 162, 174, 207, 229, 395, 
414, 486 

1.3- bis(T rifluoromethyl)benzene 174 
Trifluoromethyloxyfluoride 364 
Trifluoroperacetic acid, as reagent for 

hydroxylation 327, 329 
Trifluorosilylbenzene 396 
Trifluorosilylmethylbenzene 396 
1.3.5- Trihydroxybenzene 242 
1.3.4- Tri-isopropylbenzene 424, 425 
1.3.5- Tri-isopropylbenzene 138, 140, 142, 

424 
1.2.3- Trimethoxybenzene 428 
1.3.5- Trimethoxybenzene 65 — 67, 117, 

140, 145, 384, 428 
1.3.5- Trimethylanisole 399 
4,6,8-Trimethylazulene 67 
1.2.3- Trimethylbenzene 30, 31, 75, 76, 

180, 229, 343,344,397 
1.2.4- Trimethylbenzene 30, 31, 75, 76, 

180, 221, 281, 343, 344, 397 
1.3.5- Trimethylbenzene 27, 30, 31, 75, 

117, 120, 139-142, 152, 153, 157, 
180, 192, 195, 216, 219, 221, 225, 
228, 245, 266, 268, 270, 271, 277, 
290, 327, 332, 333, 335, 336, 339, 
344, 371, 375, 379, 383, 397, 399, 
428, 443 

2,3,4-, 2,4,5-, and 2,4,6-Trimethyl- 
benzenesulphonic acid 348 

2.4.6- Trimethylphenol 142 
Trimethylsilylbenzene 48, 145, 146, 152, 

160, 162, 301, 396, 434, 436, 439 
4- T ri methy lsily lbenzocy clobutene 151 
2-Trimethylsilylbiphenylene 150 
Trimethylsilylchlorosulphonate, as 

sulphonating reagent 439 
5- Trimethylsilylindane 151 
2-Trimethylsilyl-l ,6-methano[ 10] annulene 

152 
Trimethylsilylmethylbenzene 396 
1-Trimethylsilylnaphthalene 150 

1,8-bis-(Trimethylsilyl)naphthalene 159 
bis-(Trimethylsilyl)phenylmethane 145 
tris-(Trimethylsilyl)phenylmethane 145 
6-Trimethylsilyltetralin 150 
1.3.5- Trimethylthioanisole 399 
1.3.5- Tri-neopentylbenzene 279, 375, 386 
2.4.6- Trinitrodiphenylamine 299 
2.4.6- Trinitrodiphenylether 299 
2.4.6- Trinitrodiphenyl sulphide 299 
2.4.6- Trinitrostilbene 294 
Triphenylamine 121 
1,2,3-Triphenylbenzene 311 
1,3,5-Triphenylbenzene 91, 94, 311 
Triphenylene 98, 121, 234, 245, 312, 354, 

404 
Triphenylmethane 81, 82, 145, 346 
Triphenyloxonium ion 303, 378 
Triphenylphosphine 120 
Triphenylphosphine oxide 146 
Triphenylphosphonium cyclopentadienylide 

313 
Triptycene 77, 82, 83, 180, 234, 346 
Triselenodicyanide, as reagent for 

selenocyanation 355 
Tritiobenzene 32, 292 

Valence bond theory 2 

Wheland intermediate, 3, 26, 27—29, 
36-38, 40, 42, 45, 74, 76, 81, 88, 
143, 148, 179, 275, 302, 476, 479 

in acylation 219 
in alkylation 27, 190, 207 
in bromination 377, 378, 384, 386, 392 
in hydrogen exchange 27, 64, 65 
in hydroxydeboronation 421 
in nitration 26, 266—283 
in nitrosation 261, 262 
stability of 29, 30, 279, 280, 487 
formation of, as rate-determining step 

29, 31 

Xenon difluoride, as fluorinating reagent 
364 

Xylenes, see Dimethylbenzenes 

Yukawa — Tsuno equation 133, 135, 144, 
151, 157, 159, 163, 182, 421, 436, 
439, 440, 471-476 

Zucker—Hammett hypothesis 64 
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