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The Oxidation-reduction Stage in the Nitration Reaction

A.S.Morkovnik

The mechanism of the nitration of aromatic compounds in which the initial stage is the oxidation of the aromatic substrate to
the radical-cation is examined. Certain general preconditions, which make such a mechanism feasible, and also the available

experimental evidence for its operation are analysed.
The bibliography includes 219 references.
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1. INTRODUCTION

The reactions of organic compounds with electrophiles are
known to begin with electron transfer from the substrate to
the reactant and the formation of radical-cation (RC) of the
organic compound: »?

RH + E* - RH* + E"— products.

The oxidation-reduction stage in reactions of this type is
frequently masked by the rapid subsequent reactions of the
RC and the electrophile reduction product, which is a mani-
festation of the non-radical character of the overall pro-
cess. > In such cases, the study of the reaction mechanism
involves considerable experimental difficulties and its deter-
mination makes it necessary to resort to various indirect data
apart from the investigation of the kinetics. These difficulties
are a consequence of fundamental limitations characteristic of
classical kinetics which make it impossible to obtain direct
information about the fastest stages of chemical reactions.

As a result, in the words of Hoffmann, ® with the aid of
kinetic studies it is possible to obtain "only the lower limit...
to the number of stages in a reaction sequence and hence to
the number of intermediate species".

The question of electron transfer as a possible elementary
step in the reaction arises, in particular, in the study of
the nitration of aromatic compounds. The energies of the
highest occupied molecular orbitals (HOMO) of aromatic com-
pounds are frequently close to or even exceed the energies
of the lowest unoccupied molecular orbitals (LUMO) of the
electrophiles involved in the nitration, which creates a possi-
bility for an exoergic one-electron transfer in the direction
from ArH to the electrophile in the case of activated aromatic
substrates.

The experimental study of this problem, first formulated in
the 1940's—1950's, *~7 became possible only recently as a result
of the advances achieved in the study of the RC of aromatic
compounds ArH*. Although the data obtained hitherto do not
provide an exhaustive answer to the question of the role of
the RC in nitration reactions, they nevertheless permit the
conclusion that significant progress has been achieved in the
solution of this problem. Some of these data are difficult to
explain from the standpoint of classical ideas about the nitra-
tion mechanism® and are therefore of fundamental importance.
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It is noteworthy that the problem of electron transfer as a
possible stage in electrophilic-substitution in aromatic com-
pounds has already been frequently discussed.® *® However,
it has not been the subject of a special detailed examination in
relation to nitration. This factor and also the significant
progress in the study of electron transfer processes in
ArH—nitrating agent systems, which has occurred in recent
years, made it desirable to write the present review devoted
to the role of RC in nitration reactions.

Il. THE FORMATION OF THE RADICAL-CATIONS OF
AROMATIC COMPOUNDS UNDER NITRATION CONDITIONS
AND THEIR CONVERSION INTO NITRO-COMPOUNDS

1. One-Electron Oxidation of Aromatic Compounds By
Nitrating Agents

The oxidation reactions of aromatic compounds under the
influence of nitrating agents are extremely varied and have
long been known.’ However, the possibility of the simplest
of them, namely the one-electron oxidation of aromatic sub-
strates in which the latter lose one w electron and are con-
verted into highly active RC, has been demonstrated only
recently:

ArH

m(ra!m_geagent . ArH;‘

The range of ArH capable of reacting in this way is fairly
wide and according to the available data includes aromatic
compounds with strong and moderate reducing properties,
such as naphthalene, '® sterically hindered phenols, ° various
:gozrl?aztjc amines, *2% and certain heterocyclic compounds. 2%

The formation of RC has been most often demonstrated by
the usual spectroscopic methods. In a series of reactions of
activated aromatic cempounds with nitrating agents, RC were
isolated preparatively in the form of salts with weakly nucleo~
philic anions®?2772% (Table 1). The formation of extremely
unstable RC, such as, for example, the RC derived from
toluene (its lifetime in 2 M HCIO, solution is less than 3.3 x
1077 s %) by these procedures is difficult or impossible. An
indirect sign of the formation of such species is the presence
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in the reaction product of biaryls (dehydrodimers), which
usually arise on dimerisation of the RC:?%%

2ArH* — Ar (H) — Ar (H) — Ar — Ar - 2H*

An alternative reaction, which also leads to biaryls, involves
the attack on the substrate by the arenium cation ArH} or
ATHNO3}. 3273

Table 1. The yield of radical-cations in reactions involving
the one-electron oxidation of aromatic compounds by nitrating
agents.

Nitratin, . Method of )

ArH agent ¢ Solvent e % determination ;Refs.
Phenothiazine HNO; CH.CN 70 |spectrophotometry 20}
Phenothiazine HNO, HCIO, 78 {isolation of RC salt [2¢1
N-Methylphenothiazine HNQ; {CICH,CH,Cl{ 35 |stopped flow method [21
Phenoxazine HNO, OOH | 80 |spectrophotometry {20
Dibenzo-p-dioxin HNOQ; | CF,COCH 95 Ispectrophotometry {25]
NN-Dimethy!-9,10-di- HNO; [ CICH,CH.Cl{ 47 |spectrophotometry {21]

hydrophenazine
NNN'N -Tetramethyl- HNO, |CICHCHoCI{ 85 [spectrophotometry (2t)
p-phenylenediamine
NNN'N -Tetramethyl- HNO, CH N 10 |{spectrophotometry (20}
benzidine
Tri-p-tolylamine HNOQ, {CICH.CHCI| 79 Ispectrophotometry {211
N-Methylcarbazole HNOy ClO, 95 {from the yield of the biaryl RCj [40]
N-Methylcarbazole HNO4 CFyCOOH 24 |from the yield of biaryl {20]
1,3-Diphenyl-2-pyrazoline HNO, HCIO4 47 |from the yield of the biaryl ' [40]
| dication !
1,3,5-Triphenyl-2-pyrazoline{ NO,BF, CHCN 30 {from the yield of biaryl
NN-Dimetiiylaniline HNOq HCIO4 66 |from the yicld of the
1 biaryl dication
NN-Dimethylaniline NO,BF, CHy N 12 {from the yield of the
biaryl dication |
6-Methoxy-1,3-dimethyl- NaNO), CH,COOH 75 {isolation of the RC salt | [27]
1,2-diaza-1#-phenalene i

*The yield of the RC estimated from the maximum observed
concentration of the RC in the ArH—nitrating agent system
or the preparative yield of the RC salt or biaryl. In the
last case, the yield is quoted on the assumption that the
biaryl is formed as a result of the dimerisation of the RC.

Biaryls are formed as side or main products in the nitration
of alkylbenzenes, 3737 diphenylene, *® furan, ** 9-methyl-
carbazole, 2% NN-dimethylaniline, ?*3'*! aminonaphthalenes,
2 and derivatives of 1-phenyl-2-pyrazoline?®"*® and 2-acetyl-
1-phenylpyrazolidine. ** It has been established that
dehydrodimerisation of alkylbenzenes proceeds without the
involvement of the protonated form of the hydrocarbons. *®

The "cross linking" of the aromatic nuclei under nitration
conditions occurs also when they are fragments of a single
molecule under the conditions of a favourable steric orienta-
tion. In particular, such a process occurs when [2,2]meta-
cyclophane is acted upon by nitric acid or benzoyl nitrate:**

"\

/_%‘ HNO, /—Q TN YO /—”/://\‘\
> oK S X >
N A ) N—

@
The initial stage in these reactions leads in all probability to
the oxidation of compound (I) to the RC, since it is known*®™®
that the RC of [2,2]metacyclophanes are readily converted
into tetrahydropyrenes. Analogous processes have been
observed "’ also in the nitration of [3,2]metacyclophanes.

The one-electron oxidation of aromatic compounds by
nitrating agents constitutes in many instances an independent
reaction leading to the formation of RC as the final product,
sometimes in a nearly quantitative yield2®27:28:%0 (Table 1).
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2. The Conversion of the Radical-Cations of Aromatic Com-
pounds into Nitro-Compounds

The RC are converted into nitro-derivatives when they are
acted upon by nitrogen dioxide [formed in Ar—H—oxygen
compounds of nitrogen(V) systems as a result of the reduc-
tion of the nitrating agent by the substrate] or the nitrite
ion. In the latter case, the initial stage of the reaction is
usually the one-electron reduction of the RC by the nucleo-
phile: 59752

H No, Nét

7=+ ) + ut

H N,

N,
R e e @ v
I =
i
L—) n—@( — }’.—@—NO: + ut
- \‘\_{’: —

ArH* 4 NOj — ArH + NO,
ArH* -+ NO; — AINO, + H*
2ArH + 3NO, — 2A1NO, + NO" + H,0

The recombination of the RC with NO; should be regarded
as a special case of little investigated reactions of the follow-~
ing type: %38

ArH¥ 4 R*— ArHR* = ArR + H*

The RC dimerisation processes are related to these reactions.
50:59 The results of studies of the interaction of the RC with
nitrogen dioxide, carried out mainly in recent years, will be
examined below.

Initially an attempt was made to achieve the reactions of RC
with nitrogen dioxide by subjecting aromatic compounds to
one-electron oxidation (chemical or electrochemical) in the
presence of NO;. The nitration of naphthalene®’ and mesit-
ylene®! observed under these conditions was interpreted as
a result of the recombination of the RC of the hydrocarbons
with nitrogen dioxide in accordance with the scheme

A2 Ay

ArH* 4 NO;, — ATHNO; — AING] + H*
[Ox] = Ce (NH,); (NOy),, Or the anode; ArH = naphthalene or mesitylene.

However, the quantitative oxidation of the initial compound:
to the RC was not ensured under these conditions, since the
hydrocarbons reacted too slowly with the one-electron oxi-
dants.®? They underwent much faster direct nitration by
nitrogen dioxide, which is catalysed by the strong acids
accumulating in the ArH-NO3;—[0x]) system. This process
has in fact been the source of nitroarenes (at least of the
bulk of the latter).%? Thus the data quoted above ®%®! neithes
confirmed nor disproved the possibility of the recombination
of the RC with nitrogen dioxide.

Unambiguous evidence for the ability of the RC to react
with NO, was obtained using stable RC. 2%25:52:63:84 14 ywgag
found that even RC with a comparatively low reactivity are
capable of reacting with NO} to form nitro-compounds. The
objects of studies were the perchlorates of the RD derived
from phenothiazine, °* N-methylphenoxazine, ** the hexa-
chloroantimonate of the RC obtained from dibe:nzo—p—dioxin,25
and the hexafluorophosphates of the dimeric RC derived from
naphthalene, ** mono- and di-methyinaphthalenes, ** pyrene, ®*
and perylene. 5> In the case of the first three RC (the reac-
tions were carried out in acetonitrile), nitro-products corre-
sponding to attack on the RC at positions with the maximum
unpaired electron density were obtained: 265
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-~ NO;
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X=0,NCHy; Y =Cl0,, SbClg

The direct nitration of the corresponding heterocyclic com-
pounds leads to analogous results, 2%:2%%3

Table 2. The selectivity of the direct nitration of hydro-
carbons of the naphthalene series (ArH) and of the recom-
bination of the corresponding dimeric RC of the type (ArH)}
with nitrogen dioxide. %

Nitra- | Yields of products of mononitration
Ard tion of AH in individual positions, % Distribution of spin
. con- density in RC
ditions 1 2 4 5 8
Naphthalene A {g7—098]| 2—3( — — — [C{1)>C(2)
E 91 9 - — —
1-MethyInaphthalene A - 8 88 1 3 1CA>CO6) >
ey inaphine B | — (18 | 66 | 10 | & CE®>C@
C —_ 3t 56 8 5
2-Methylnaphthaiene A 84 — 10 3 3 [CH)>C@B) >
v B | 65 17 | 71 8| >cCw>cm
C 56 —_ 16 1 12
1,4-Dimethylnaphthalene g — !)g g C (5 >|C@)=>Cw®)
c | — 6 18
1,8-Dimethylnaphthalene A —_ 8 92 — — [C(4)=>C2)>C (3)
B — 12 88 — —
C —_ 70 30 — —
D — 2 79 — —
2,3-Dimethylnaphthalenc A !71(7) - ;(1) — [C(1)>C(B)>C ()
B — — —
C 77 — — 18 —
2,6-Dimethylnaphthalene A gg - ég - - C(1)>C4)>C3)
N R R B T R

Note. A) An excess of the RC salt was treated with nitrogen
dioxide in CH,Cl; at -70—-20 °C; B) nitration of ArH with
nitrogen tetroxide in CH,Cl, at 20 °C; C) nitration of ArH
with acetyl nitrate in acetic anhydride at —30 °C; D) nitra-
tion of ArH with nitric acid in acetic acid at 25 °C; E) nitra-
tion with nitronium tetrafluoroborate in CH,Cl, at 25 °C.

The dimeric RC obtained from hydrocarbons of the naph-
thalene series recombine with NO; to form mixtures of mono-
nitro-derivatives, which have the same qualitative composition
as the products of the direct nitration of the corresponding
hydrocarbons, ¢ for example:

(CioHa)§ PF; + NO2 - a-CyoH-NO, + B-CyoH;NO, + CyoHy + HPF,

The quantitative compositions of the nitration products differ
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NO,
ciog X, O O
N

NO,

significantly in the two cases (Table 2). Compared with the
direct nitration, the reactions of dimeric RC with NO; are
usually distinguished by greater regioselectivity. However,
the RC of 1, 4-dimethylnaphthalene gives rise to a high yield
of 1,4-dimethyl-2-nitronaphthalene, whereas the nitration of
1,4-dimethylnaphthalene with acetyl nitrate or nitrogen
tetroxide usually results in the preferential formation of the
5-nitro~derivative and the products of nitration in the methyl
group. It must be emphasised that the conditions of the
direct nitration of naphthalene hydrocarbons and their
dimeric RC (temperature, acidity of the medium, composition
of the ijons present, etc.) have frequently differed signifi-
cantly, which precludes in many instances final eonclusions
concerning the identity or non-identity of the regioselectivity
of the two processes.

Monomeric RC of the naphthalene series are much more reac-
tive than the dimeric RC.®*®®’ One can therefore expect that
they will recombine with NO; faster than the dimeric RC and
with a lower regioselectivity, which, however, may approach
the selectivity of the usual nitration of naphthalene and its
methyl derivatives. Unfortunately, an experimental test of
this hypothesis is hindered by the extreme instability of this
RC.

It has been suggested ® that the reactivity of the RC with
respect to NO, decreases sharply with decrease in the elec-
trochemical oxidation potentials of the corresponding ArH
and of the RC of aromatic substrates having potentials less
than 1.7 V relative to the normal hydrogen electrode do not
interact with nitrogen dioxide. However, it has been shown®®
that the rates of reaction of the stable RC of tri-p-anisyl-
amine and tri-p-bromophenylamine with an N,0, solution are
approximately the same despite the very large difference
between the oxidation potentials of the corresponding amines
(~0.7 V). The effective rate constants are 0.33 and 0.25
litre /2 mol™/2 s at 20 °C (the reactions are of first order
with respect to RC and of order 0.5 with respect to N,0,).
Furthermore, the RC of tri-p-tolylamine proved to be much
more reactive than the RC of tri-p-bromophenylamine (by a
factor of 10%),°® whereas under conditions where the oxida-
tion-reduction potential of the ArH/ArH* pair plays a decisive
role one would expect the opposite relative reactivities of
these RC. One cannot rule out the possibility of a parallel
variation of the reactivity of the RC with respect to nitrogen
dioxide and of their tendency to dimerise with formation of
doubly protonated iaryls.

Nothing is known at present about the rate of reaction of
highly active short-lived RC with NO; in solution, but it has
been established that in the gas phase such reactions are
very rapid. The rate constant for the recombination of the
dimeric RC derived from benzene with nitrogen dioxide is
2.4 x 107" cm® molecule™ s under these conditions.
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The monomeric RC of toluene and p-xylene react somewhat
more slowly and the reaction of the RC of naphthalene is much
slower, 8%7°

The joint anodic oxidation of 1,4-dimethoxybenzene and
the nitrite anion yielded 1, 4-dimethoxy-2-nitrobenzene, "
whose formation was explained by the recombination of the
RC of 1,4-dimethoxybenzene with nitrogen dioxide:

P-CH{OC{HOCH, —-— P~ CHyOCH,OCH] ,
NO; —=— NO, ,
No,
P~ CHOCH,OCH] + NO, == CH:0—¢_»—OCH, .

A parallel variation of the ease of substitution of a partic-
ular hydrogen atom by the nitro-group on treatment with NOj
and of the unpaired electron density at the corresponding
carbon atom has been observed for the dimeric RC of naph-
thalene and 1,8-, 2,3-, and 2,6-dimethylnaphthalenes (see
Table 2). More or less pronounced deviations from this type
of variation occur for the RC of other naphthalene hydro-
carbons. ®* These data justify the hypothesis that the distri-
bution of the unpaired electron density on the RC is an
important but not the only factor determining the isomeric
composition of the nitro-products formed from the RC and
nitrogen dioxide.

Table 3. Comparison of data for the nitration of aromatic
compounds and the distribution of unpaired electron density
in their RC.

Position in AtH Position with maxi-
ArH at which nitra- mum unpaired elec-
tion occurs tron density in the
preferentially C
Benzonitrile 3174] 3[75
Nitrosobenzene 4176 3(77
Benzoic acid 374 375
Toluene 4 (74) 478
Anisole 4 (74] 4[79
NN-Dimethylaniline 4% 4 (80
4 NN-Trimethylaniline 2 281
4-Methoxy-VN-dimethylaniline 2= 281
4-Acetamido-VN-dimethylaniline 2% 2181
4-Carboxy-NN-dimethylaniline 2+ 2[81
4-Formyl-NN-dimethylaniline 2+ 2[81
4-Nitro-NN-dimethylaniline 2+ 281
4,4-Bis(dimethylamino)benzophenone 3= 38t
NNN'N'-Tetramethylbenzidine 382) 3(83
Diphenylamine 4 4180
Triphenylamine 4[84. 83] 4180
Naphthalene 1 [86) 187
Anthracene 9[88] 9]89
Pyrene 1[90] 1[91
Perylene 3{92] 389
Azulene 1]93) 194
Biphenylene 2[38] 295,
Furan 296 2197
Pyrrole 2{96] 2197
Thiophen 2[96} 2197
Benzo-p-dioxin 298 224
Phenothiazine 3!99] 3165

*The data were taken from the handbook "Beilsteins Handbuch
der organischen Chemie", Vierte Verlage, Springer Verlag,
Berlin.

Note. Numbers in square brackets denote references
(Ed. of Translation).

The partial addition of NO; to the unco-positions in the RC
apparently has an appreciable influence on the ratio of the
nitro-isomers formed in a number of instances. Evidently, in
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such cases a greater or smaller proportion of the nitration
products should be formed from the unco-o-complex and the
isomeric composition of the nitro-product does not reflect the
true reactivities of the individual positions in the RC.

It is of interest to trace also the relation between the
distribution of the unpaired electron density in the RC ArH*
and the position of the nitro-group in the nitration of ArH,
such relation having been postulated previously.’?#7® The
data in Table 3 (see also Table 2) show that the situation in
this case is analogous to that examined above for the dimeric
RC of the naphthalene series. Here too the most probable
cause of the absence of an unambiguous relation between the
unpaired electron density in the RC and the position of the
nitro-group is the formation in the nitration reaction of unco-
c-complexes, which mask the true reactivities of the different
positions in the ArH.?' The complicating influence of this
factor is apparently minimal for the positions in the ArH cor-
responding to the maximum unpaired electron density in the
RC (Tables 2 and 3) and as a rule aromatic compounds are
nitrated preferentially precisely in these positions. This rule
can evidently be used to predict the positional selectivity in
electrophilic aromatic nitration reactions.

One may predict the existence also of other factors which
disturb the relation between the unpaired electron density
in the RC and the positional selectivity of the nitration
reaction. One of these factors can be seen in the nitration
of secondary aromatic amines. N-Nitramines, which are con-
verted into products of the nitration of the aromatic ring via
the nitramine rearrangement, are intermediates in such reac-
tions. 1°® The preferential nitration of the amine in the
o-position relative to the amino-group is usually a conse-
quence of this mechanism, *°* although the unpaired electron
density in the RC of aromatic amines is as a rule a maximum
in the p-position (see Table 3). The unexpected nitration of
nitrosobenzene in the p-position (in its RC, the unpaired
electron density is a maximum in the m-position) is in all
probability associated with the occurrence of the reaction via
the intermediate formation of the hydrated form of the sub-
strate. *%?

The coincidence of the most reactive position in the aromatic
compound with the site where the maximum unpaired electron
density is located in the RC, usually observed, creates addi-
tional possibilities for predicting the characteristic features
of the electronic structure of the RC on the basis of data for
the nitration of the corresponding ArH. For example, the
nitration of vinylarenes in an unsaturated substituent!?%10
indicates an increased unpaired electron density in the vinyl
group in the RC of vinylarenes. This is also indicated by the
anomalous character of the dimerisation of such RC (unlike
other RC of the type ArH?, they dimerise via the exocyclic
B-carbon atoms??%'1°) and by the result of a quantum-chem-
ical calculation for the styrene RC.°’

In the nitration of m-disubstituted benzenes in which one
substituent is a powerful ortho- and para-directing agent and
the other is a meta-directing agent, the influence of electron-
donating substituents usually predominates.!’® It is natural
to expect that the unpaired electron density in the RC of the
aromatic compounds indicated will be a maximum in the o- and
p-positions relative to the electron-donating group. The
available data show that this is indeed the case. For example,
for the RC of NN-dimethyl-3-nitroaniline, *! the hyperfine
interaction constant, which is directly proportional to the
spin density is 5.9 and 6.3 G respectively for the o- and
p-positions relative to the dimethylamino-group, while for
the m-position it does not exceed 1.8 G.

The data examined indicate the possibility, in principle,
of nitration via the intermediate formation of the RC, because
they demonstrate that aromatic compounds can be converted
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under the nitration conditions into the RC and the latter can
be converted into nitro-compounds.

11l. NITRATION OF AROMATIC COMPOUNDS BY THE
NITRONIUM CATION

1. Nitration in the Gas Phase

Being a powerful oxidant,t+ the nitronium cation in the gas
phase readily abstracts a single electron from the molecules of
aromatic compounds such as benzene and its derivatives, con-
verting them into the RC. ! The subsequent recombina-
tion of the products of the one-electron transfer leads to a
o-complex, which is deprotonated on collision with molecules
of bases B, forming the nitro-product.’®*!* Direct addition
of the nitronium cation to benzene and its derivatives does
not occur under these conditions: 7°

ArH -+ NO} — ArH; + NO, — ArHNO} —gs—> ArNO,

(here and henceforth B represents the base.) The electron
transfer occurs in virtually every collision of the reacting
species. The radical recombination stage is significantly
slower and limits the rate of formation of the o-complex. ”°
The data presented confirm the validity of the quantum-
chemical calculations, 721?113 indicating the possibility of
electron transfer in nitration by the nitronium cation.

Thus, in the gas-phase nitration of aromatic compounds,
the substrate RC is the primary reaction product and the
o-complex is the secondary product.

2. Nitration in Solution

The oxidising properties of the nitronium cation in solution
can be characterised by the NO,/NO} oxidation-reduction
potential, which is ~1.6 V in acetonitrile*!*!** and ~1.9 V in
nitromethane !¢ (relative to the normal hydrogen electrode).
The rate of nitration of aromatic compounds by the nitronium
cation increases with decrease in the ionisation potential,
reaching a limit which is determined by the diffusion of the
reacting species. 7”7 On the basis of the data of Coombes
et al.,'!” the limiting ionisation potential can be estimated as
being of the order of 8.8-9.0 eV.

The question of the mechanism of the liquid-phase nitration
by the nitronium cation is at present controversial. Many
experimental data obtained in the study of this reaction can
be explained satisfactorily by a heterolytic mechanism in
which the initial stage is the formation of the n-complex
ArH...NO} with the nitro-group located at one of the m-bonds
of the aromatic ring.!'® However, facts also exist which
provide grounds for the hypothesis that the reaction can
proceed via electron transfer. 1360,74113,116,119

Perrin's communication, ®® which has aroused a lively dis-
cussion, quotes a number of arguments in support of the
occurrence of this stage in the nitration of aromatic sub-
strates more reactive than toluene by the nitronium cation.
According to this study, °° the reaction mechanism includes
in this instance the formation of the short-lived radical pair

1+ The electron affinity of the nitronium cation can be
estimated as being above 9 eV on the basis of the ionisation
potential of nitrogen dioxide. °°
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[ArH*NO3] and its geminal recombination in the solvent cage:

ArH 4 NO] — [ArH*NO}] = ArHNO} g~ ArNOy
o-complex

One of the main arguments in support of this mechanism is
that naphthalene is nitrated to give the usual mixture of
mononitronaphthalenes in its oxidation at the anode in the
presence of nitrogen dioxide.®’ It has been suggested that
the nitration of naphthalene in the given instance is a result
of the recombination of the naphthalene RC formed at the
anode with NO,. However, it was soon established that this
process proceeds virtually without the participation of the
electrochemically generated RC. %2

According to Eberson and Radner, the nitration by the
nitronium cation proceeds preferentially via the heterolytic
(polar) pathway and only to an insignificant extent via the
radical-ion pathway involving the outer-sphere electron
transfer. It has also been suggested that, firstly, the rela-
tive contributions of these reaction pathways depend on the
ArH/ArH' oxidation-reduction potential, and secondly, that
the homolysis of the c-complexes is an additional source of
the ArH* RC and, thirdly, that the regioselectivities of the
attack on ArH by the nitronium cation and on ArH* by nitro-
gen dioxide are in general different:

— ArHY + NO,
ArH + NOf — Il
. ATHNO} —go— ArNO,
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Consequently, some of the nitro-products are formed,
according to Eberson and Radner,!!® via the following reac-
tion sequence:

AtH + NOJ = ATHNO} — ArH' - NO, - ArHNO} - ANO,
(A) (B)

where (A) and (B) are mixtures of isomeric og-complexes
differing in their composition, For this nitration pathway,
the positions of the nitro-groups will be determined by the
free-radical recombination stage and the set of the first two
stages can be regarded as a kind of variant of the inner-
sphere electron transfer.'?® There are a series of arguments
in support of this view.

(1) The selectivity in the nitration of naphthalene by
nitronium tetrafluoroborate (o/B = 15) is not identical with
the selectivity in the reaction between the dimeric napthalene
RC and nitrogen dioxide (o/f = 40).5!

(2) The rate constants for the outer-sphere electron trans-
fer from ArH to NO}, calculated using the Marcus equation, **°
are much smaller than the corresponding rate constants for
the nitration of ArH. The calculated constants depend on the
ArH/ArH- oxidation-reduction potentials and vary within
extremely wide limits (from ~107'° litre mol™ s for benzene
to ~10° litre mol™* s™* for ferrocene).

(3) The attempts to observe the chemically induced dynamic
nuclear polarisation in nitration by the nitronium cation were
unsuccessful, 1211122

The different selectivity of the nitration in the C;,H;—NO}
and (CwHa)E*NO'z systems apparently mean that the dimeric
RC does not participate significantly in the nitration of
naphthalene by the nitronium cation. However, this fact
by itself does not justify the confident conclusion that the
more reactive °®-*7 monomeric naphthalene RC does not par-
ticipate in the above reaction, because the selectivity in its
recombination with nitrogen dioxide is unknown and there is
no reason to suppose that it should be the same as that for
the dimeric RC. Account must also be taken of the complex
formation reaction between the nitronium cation and the sol-
vent, 12512 the decrease in the reactivity of NO} induced by
this phenomenon (approximately by an order of magnitude'?),
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and a probable change in the geometrical configuration of
NOZ on which the results of calculations of the rate constant
for electron transfer between ArH and NOZ depend decisively.
It is also essential to take into account data’?® from which it
follows that the rates of nitration of aromatic comounds by
the nitronium cation may be appreciably lower than has usu-
ally come to be assumed (for example, at least by two orders
of magnitude in the case of anisole).

The homolysis of oc-complexes is indeed possible. However,
it is doubtful if this reaction can serve as an effective source
of RC in the ArH-NO? systems: examination of data for the
chemistry of the ArHNO} cation'?*7132 creates the impression
that these species are incapable of homolysis occurring readily
enough to be able to compete with their deprotonation to
nitro-derivatives.

According to Fukuzumi and Kochi, ’* like other electrophilic
aromatic substitution reactions, nitration by the nitronium
cation begins with the formation of a charge-transfer complex
(CTC) between the reacting species, in which inner-sphere
electron transfer takes place subsequently from the substrate
of the reactant. The electron transfer is then regarded as a
consequence of the thermal electronic excitation of the CTC,
and the electronically excited state of the CTC is identified
as the radical pair [ArHtE‘]:

AtH +E* - AH---E* _ AL [AHYE' ) AfHE* —AE4H*
og-complex

where E is the electrophile, including NO?.

In particular, the linear dependence of the activation
energy for electrophilic substitution on the energy of the
charge-transfer bands in the spectrum of the complex
ArH...E* and also of the reaction constants p in the Brown
equation on the quantities Ahvg /Al characterising the rate
of variation of the energy of the charge transfer band (hvgy)
with the ionisation potential I of ArH supports this mecha-
nism. 7*

The electron transfer mechanism described is analogous to
that proposed previously.®*"1% From the standpoint of the
ideas of the above investigators, 7*13*71% the thermal transfer
of an electron thus proceeds analogously toits phototransfer.
The most important difference consists in the fact that the
electron phototransfer, being a Franck—Condon process,
leads to the formation of a radical pair in a non-equilibrium
unrelaxed state and therefore requires a much greater energy
expenditure than the thermal transfer. 741367138 comparison
of the ArH/ArH* and NO;/NO} oxidation-reduction potentials™®
shows that, for aromatic compounds with low ionisation poten-
tials, the energy levels of the complexes ArH...NO} and
ArH?...NO; should be similar or that their ratio should be
actually reversed.

The main reason why the calculation of the rate constants
for the outer-sphere electron transfer from ArH to NO} leads
to unduly low values of the latter is the appreciable energy
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of the reorganisation of the NO, group necessary for the
electron transfer.!’® The component associated with the
change in the internuclear angles of the NO, fragment on
transition from the linear nitronium cation to the bent nitro-
gen dioxide molecule makes the dominant contribution to this
energy. The unfavourable influence of this factor is appa-
rently markedly weakened in electron transfer via the inner-
sphere mechanism, since there is reason to believe that the
NO, group then passes from the linear to the angular state
already in the complex formation stage.®® In general, the
transition from the outer-sphere to the inner-sphere mech-
anism is frequently accompanied by a marked increase in the
rate of electron transfer (up to by a factor of 10° 140y,

For aromatic amines, sulphides, and ethers, there exists yet

another pathway to the formation of the radical pair [ArHtNO;] ,
which has apparently not been discussed in the literature.
The molecules of these compounds are attacked by the
nitronium cation in the first place at the heteroatom having

an unshared electron pair.'*! The homolysis of the ammonium,
sulphonium, and oxonium cations formed under the conditions
can evidently lead to the radical pair indicated:

ArXR, + NO} - ArXR — ArXR} + NO;

NO,
X=N,0,S

The experimental confirmation of the possibility of the one-
electron oxidation of aromatic compounds in the ArH-NO}
system is hindered by the low stability of the RC, their abil-
ity to recombine with NO}, and, in particular, by the fact that
in the case of the most active RC the recombination of the
radical pairs [ArHtNO'zj can apparently occur in the solvent
"cage" without the emergence of the radicals into the bulk of
the solution.

Examples of the oxidation of aromatic substrates to the RC
by nitronium tetrafluoroborate have been described, *®:2%28
but one cannot be certain that the nitronium cation is in fact
the oxidant in these reactions, since the reactant usually con-
tains an admixture of the nitrosonium cation, which is difficuli
to separate and which is capable of oxidising these substrates

The results obtained for 2, 7-dinitrodibenzo-p-dioxin (II)
are of interest in this connection.*?> When compound (II) is
treated with nitric acid in concentrated sulphuric acid, the
radical-cation (Ilt) is formed. Under these conditions, the
nitrosonium cation does not oxidise the dioxin (1I). Conse-
quently a one-electron oxidant, superior in its strength to
the nitrosonium cation, exists in the HNO;—H,SO, system (or
can be formed in the presence of ArH). Since nitric acid is
almost fully converted into the nitronium cation (the most
reactive oxygen compound of nitrogen) under the conditions
indicated above, it was concluded that the cation is respons-
ible for the oxidation of the dioxin (II) to the RC: *?

0 NO,
cnie IO
. o ;

arh



150

The reaction discovered is the most convincing of experi-
mental evidence for the ability of aromatic compounds to be
oxidised in solution to the RC by the nitronium cation.

One can thus conclude that the role of the electron transfer
in liquid-phase reactions involving the nitration of aromatic
compounds by the nitronium cation is less clear than in the
gas-phase reaction. However, here too there can be hardly
any doubt about the possibility of the intermediate formation
of the RC. Nevertheless the question of the extent to which
the RC participates in these reactions is general and must
still be regarded as open.

1IV. CATALYTIC NITRATION

We shall now consider another large group of nitration reac-
tions—the reactions occurring without the participation of the
nitronium cation and catalysed by nitrous acid.# This nitra-
tion pathway is characteristic of aromatic compounds having
fairly low ionisation potentials and activated with respect to
electrophilic substitution.® The catalytic nitration reactions
frequently occur under autocatalytic conditions, since the
nitration catalyst is usually formed in the course of the reac-
tion itself. In a pure form, they occur in media containing
virtually no nitronium cations.

The mechanism of the catalytic reaction is often described
in terms of a scheme involving nitration via nitrosation: ®

ArH - HNO, — ArNO + H,0
ArNO - HNO; — ArNO, - HNQ, , etc.

It has been suggested that the initial formation and subse-
quant accumulation of nitrous acid in the ArH-HNO, systems
occur as a result of the reduction of nitrous acid in oxida-
tion-reduction side reactions. However, a number of experi-
mental data, in particular the intermediate formation of the
o-complexes of ArHNO? in certain autocatalytic reactions!****s
and also the preferential nitration of phenol in the o-position
on treatment with dilute nitric acid (the nitrosation of this
compound takes place almost exclusively in the p-position*®)
cannot be explained satisfactorily within the framework of this
imechanism. Furthermore, there exist quite a few activated
aromatic compounds§ whose nitrosation is unknown and many
of them apparently do not enter into this reaction at all.
Nevertheless, such compounds usually readily undergo auto-
catalytic nitration.

It has been shown recently that the autocatalytic nitration
of NN-dimethylaniline®! and phenol*’—the classical sub-
strates in the nitrosation reaction—and also naphthalene*®
cannot be explained in terms of the nitration mechanism
involving reaction via nitrosation, at least in strong acids.

Two mechanisms are nowadays considered as the most prob-
able. Firstly, one mechanism involves catalytic nitration
initiated by the one-electron oxidation of the substrate,3!:*%
145,148,149 whose possibility is due to the ability of the lower
oxygen compounds of nitrogen ("nitrous acid") to effect the

# All the lower oxygen compounds of nitrogen analytically
determined as nitrous acids are designated for convenience
by the term "nitrous acid".!*? The nitrosonium cation has
come to be regarded as the most reactive component of nitrous
acid.

§ Here and henceforth, this term is used to designate com-
pounds containing aromatic nuclei activated with respect to
electrophiles (aromatic amines, alkoxyarenes, polycyclic
arenes, etc.).
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one-electron oxidation of activated aromatic compounds. The
second mechanism involves nitration in which the active
species is the electrophile N,0,.NO*, ®* formed from nitrogen
tetroxide and the nitrosonium cation.

The subsequent Sections will deal with the reactions
involving the one-electron oxidation of aromatic compounds
by the nitrosonium cation, their role in the formation of RC
in the ArH-HNO; system and in autocatalytic nitration, and
also the mechanism of nitration with participation of N ,0,.NO*,

1. The Nitrosonium Cation as a One-Electron Oxidant in
Reactions with Aromatic Compounds

Until recently, the possibility of the one-electron oxidation
of aromatic compounds by the nitrosonium cation had hardly
been taken into account. This cation was regarded exclu-
sively as a nitrosating agent interacting with aromatic sub-
strates via a heterolytic mechanism. The limitations of this
treatment became clear in recent years when the ability of
the nitrosonium cation to accept one electron from the mole-
cules of aromatic compounds has been demonstrated:

ArH -+ NO* — ArHY -+ NO*

Reactions of this type were initially observed for readily
oxidisable ArH of the amine type, namely phenothiazine, *°°
phenoxazine, *%*%* NNN'N'-tetramethyl-p-phenylenediamine,?*
and derivatives of 9,10-dihydrophenazine.?' It was later
shown that polyeyclic aromatic hydrocarbons also react simi-
larly with NO¥, 18:2%:11%152,153 pop example, on reaction with
nitrosonium perchlorate in trifluoroacetic acid, naphthalene
is converted initially into the monomeric RC, then into the
dimeric RC, and finally into a mixture of hydrocarbons
having the polynaphthylene structure: :52:1%

CioHg + NO* = CyHy + NO'
CmH; 4+ CyoHg — (Cqu):
(CyoHe) = — CyoHy — (CioHg), — CaoHy

In contrast to readily oxidisable substrates, naphthalene
reacts with the nitrosonium cation fairly slowly, which can be
explained by the endoergic character of the electron transfer
in this case (calculation yields AG, = 13.1 keal mol™ 1%),
The reaction can be conveniently followed from the evolution
of nitric oxide, whose yield is ~90% with respect to the initial
nitrosonium salt.*® These data show that the nitrosonium
cation is almost incapable of nitrosating naphthalene.

Fluorene, triphenylmethane, and thiophen also interact with
nitrosonium perchlorates with liberation of nitric oxide, ***
which indicates the one-electron oxidation of the substrates
in these cases too. It is of interest that NN-dimethylaniline—
an aromatic compound which readily undergoes electrophilic
nitrosation—behaves in relation to the nitrosonium cation
primarily as a one-electron reductant, 23!

Calculations by the Marcus equation of the thermodynamic
kinetic characteristics of processes involving the one-electron
oxidation of aromatic compounds by the nitrosonium cation*!s
support the view that the formation of the RC is a result of
the direct electron transfer from the m-system of the substrat.
to the electrophile.

Aromatic compounds of the benzen-type, which are oxidised
with difficulty, hardly interact with the nitrosonium cation
under the usual conditions (if one disregards the formation of
a charge-transfer complex). %% Calculations have shown?!®
that the inertness of the nitrosonium cation with respect to
such substrates is mainly due to thermodynamic causes (the
oxidation-reduction equilibrium is very strongly displaced
towards ArH and NO*). It is therefore not surprising that
the hexafluorophosphate of the hexafluorobenzene RC readily
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reacts with nitric oxide, oxidising it to the nitrosonium
cation: 15¢

CF{ PF; + NO — C4Fs + NO*PF;

In the gas phase the oxidising properties of the nitrosonium
cation are more pronounced than in solutions and under these
conditions it readily oxidises benzene to the RC.°7"'%% The
appreciable weakening of the oxidising properties of NO* in
solution compared with the gas phase is caused by its strong
solvation (the calculated hydration energy of NO* is ~80
keal mol™ 1°%),

Other lower oxygen compounds of nitrogen can in all prob-
ability also function as one-electron oxidants in relation to
aromatic compounds, because they frequently possess pro-
nounced oxidising properties. For example, the electron
affinity of nitrogen dioxide (3.1 eV *®?) is close to the elec-
tron affinity of powerful oxidants such as chlorine and
bromine, while the calculated standard oxidation-reduction
potential of the NO3/NOQj pair is ~1 V in water. 1%

2. Autocatalytic One-Electron Oxidation of Aromatic Com-
pounds by Nitric Acid

When aromatic compounds are oxidised to the RC by dilute
nitric acid, which contains hardly any nitronium cations, the
nitrosonium cation usually functions as the one-electron
oxidant. 22,31, #0,145,151,182  peactions of this type are auto-
catalytic and are characterised by an induction period. The
latter factor is caused by the absence of the nitrosonium
cation from the reaction mixture in the initial period of the
interaction. A special case of these reactions are those
described by the overall equation ?%*%151

3ArH + HNOj -+ 3H* — 3ArH? 4 NO' -+ 2H,0 1)

For example, the oxidation of phenothiazine and phenox-
azine by nitric acid in 57% perchloric acid, which leads to the
RC perchlorates and nitric oxide in 75—80% yield, proceeds in
accordance with this scheme. “?°! Reactions (1) usually
occur as independent reactions for the stoichiometric reactant
ratio or in the presence of a deficiency of nitric acid. When
an excess of HNO, is used, the nitration of ArH is usually
observed. 22282940 The relatively unreactive forms of
nitrous acid do not play a significant part in the oxidation
of ArH, because in strong acids, where reactions (1) were
carried out, they are converted into the nitrosonium cation.'®®

The reduction of dilute nitric acid by activated aromatic
compounds is apparently similar to the cathodic reduction of
this reactant, which is also autocatalytic. ®* Reactions (1)
can be regarded as a kind of chain process in which the chain

propagation stage is described by Eqns.(2) and (3): %63
ArH + NO* - ArH + NO* (2)
NO" + 0.5HNO; -+ 1,5H* - 1.5NO* 4+ H,0 , etc. (3)

The multiplication coefficient of the one-electron oxidant
(NO*) in this scheme is 1.5, which ensures the occurrence of
one-electron oxidation with self-acceleration. The initial
formation of the nitrosonium cation in the reaction mixture
and hence the chain initiation take place in all probability as a
result of the reduction by the aromatic substrate of the
nitronium cation present at a vanishingly low concentration.

Eqgn. (3) describes the autocatalytic regeneration of the
nitrosonium cation from nitric oxide, which is the reverse of
disproportionation of nitrous acid.®¢***” This process is
catalysed by nitrous acid and proceeds with intermediate
formation of nitrogen dioxide. ¢’
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In the case of unstable RC, the autocatalytic oxidation of
ArH in accordance with Egn. (1) is masked by the subsequent
reactions of these radicals, for example, by their dimerisation.
Dimeric products are obtained in the oxidation of NN-di-
methylaniline, 2'*! 9-methylcarbazole,*’ and 1, 3-diphenyl-2-
pyrazoline *° by nitric acid. As an example, we shall con-
sider the reaction of NN-dimethylaniline with ENO; in 57%
perchloric acid, which leads to the NNN'N'~tetramethyl-
benzidinium dieation (IV) and nitric oxide in yields of ~80%:*?

3CGHLN (CHy)g -+ HNO, - 3H* — 3C,HN (CHy), + NO' + 2H,0
- o —
2C,H,N (CHy)p — (CHgla N —<‘: )—{ =N (CHy+ 2
i
311D + 2HNO, -+ 6H* — 3 (CHy), r\?=<’_>={ =R (CHy, + 2NO" + 4H,0

()
The overall reaction equation is
6CgHN (CHy)g -+ 4HNO; + 6H* — 3 (IV) = 4NO" + 8H,0

Anthracene reacts with nitric acid in 57% perchloric acid in
a manner different from that of the reactions of NN-dimethyl-
aniline, 9-methylcarbazole, and 1, 3-diphenyl-2-pyrazoline,
affording anthraquinone as the final product. The initial
stage of the reactions is probably the same as for the com-
pounds quoted above: *2

3C1 Mo + HNO; 4 3H* - 3CH + NO" + 2H,0

This is supported by the formation of nitric oxide from nitric
acid in a high yield. The anthracene RC is converted into
anthraguinone as a result of its interaction with water in the
presence of an excess of the oxidant.'®®"17° The ability of
NO* to oxidise anthracene to the RC has been established. !'®
An analogous interpretation of the formation of anthraquinone
in the nitration of anthracene with nitrogen tetroxide has beer
given in another study.'”

The analogy between the autocatalytic one-electron oxida-
tion of activated aromatic compounds by nitric acid and the
reactions involving the oxidation of certain inorganic sub-
stances by the same reagent is striking. The dissolution of
metallic silver on interaction with nitric acid in 57% perchloric
acid“? and the oxidation of bivalent iron to the tervalent
state*”? can serve as examples of such processes:

3Ag 4+ HNO, -+ 3H* -» 3Ag* 4 NO" 4 2H,0
3Fe?* 4 HNO, + 3H* — 3Fe?* - NO* + 2H,0

3. Autocatalytic Nitration Initiated by One-Electron Oxidation

The mechanism of nitration of this type involves two couples
stages: the autocatalytic oxidation of the aromatic compound
to the RC and the conversion of the RC into the nitro-produc
as a result of its recombination with nitrogen dioxide.31:*0:245
148,165 The autocatalytic character of these reactions there-
fore arises in the one-electron oxidation stage, in the course
of which an electron is transferred from the aromatic substrate
to the nitrosonium cation or to some other form of nitrous
acid.

When the conditions in the interaction of the reactants do
not favour the recombination of the RC with nitrogen dioxide,
the reactions occurring in the ArH—HNO, system are
restricted to the one-electron oxidation of the aromatic com-
pound. As already mentioned, the formation of the nitro-
products is promoted by the use of an excess of nitric acid.
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Such influence by the excess of the reagent can be accounted
for by the increase in the concentration of nitrogen dioxide in
the reaction mixture as a consequence of the more effective
absorption of nitric oxide by nitric acid. In the ideal case,
where they entire nitric oxide formed in accordance with

Eqn. (1) is oxidised to the dioxide, the one-electron oxidation
of ArH can be described by Egn.(4) and the autocatalytic
nitration can be described by Eqns.(4) and (5):

ArH + HNO; -+ H* — ArH™ + NO; + H,0 (4)

ArH'* 4 NO; — ANO, -+ H* (%)

According to the literature, *'*° the autocatalytic nitration
reactions initiated by the one-electron oxidation are of first
order with respect to the substrate, although a fractional
order has been quoted (1.5).*® The order with respect to
nitric acid is variable, diminishing with increase in its con-
centration from 1 to 0, 31*%1%% This finding has been
explained by the change of the rate-limiting stage when the
reactant concentration is altered. At higher concentrations,
the electron transfer from ArH to the one-electron oxidant
becomes such a stage, while at low concentrations the oxida-
tion of nitric oxide by nitric acid becomes rate-limiting.

The mechanism of the autocatalytic nitration initiated by
the one-electron oxidation corresponds to a true autocatalytic
process, since in this case the accumulation of the catalyst
does not require the occurrence of any side reactions. In
this respect, it differs from the mechanism involving nitra-
tion via nitrosation, in which the accumulation of nitrous
acid can be achieved only as a result of side reactions.

The nitration of NN-dimethylaniline by nitric acid in 75-80%
sulphuric acid is an example of an autocatalytic reaction which
exhibits a number of specific features. 3 These include a
fairly high concentration of the nitronium cation in the reac-
tion mixture and the complete protonation of the initial amine.
The reaction products are mainly NN-dimethyl-p-nitroaniline
and nitroderivatives of NNN'N'-tetramethylbenzidine in pro-
portions which depend on the acidity of the medium. The
base, formed apparently as a result of the unusual deprotona-
tion of the protonated amine by the nitrosonium cation, enters
into the reaction.® A nitration mechanism with participation
of not only the nitrosonium cation but also of the nitronium
cation has been proposed:
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It is noteworthy that this mechanism can be only specific in
character. In principle, it is applicable solely to the nitration
of sufficiently basic aromatic compounds which are almost
wholly protonated under the reaction conditions. If the reac-
tion mixture contains an appreciable concentration of the non-
protonated substrate, then evidently in this case the sub-
strate can react mainly with the nitronium cation, which is
more reactive as an electrophile than the nitrosonium cation
by ~14 orders of magnitude.!”?

The products of the autocatalytic nitration of NN-dimethyl-
aniline, *”* p-nitrophenol, }7%7¢ mesitylene, *?* and durene'”’
(labelled with H*°NO, nitric acid) in sulphuric or trifluoro-
acetic acid exhibit a chemically induced dynamic polarisation
of the !°N nuclei, which has been explained by the formation
of nitro-derivatives from the radical pairs [ArHtNO'z].

There is now no doubt that the autocatalytic one-electron
oxidation of ArH can be the initial stage of the autocatalytic
nitration of activated aromatic compounds.

4. The Mechanism of the Autocatalytic Nitration with Parti-
cipation of N,0,.NO*

A new mechanism has been proposed recently for the auto-
catalytic nitration catalysed by the cation N,0,.NO*+ 4178
whose existence has not so far been confirmed. It is assumed
that this cation, tentatively formed from nitrogen tetroxide
and the nitrosonium cation, is directly involved as the nitrat-
ing species:

N:O; + NO* —» N;0,-NO*

NO, NO, NO,
| + | | -
AsH + *N=0 — Ar ()N ~0 - &r (1) N-~ONO' — Ar (H)NO,
ONO ONO C o :
l 1
: |
R0, )

Ar (H) NO, + N,O, — ArNO, + HNO, + NO *

¥ not + - .
{3—1&1«(0;{3)2 —_— @—NH(CH;,)z :,% N((;Ha)z NO*| —

1
Not

nof
ot

(n

N(cm)2 NOj = om—@—u(cﬂa)z
LR (CIIS)QNN(CH:,)Z 2% nitro-derivatives (II).
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The oxidation of nitrous acid by nitric acid regenerates
nitrogen tetroxide (and hence also the catalyst). The above
mechanism explains the chemically induced dynamic nuclear
polarisation effect in the catalytic nitration reactions by the
intermediate formation of radical pairs in the homolysis of
the primary c-complex at the N—O bond.

The determination of the applicability of the mechanisms
examined evidently required further studies. Nevertheless,
it is already clear that the mechanism involving nitration via
nitrosation can be excluded from consideration for catalytic
nitration reactions of a number of aromatic hydrocarbons (for
example, naphthalene), since such compounds are either
hardly nitrosated or they react with nitrosating agents too
slowly.

V. THE CHANGE IN THE MODE OF REACTION AFTER A
CHANGE IN THE REACTANT RATIO

As already mentioned, in certain cases the use of a defici-
ency of the nitrating agent makes the RC of the substrate
the final product of the reaction of the latter. This is associ-
ated with the uncoupling of the multistage radical-ion nitra-
tion process in the part of the mechanism between the first
and subsequent stages, which is induced by unfavourable
conditions for the conversion of the RC into the nitration
product. The influence of this factor decreases rapidly with
increase in the mole fraction of the reactant in the initial
reaction mixture. This can result in an additional change in
the composition of the reaction product corresponding to the
transition from the one-electron oxidation to nitration after a
comparatively small change in the reactant ratio, 22:25:28:29

A characteristic example is provided by the nitration of
dibenzo-p-dioxin (V) in trifluoroacetic acid.?® For the
reagent : substrate molar ratio n 2 2, this compound reacts
rapidly with nitric acid, being converted into a mixture of
2, 7-dinitrodibenzo-p-dioxin (VI) and 2, 8~dinitrodibenzo-p-
dioxin (VII) in a high yield. The nitration is accompanied
by the appearance of+a rapidly vanishing blue colour charac-
teristic of the RC (V*). On the other hand, for n =0.3-0.5,
the RC is the final reaction product (in ~90% yield). The
range of values of n from 2 to 0.5 corresponds to a smooth
transition from nitration to one-electron oxidation:

0. NO, 0.

nHNOj3 nHNOy

OZN n22 ng05
O

(v, (viny
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For a specified value of n, variation of the concentrations
of the starting materials does not entail significant changes
in the ratio of the RC and the nitro-compounds.

The fact that the dinitro-derivatives (VI) and (VII) are
also formed in the presence of a deficiency of nitric acid
implies that the introduction of the second nitro-group is
faster than that of the first. This anomaly can apparently
be explained by the higher reactivity of the RC of the mono-
nitro-derivative of dioxin compared with (V') under condi-
tions where the introduction of both groups is limited by the
rates of recombination of the above RC with NO;.

A mixture of the dinitro-compound (VI) and (VII) is
obtained also in the reaction of a known salt of the radical-
cation (V*) with nitrogen dioxide.?® The introduction of the
second nitro-group is undoubtedly catalysed in this case by
the strong acid formed in the RC mononitration stage (cf.
Eberson et al, ®2).

In the nitration of compound (V) by nitrogen tetroxide in
trifluoroacetic acid, the same features are observed as in
the nitration with nitric acid.?® For the reagent : substrate
molar ratio n = 0.25, the RC (V*) formed is stable, while for
n 2 1.5, it is converted into a mixture of the nitro-compounds
(VI) and (VII) in a high yield. The values of n between 0.25
and 1.5 constitute an intermediate region. The limiting value
n = 1.5 corresponds to the stoichiometry of the dinitration of
aromatic compounds by nitrogen tetroxide. ?%!7°

A radical-ion mechanism has also been proposed for the
nitration of aromatic compounds by nitrogen tetroxide in
neutral solvents. It has been suggested that the initial
stage of the nitration involving this mechanism is the oxida-
tion of the substrate to the RC by nitrogen dioxide.’* How-
ever, it has been suggested®* that the operation of this
mechanism is unlikely because nitrogen dioxide is a poor one-
electron oxidant (the electron exchange in the NO3;—NO3;
system is relatively slow). The formation of the RC when
aromatic compounds having pronounced reducing properties
are acted upon by nitrogen tetroxide can be explained ®* by
the oxidation of ArH by the nitrosonium cation arising as a
result of the isomerisation of N,0, to the nitrosyl nitrate form.

A dependence of the composition of the reaction product on
the reagent : substrate ratio, analogous to that examined
above, obtains also in the nitration of phenothiazine, 2%°%°
N-methylphenoxazine, ?? and probably NN-dimethylaniline 22
by nitric acid.

W) ’ (v)

nHNOy
(2> 5> 0.8)

(Vo) 4 (vD), (viD)
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VI. NITRATION OF AROMATIC COMPOUNDS BY TETRA-
NITROMETHANE AND METAL NITRATES

1. Thermal Nitration by Tetranitromethane
Tetranitromethane (TNM) is a mild nitrating agent®® and a
moderately strong oxidant (electron affinity 1.3 eV, *®? elec-
trochemical reduction potential in methanol 0.7 V, '®! calculated
oxidation-reduction potential in water 0.9 V relative to the
normal hydrogen electrode*®?).
The interaction of aromatic compounds with TNM begins in
all probability with electron transfer from the substrate to
the reagent within the ArH...TNM CTC:

ArH + C (NO,)¢ — ArH- - -C (NO,); ~ AtH* C (NO»),

The decomposition of the TNM radical-anion formed leads to
nitrogen dioxide,*®° which subsequently reacts with the RC
and the excess substrate:

C (NO,); = C (NO,); + NO;
AtHY +NO; ——— ANO,

The rate-limiting stage of the nitration can be both electron
transfer and the conversion of the RC into the nitro-product.
The latter variant is most favourable for demonstrating the
reaction mechanism and obtains in the case of the least active
RC.

An example of the reactions in which electron transfer is not
the rate-limiting stage is provided by the nitration of
N-methylphenoxazine (VIII).?*2® In this reaction, the initial
aromatic compound is oxidised rapidly and with a high yield
to the RC, which is subsequently converted comparatively
slowly into N-methyl-3-nitrophenoxazine (IX).

The Figure presents the spectra of the (VIII)-TNM system
in the visible region, demonstrating the conversion of the
RC into the nitro-compound. The presence of the isosbestic
point confirms the conclusion that the RC is located on the
nitration coordinate. The nitro-compound (IX) can also be
obtained by treating a known salt of the RC (VIITY) with
nitrogen dioxide or TNM. 2

It is noteworthy that the reaction of the oxazine (VIII) with
TNM is the first example of nitration where direct evidence
has been obtained for the intermediate formation of the sub-
strate RC and it has been shown that this nitration pathway
is the main one.

The reactions of TNM with the phenyl derivatives of magne-
sium, tin, and mercury are also of the oxidation-reduction
type, but in this case the aromatic compounds are hardly
nitrated. The main product of these reactions is benzene.%
184 The above finding has been explained by the specific
properties of the organometallic RC, namely by their ability
to fragment readily with formation of neutral free radicals.
183,164 The fragmentation is so rapid that there is insufficient
time for the RC to recombine with nitrogen dioxide:

CoHyM+ C INOy), = GeH, MY - C(NOY; - CH, + M*C (NO); + NO;
Colf, =¥, C4H,
CeH; + NO; —» CHNO,
M = CeHMg, CH,Hg, (CeHy)sSn; Solv = solvent.
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The low yield of nitrobenzene indicates a low probability of

the recombination of the radicals C¢Hs and NO3 in solutions.

183,184
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Electronic absorption spectra describing the conversion of
the N-methylphenoxazine RC into N-methyl-3-nitrophen-
oxazine on nitration of N-methylphenoxazine with TNM in 97%
acetic acid.??* The absorption band with Apay = 412 and 533
nm are due to the RC and that at 450 nm is due to the nitro-
derivative. The initial concentrations of the reagent and the
substrate were 5 x 107 and 5 x 10™ M respectively; the
thickness of the celll = 0.1 em. Spectra recorded under the
following conditions: 1) 1 min after mixing the initial solu-
tions; 2) after 2.5 min; 3) after 21 min; 4) after 51 min;
5) after 1 h 27 min; 6) after 2 h 7 min; 7) after 2 h 54 min;
8) after 3 h 53 min.

2. Photochemical Nitration with Tetranitromethane

Under the usual conditions, TNM does not react with
aromatic compounds difficult to oxidise such as benzene,
naphthalene, etc. or reacts with them very slowly. **° How-
ever, it readily forms charge-transfer complexes with these
compounds, whose irradiation with light at the wavelength
corresponding to the charge-transfer band leads to the
electron transfer: 1%®

AtH + C (NOy)g - ArH- - -C (NOy)¢ ! [ArHC (NO,);] + NO;
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One may therefore expect that nitration of the relatively
unreactive ArH would be accelerated in the light. It has
been shown for N-ethylcarbazole ‘%7 that such influence by
light does indeed occur.

The photochemical nitration of anthracene with TNM leads
to a 9-nitroanthracene, which has been explained by the
recombination of the 9-anthryl free radical with NO;.® How-
ever, one cannot rule out the possibility that the anthracene
RC, whose formation in the course of the reaction is not open
to doubt, in contrast to the 9-anthryl radical, participates
in the formation of the nitro-derivative together with nitrogen
dioxide. %

3. Nitration with Metal Nitrates

Among all the metal nitrates, the strongest nitration agents
are salts with pronounced oxidising properties?®97'% sych as
titanium(IV), zirconium(IV), iron(IIl), and copper(Il)
nitrates and cerium ammonium nitrate. Some of these salts
are such powerful oxidants that under the usual conditions
they oxidise even alkanes'® and water. %

The study of the nitration of aromatic compounds with
titanium(IV) nitrate led to the conclusion that the nitrate salt
is involved directly in the reaction.'®® Under comparable
conditions, anhydrous metal nitrates can be superior to
nitric acid as regards their nitrating capacity. % These
facts indicate that nitration with metal nitrates can proceed
via a specific mechanism and not necessarily via a trivial
pathway involving the hydrolysis of the salt.

According to a recently proposed mechanism, **’ in the
nitration of arenes by cerium ammonium nitrate, **? the
nitronium cation, formed in the interaction of the initial
compounds, is the active species. Together with nitration,
the oxidation of arenes to the RC by the cerium(IV) cation,'*®
which is regarded as a side reaction,’®” has also been noted.
However, the question of the role of the RC in such reactions
and even more so in nitration by metal nitrates is not in
general quite so simple, because there is a possibility of the
formation of nitro-products from the RC when they interact
with nitrate anions:

AsH -+ M (NOy),, — AtTH*NO; + M (NOy),_,
ArH* + NO7 — — ArNO,
Such a nitration mechanism has been proposed in a study'®®
of the nitration of N-methylphenoxazine (VIII). Heating of
this compound in propanol with iron(III) or copper(Il)
nitrate leads to a satisfactory yield of the 3-nitro-derivative

n n
CgHy
NO, 1’

NHR NH
NO, H

NHR

NHR
O ST
O,N O,N
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(IX). The formation of the phenoxazine RC is+observed in
the cold. The known radical-cation salt (VIII*ClO,) also
gives rise to the nitro-compound (IX) on heating in propanol
with tetrapropylammonium or potassium nitrate.

A number of facts indicate indirectly that this nitration
pathway is possible also for other aromatic compounds. For
example, it has been shown that the one-electron oxidation
of benzene by cobalt(IIl) trifluoroacetate in the presence of
potassium nitrate leads to nitrobenzene.2%® The electro-
chemical oxidation of anthracene in the presence of the
tetrabutylammonium nitrate supporting electrolyte as the
potential corresponding to the oxidation of anthracene to
the RC affords a mixture of 9-nitro-, 9,10-dinitro-, and
4,9-dinitro-anthracene. ?°! Under these conditions, the sup-
porting electrolyte is oxidised only at an appreciably higher
potential.

Although the mechanism of the conversion of the RC into
nitro-compounds on interaction with NOj is as yet not clear,
the very fact of the occurrence of such reactions is not open
to doubt. One of them has been described in a study ?°?
where it was shown, in an investigation of the action of
nucleophiles on the RC of dibenzo-p-dioxin, that treatment
of the perchlorate salt of this RC with potassium nitrate
leads to 2-nitrodibenzo-p-dioxin. In contrast to the RC of
dibenzo-p-dioxin, the thianthrene RC, which has a similar
structure, reacts with the nitrate anion to form thianthrene
S-oxides. 23

The nitration of aromatic compounds by palladium nitrate
proceeds via a specific mechanism, which is indicated by the
unusually high level of m-substitution in the nitration of
toluene and chlorobenzene by this reagent.?® The partial
rate factors for the attack of toluene by PA(NO;), are 0.3 (0),
1.3 (m), and 3.0 (p). The partial rate factors for the
palladisation of toluene by bivalent palladium salts are close
to these values: ??® 0.28-0.95 (o), 1.44-1.87 (m), and 1.64 to
4.47 (p). It is logical to suppose that the nitration of aro-
matic substrates by palladium nitrate involves the intermedi-
ate formation of organopalladium compounds.

VIl. THE RADICAL-ION MECHANISM OF THE NITRAMINE
REARRANGEMENT AND THE ISOMERISATION OF NITRO-
ARENIUM CATIONS

The radical-ion mechanism of the nitramine rearrangement,
involving the homolysis of the protonated form of nitramine
with formation of the amine RC and nitrogen dioxide followed
by the recombination of these radicals, has been justified in
a number of studies: 2°¢72°°

| T
+ nt—== csn,,rrix\xo2 —> | CeHsNHR--.NO§ | “N-cage”

“0~cage“

-
NHR
.E “No,
NHR
“p-cage”.
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This mechanism is supported by the observation of the CIDNP
effect in one of the reactions of the type considered ?*° and
also by the results of measurements of the °N/*N and
1*C/12C kinetic isotope effects, 2!

The isomerisation of the nitroareneium cations ArRNO} with
the migration of the nitro-group along the perimeter of the
aromatic ring is usually regarded as an intramolecular pro-
cess. *? However, one cannot rule out the possibility that in
certain cases it can proceed via a radical-ion pathway similar
to the mechanism of the nitramine rearrangement: ®°

EX, =@ v wi= @
NO,

R R A o,

From the standpoint of thermodynamics, the homolysis of
nitroarenium cations is preferable to the alternative pathway
involving their dissociation into ArH and NO3} in those cases
where the ArH have fairly low ionisation potentials. This
conclusion is based on the results of the calculation of the
AG, corresponding to electron transfer from various aromatic
compounds to the nitronium cation.!® The possibility of the
radical-ion pathway leading to the isomerisation of nitro-
arenium cations is supported by data for the capacity for
homolysis. 2} However, it is not as yet clear whether this
reaction pathway can be the main one.

---000---

Thus studies in recent years have shown that the ideas
about electrophilic nitration according to which it is a purely
heterolytic process can no longer claim to be universal. An
increasing number of facts have been appearing which do
not fit within the framework of these ideas and which show
that radical species such as radical-cations and nigrogen
dioxide can play an important role in nitration. On the
other hand, these facts do not conflict with the classical
mechanism of nitration as regards the role of the o-complexes
as the direct precursors of the nitro-derivatives. For prac-
tical purposes, it is extremely significant that free radicals
serve as a source of not only nitro-products but also (by
virtue of their high reactivity) of various side products. It
is not difficult to note that the observed evolution of ideas
about the nitration mechanism is a specific manifestation of
the more general trend towards a separation of the concepts
of heterolytic and electrophilic (nucleophilic) substitution.
As a result, the fact that a reaction belongs to the class of
electrophilic (nucleophilic) substitution reactions is no longer
a basis for its automatic inclusion in the series of heterolytic
reactions. In the field of nucleophilic aromatic substitution
reactions, this has been reflected, in particular, by the
establishment of the SgN1 radical-nucleophilic substitution
mechanism.

The studies designed to discover the role of electron
transfer in nitration are naturally far from being completed.
One can suppose that they will ultimately lead to the develop-
ment of clear experimental criteria for a radical-ion mecha-
nism and will provide an answer to the question of its specific
contribution in the overall set of aromatic nitration reactions.

During the preparation of the article for publication, a
series of new studies concerning the role of the oxidation-
reduction stage in nitration reactions have been published,
in particular a monograph?*® and a review, 2'* which contain
sections devoted to these reactions. It has been shown?!®
that the regioselectivity of the nitration of naphthalene with
nitric acid in trifluoroacetic acid, expressed by the ratio
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o : B of the mononitronaphthalenes formed, depends signifi-
cantly on temperature and, when the latter is reduced, it
reaches values characteristic of the recombination of the
dimeric naphthalene radical-cation with nitrogen dioxide.
This fact and also the detection of the radical-cation indicated
above in the C;,Hs—HNQO;~CF;COOH system have been inter-
preted as evidence for the radical-ion mechanism of the
nitration of naphthalene.

The complex oxidation reactions occurring in the inter-
action of a series of compounds of the dihydropyridine series
with nitric acid have been explained by the oxidation of these
compounds to the RC and the recombination of these species
with nitrogen dioxide via the oxygen atom of the latter. '

The mechanism of the nitration of aromatic compounds by
nitrogen tetroxide, whose inijtial stage is the heterolysis of
N,0, to form the nitrosonium cation, has been discussed. ?!’
Other pathways leading to nitration by this reagent presum-
ably involve its homolysis to nitrogen dioxide. The latter
can oxidise aromatic substrates to the RC, 2*®2'® which, as
already mentioned, are capable of being converted into nitro-
compounds under the influence of NO,. It has been demon-
strated by pulse methods?'®2!® that the electron transfer
from NNN'N'-tetramethylbenzidine, N-methylphenothiazine,
and metiazinic acid to NO; in polar medium is extremely fast:
the corresponding rate constants are of the order of 10’—10°
litre mol™* s™*. According to the available data,!’® there is
also a possibility of the free-radical attack on aromatic sub-
strates by nitrogen dioxide, characterised by a low positional
selectivity and also leading to nitro-derivatives.
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